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With a world sensitized on environmental issucs, it is appropriate to respond
o our Governor Robert Scott’s call yesterday for a harmonious forward view [or
both coonomics and ccology and it hecomes (he business of a technical conference
to provide means for this abjective. By now it has been well established that simple
ignering of our lile support svitem while draining mightily its services for us is
generiting damage 1o this essential part of the spice sh lp carth, Man's decisions
have wsually been based on dallar caloulations whereas the services of the natural
members of our world have olten been exeluded from cost evaluation. We would
nol attempt 1o do business among corporations and leave out the most important
member from the cost-benefit studies. Yet that is what we usually do when we
iznore the services of our environmental systems, The natnral sectors of our planel
are silent corporations whose great services are first noticed when they have been
lost,

People ave now awakcning to the problem amd our leaders have called for
quantitative solutions, How do we put the sell operating natural membess of
the incdustry and the human opersted members in the same ealenlations of value
and pertinence? Can we o a currency that is commaon o both nature and man,
which is energy low. Let us caleulate the contributions of each part of our overall
coomomy of man and nature in calories and then convert back 1o dollars so as (o
compare the magnitudes with our previous experience, This u[:]rm;l.;;h ""l’i"]i""‘ 11
all the prollems of man and environment, but consider heve only some values
af water,

A major pare of the system of man and nature is a water cyele which srarts
with the action of sun's energy in distilling waters into the atmosphere, dis-
tributing it over the land where it serves as nccessary raw material in many
proceses. It is a source of polential energy in many senses (Fig. 1y, First, it
has potential energy velative o gravity from sea level hecawse of its height,
Mext, water sevves as a fuel for chemical washing, solotion, and veaction processes
which are driven by concentvation differences between water and its reactants.
As a sink for abeorbing, diluting, and metbolizing wasie, the water's usefulness
is propovtional o the potemtial energy changes that go with the change of con-
centritions of substances dissolved. When waters ave wsed o irvigate o desert
where sunlight is in excess, water is the limiting factor and thus the main source
in that process, Its value i3 the power low that iv facilitates.

O its civcuitons road to the sea, water i re-used in many processes gradually
losing s altitnde and its purity, beeoming at sea level ready for new energy
from the sum. Whereas we are used to cvaluations of hydroelectric potential, we
have rarely evaluated the chemical encrgy values of water resources, In this
compmunication let us compare some magnitudes, Fivse it may be helplul for
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exposition to diagram the water oycle and then the enengy Qows associated with
the walte

Lotka Circle

In Figure 1 and 2 are shown water oyeles and energy diagrams for the wager
cyele considering the siages of water as vapor, fresh rain, delta water with its
sodutes, and open sea water, AL each Step the rate is EJI'(J'H‘I‘t‘[i(JII.‘H o concentration
according to conductivities that arve inversely proportional toe tate at steady stare
as shown in equalion {1}, The -;_-:\.f_l'q_':ﬂi_nu given 1% derived from Lotka (19235,
Heve transfor cocfficients  (k's) may be doe o additional energy sources which
are coupled s as to pump the llow of water [rom the sea into the atmosphere,
Vapor formation is coupled to solar energy which drives the processes of evap-
orition, moving air, and rainfall.
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Figure |

Fig. 1, Diagram of the water cycle showing [our main compartments where )'s
are the quantity of water stovage and k's as the transfer coeflicients relating upstream
stowage o downstream flow. A simple view is provided by comparimentalization of
the cycle into 4 storages and 4 pathways,
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Figure 2
Fig. 2. Energy diagram for the same waler cirewit shown in Fig, 1. Potentia
energy is injected from the sun in the first (wo stages. Energy is ultimately dis
persed in heat as shown by the heat sink arrows as heat leaves the system. o7
anel Oy have Feedbacks from their storage into maintenance of their own strucinra

How systems. See details on cnergy symbols elsewhere (Odom, 19700,

A property of the cycle relationship in Fig. 1 and in equation (1) is the
accumulation of stock () upstream from bottlenecks in inverse relation (o transfe
cocflicients. For example. steps requiring coupled energy from the sun may T
limiting hence water accumulates in the stage preveding, The largest accummlation
is in the sea where it waits for the pumping cnergics of solar insolation,
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The energy diagram in Fig. 2 shows all of the cnergy inputs which ar
coupled oo drive the water oycle and 1o differentiate between those work fow.
which pump the water withour changing the content of potential cnergy and
other processes which increase the potential energy of the water as chemical fuel
For example the distillation from the sea to the land raises the potential of the
water as @ cleaning fluid. When the tains run together in streams the potentia
energy of gravity is converted inte work of transport helping o concentrats
chemical potential cnergics as the warers arve concentrated in reservoirs. This i
a form of power tansfermation in which potential energy over 2 broad area i
concentrated inte high density locally at the expense of dilution elsewhere, Simila
processes are Familiar in electrical power (ransmissions. The value of waters e
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us woin the cumulative energy costs in these natural processes in providing us
our clean waler resource,

Comparison of Sume Magnitudes of Energy in Water Uses

Whereas we think of the potential energy values of elevated water as a
valuable hydroelectrie resource ane input e our ceonomy amd to the economy
ol the natural life sector, how do these Tamiliar values compare with some other
crergy values of the same water.

We nay lealate the total hydvoelectric potential energy per milliliter of
water by multiplving  height, density, and gravity as shown in equation (),
For example, if the average height of land were 5300 meters and the density about
I gram per milliliter the acceleration ol gravity, Y80 cmsecd, and the conversion
factor for gram calovies to ergs 249 « 10-% then the potential energy per millilicer
ol water is about 0.7 gram calories per millilicer, This amonnt of potential energy
15 nol very great per milliliter compared o the energy required o evaporate water
which is of the owler of 50 gram calvies per millilicer even when done very
slowly (reversibly) .

ol s

= (300 %10 Lm)(1. 0 3/ i X980 rrfacc o H w10 gealliey.)
= 0.7 geal/mp

Next comsider the chemical potential energy of 1 gram of clean water relative
e its usnal composition when that water reaches the sea, Livingston  (1963) pgives
120 pavts per million as the conrent of dissolved substances in vsual delia water,

(2}

Fainwater however bas 1.2 parts e million ol dissalved substances 2uch as nitrates.
The chemical potential encrgy in the aifference in concentration can be calenlated
from equation (3) . I the predominant molecular species have molecnlar weights
al about

A5, if the gos constant wsed as 199 gram calovies per degrec-mole and
il the absolute wmperatore is 3007, then the [ree energy is about 78 gram calovies
per gram of dissolved matter. The standard free energy in this example is the
legrarithon of 1 and thos is 0,0 Per gallon of water (5.8 litersy chis is 37 geal.

AF = AR + #AT Ly CEL
. !
= Gz 7% (199 Afdeg-mole)(300°) (L L2 @
=i EP‘"E/?-' t'f-,d.-l.f.i?

Similarly one may calculate the poremtial enervgy in delta water velative 1o
the high salinity water of the open sca, With abour 120 paris per million in
delta water and 35,000 parts per million in full strength sea water, (he order of
magnitnde per gram of dissolved substance is similar o thar berween rain waler
and delta water but more per volume ol water sinee there are more solules,
A rough caleulation in expression (4} vields about 97 gram calovies per gram
of salt, The chemical porential energy is greater as seen fvom these calenlations
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than the potential energy of elevation against gravity. This potential ENELEY i
available for various kinds of work: cleaning, chemical veactions: biological pro
cesscs, qnd in the estnary, differences in salt content act througsh density difference:
to develop currents, causing mixing and other work for estuarine animals anc
plants. These same differences measure the value of water 25 a sink to accep
WaASLES.

aF = G102 5T} = =97 paly, o

Per gallon this is 12920 geal, Ter gram of dissolved stnffs, the energy i
solution of 2 orders of maznitnde is similar for trace concentrations as for Tvigl
concentrations. Per gallon of water however the values are much higher as solute
increase.

Another kind ol coeigy value @5 in waley's contribution Lo complex processes
of living metabolism by supply of the limiting reactant to pathways capable of
using the water with large amplification effect, The value of the waler as :
potential encrgy source to biological processes of forest or of agricnltore are illus
tratedl hy the energy diagram in Fig. 3 for a desert agriculture. Here 5000 Kilo.
cilorics per square meter per day of solar energy is in exeess in the limiting Facto
o the system af photosyothetic production in fresh water, 1T alwout 1%, of fresh.
wiler is incorporated inlo orgavic matler the other 9997 being reqquired  foy
evapelrnspiration, then the potential value of the witer may he given in couaLion
(5. For this particular example the chemical potential energy of water is aboul
G gram calovies per pram, a value of the same peneral magninude of the othe
as in Table 1. To divert water from a Torest or an agricultural sVstem fo an
industry is to divert an important source of onergy, and an alequate recognition
al its value to the coonemic systein is essential for any sensible wanagement of an
overall systemn of man and namre,

1000 G/M%ZDay=68 Kcal/M7Day

68 Kcal/M /Day
Crganic Production

5000
KcuIIMEf‘Duy

Figure 5
Fig. 3. Energy disgram for photosynthesiz in desert agriculture where fresh watey
is a limiting Ecror and becomes a principle energy souree,
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TABLE 1.
PFOTEXTIAL ENERGY YALULES OF WATER
grilfg Hatd Kealfmd foday®

As weight, 333 m above the sea 0.7 24
As chemical reactant, minwater

reliative 1o delta water (0004 0,038
As chemical reactane, delia

wiater relative oo selm water 34 127
As photsynthetic requirement where

ather requirements ave in excess 8 250

*%20 inches of rainfall: 3760 gfm2 day

Next compare these values onoan avea of land basis, Suppose o locition receives
an ordinary 5 inches of rain (127 em per year) per day 08B on per square
meter is veceived there (3480 milliliters) . Shown in Table 1 are these con-
tributions of potential encrgy of water on an area basis with this rainfall,

(63 bead/m/dag Fowk prodiition) N
._l‘ —t o é ‘,".-“{‘EK -&\L—l"l
li/ﬂﬁlc:'ga Hatr Wwydfhdf) f._?‘ é?/‘iﬁ} (i

The ]H.:ll.'llti:ﬂ energy values ol water {Table 15 are high |,'<||||'|ri||_'¢_':|_ Lo poten.
tal encrgy values of photosynehete production, which may have a magnitude in
summertime of 63 Lilocalovies per square meter per day, These calealations show
that water where used as a limiting Eictor in a high power process is a high grade
cnergy foel far chemical and biological processes with high values 10 our economic
system in the same sense as our other chemical fuels such as oil or coal. The
waters used to keep the forests, elds, lakes and estuaries ecological svstems viable
have similar values although we have lormed a bad habit of thinking of these
as free and outside our coonomic thinking,

As shown in previous papers (Odum, 1968, 1970) the recycling of money
i an economy may e compared o the veeveling of the work in that same CCOnomy.
For the U, S about 10,000 kilocalovies of fuel energies are spent in work for each
dollar in the U, 8 cconomy, although the exact value changes. However, the inflow
of potential energy and work services [rom the natural sector is not fgured ino
the money and thus the very large values of natures work in life support is not
estimated on the same scale and becomes ignored and exploited inadvertently, 'The
input to man's well-being in partnership with nature energetically is as great or
greater than higs works for himsell, but he doesn't vealize it because he takes it
for granted and does not include dollar evaluation af the patural member of
the econciny, This is cazily corrected by making the ovaluations in energetic terms
fivst aned then converting encrgies to dollars with such vatios a3 the one above
o purposes of presenting the data 1o andiences used o money magrinudes, The
waork of a forest or siream for the good aof che system is just as valwable as if a
corporilion was doing it and expecting o be paid. Nature's works for us are as
much a contribution to the energy of the svarem as the works which are trans-
mitted through humans. Hence any effective consideration of the economics of
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lath man and oature vequive thae energics be used or that an energy equivalent
o dollars be established for the contributions to the human sysiem from the
life supporting planet, I 10000 kilocalories per dollar is used Tor figures in Table
Iothe valpe of water in some uses in nature, agriculiore or indusiry becomes about
a ollar per twelve gallons. This is a much higher value than is now based on
the human work nccessary o take water from a veservoir situation and process it
intr the city, Processing oosts, in howmid regions, are of the magnitude of @ dollar
et A 000 zallons.

The use of water for induvstry or cities constitutes a drain of value amd
energivs from other systems which are part of our life support svstem which
alser dloes many services for our planet: mainlaining wildlife, a compatible recrea-
tiomal matrix, purification of waters from poisons, and many others, As illusoated
by comparing the second and last items in ‘Table | the water may have much more
energy (and thus dollar) value to one use pathway than e another. Caleulation
may help us therelore decide the best use for both natoral and urban sectors. I
water s diverted and thus energies are drined [rom a Torest it loses some of Qs
energy sonrce and it output of valnes is diminished unless the using system
purts back inte that forest some critically needed serviees which have as much
amplilving value to irs energy budget as the water (Fig, 4 from Odum, 1968)
Thus it iz possible to drain water From o svitem and carry back some special
maragement service, but if this repaviment ol positive [eedback is not provided,
one system b5 damazed at the expense of another, Rarely this been anderstood
or the importance of the planetary life support system to man's survival heen
measured in guantitative terms. Yaloues in Table 1 indicate ways that some of the
values of water mav e caleulated, When all the energy values of usages are no
o hidden we may decide by adequate public process the priovities, Since
survival is rhe ultimate decision actor, there is a constitutional basic right to an
adequate like support system, and this muost e the Hest priovity. The speeial-
purpose indusivics, which incvease industeial  prodoctivity and  population  muose
take second priovity.

Anather important concern in the energetics of a water cycling svstem is the
vate of energy fow, Theorists are still groping wich the laws that control the rate
it which potential energy s dispevsed into heat, being then unavailable for further
use osoan energy source. Lotka provided the theory of natural selection as a
maximum  power organizer; onder competitive eonditions svatems  are selected
which nse their energies in varvions soroctural-developing actions so as 10 maximize
theiy use of available energies. By this theory syitems of coveles which drain less
ciergy lose oul in comparative development. Howey Leapnld  and  Tanghein

have shown that streams in developing crosion profiles, meander systems, and
tributary networks disperse their potential energics more slowly than il their
channels were more divect, These two statements may  be harmonieed by an
optimum efficiency maximum powey principle (Odum and Pinkerron, 19553, which

indicates that energies which are converted oo rapidly into heat are not made
available to the svstems own use because they are not fed back through storvages
inte wseful pumping, but instead do vamdom stiveing of the environment, When
back-Tovee Ioadings are such that very little potential energy is drained, systems
are tor slow and are eliminated by competition. Thus there is an opltimum rate
of energy processing which is neither as fast or as slow as is possible with some
different loading of a svsiem of cnevgy Aows,
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Figure 4
Fig. 4. Diagrams showing the self designing seward loop by which units in COETTy
trains feed high quality services from downstream 1o an upstream [rOCEss  Te-
gaining through amplifier actions the energy value of their own drain, In the
third diagram the cycling of money is shown [or units where man in involved, the
dellars running in countercarrent o the energy pavment loop {Odum, 1968)

When a meancering stremn in equilibrim with s landscape is channeled
for navigational purposes, potential energics which were formally released slowly,
maintaining stream heds, forese and  food plains are dumped dowsiream, consti-
toting a disruptive energy stress to the lower stream estuary or reservoir. These
potential energies there become the source of competitive sclection of such other
natural svatems as water cddies, whirlpoals, and erssion systems, which may or
may not be of value to that system. However, by diversion the well adapted, well
evolved upstredm landscape unit has lost its enevgy source and its ability o pro-

-
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vide stability and sell maintenance, The values of potential energy in Table 1
through dollar-calories conversions provide us a means for calculatng the energies
in dollar values of chis energy diversion,

Anuother aspect of self-regulating systems are the storages provided by a
system for its own stability, A fosd plain has an interesting property of in-
creasing its energy utilization for useful purposes in proportion to increases of the
potential energy available. When their fomds overflow the banks the fload plain
forest devives some of the potential energics which go into Foresiry growth soil
control amd at the same tdme take the transient stress onr of the flooding system
as & whale, This is a very effective flood contral mechanism and may turn ot
to be [ar cheaper than the reservoirs which are provided by various enginecring
plans o do the same jobs at greater expense and with less pormanence, In eloctrical
svalems fransients are contralled with both storages and with lag impedances, such
as indnction coils, that respond in proportion to input cnergy. In river basins
we have attempred 1o control tansients with storages, but nature has alveady
been using an analogous system module to the inductance, The fow-dependent
impedance is the Hood-plain.

There are many students of water resources and many projects for  system
analvsis of waler which include the water budgets and the dollar interactions but
the challenge before us now s to add the energy values and dollar values of the
natural svstems including the values of water inputs, their cdeansing power and
their roles in sellmanagement of the natural systems. The enviconments have
alwavs heen necessary 1o man but they are in danger of becoming in shove supply
amed limiting to his survival, Tr is po longer satisfactory to calenlate some cost
henefit vatio leaving oue all the energy badgeis of the life support systems which
are the basis for man's existence on the planct. What we need perhaps s con

servialion engineering which we cn define as the guidance of self design to a
waorkable partnership involving man and oatore.
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