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Learning, External Benefits, and Methane Generation From Agricultural
Wastes

Cleve EJ Willis, University of Massachusetts

External benefits from learning by.doing exist for methane generatioen
from agricultural wastes. Under a variety of circumstances, these exter-
nal benefits exceed in magnitude the program costs nccessary to induce

the experience necessary to make such generation a viable activity.
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LEAPNTING, BXTEPHAL BEMEFTTS, AHD METHANE GENERATTON

FROM AGRICULTURAL WASTES

“Poultrymen are currcntly faced with a number of pressing problems
not the least of which is emergy availability, reliability, and cost.
The possibility of on-farm production of methane gas from poultry manure
may contribute to the solution of this problem. The engineering fcasi-
bility of this activity is not in question -- see for example (Fry and
Merrill; Singh; and Smith). At present, however, the ecoﬁomic feasi-
bility of such a gommercial operation is doubtful. For example, Slane,
et. al. use budgeting procedures to estimate that the net additional an-
nual cost associated with the methane operation for flocks ranging from
20 to &0 thousand birds is roughly five to ten thousand dollars. It is
not likely, then, that poultrymen will institute this sort 5f operation
unless induced by a public subsidy or transfer somewhere near the magni-
tude of this expected udditiongl cost.

’ As with other relatively new technologies, one can reasonably ex-
pect the experience gained in the cpnstruction and opcratioﬁ of such
mcthare producing digesters to result in more cfficient production in
the future. 1f the information regarding the experience gene?ated by
the potential operation were widely disseminated, cost reductions would
be expected to be enjoyed by a host of future poultrymen who might take
advantage of the learning. These cost reductions (benefits) are, of
course, external to the decisions of the poultryman who must decide
whether to engege in the methane production activity (and hence provide

- the experience).




In the absence of some means of internalizing the externality (fu-
ture cost reductions), private decisions based solely upon internal ben-
efits and costs may be erroneous from a societal viewpoint. One means
of iuternalizing these benefits is by provision of public subsidies. We
provide below an economic analysis designed to suggest whether public
provision of transfers on the basis of external benefits is likely to be
successful in methane production on commercial poultry farms. In this
regard, the second section provideé an overview of the literature on
learning functions and the third develops a measure of external benefits.
The subsequent section presents the estimations of both the learning
function and the measure of external benefits. Next, the public cost
which would be required to induce sufficient experience to make methane
generation economically feasible is approximated. Some conclusions are

drawn and limitations are suggested in the final section.

LEARNING FUNCTIONS

A generally accepted relation in the learning literature. is:

(1) 7 =P

where Z is a measure of learning (usually unit costs of production), W
is a surrogate for accumulated experience, and F and b denote unknown
parameters. The rclation has been wstablished and applied primarily in

. . . 1
standardized production line processes,—! where Zi generally represents

th

unit costs for the i~ unit of producfion and Wi = 1.

The slope of the learning function, expressed as a percentage, is

b

often represcented by S = 27 - 100. A slope of S percent implies a “prog-

ress ratio" of (100 - S) percent, such that, e.g., a value of b of -0.32

et
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yields the 80 percent slope familiar to the airframe industry and im-
plies that each doubling of cumulative production brings a 20 percent re-
duction in unit costs (the progress ratio). ) B
Although learning theory hias been applied mainly to production line
processes (Fellner; and Rausser; et. al. provide exceptions), i} may also
apply to somewhat less standardized processes such as methane production
from poultry wastes. . In this context, a number of alternative proxies
for experience are available. For example, Arrow considers cumulative
gross investment as the stock of experience vhich influences factor pro-
ductivity while Bafdhan argues that learning is more dependent upon cumu-
lative volume of industry output. Fellner reasons that in some instances
learning is acquircd more by "doing it longer' than by 'doing more" and
hence suggests time as the best surrogate for experience. For methane
.production, we follow the lead of Rausser, et. al. and Wells who employ
cumula;ive plant capaéity as the appropriate proxy. This choice reflects
the belicf that it is the construction and some (minimum) amount of oper-
ations which permits the learning and that afier some point (in time and
cumulative production) continued production from the same operation pro-

vides minimal expericnce.

EXTERNAL BENEFITS

Since the learning derived from the cxperience of a potential meth-
ane production opcrétiop would directly alter the production functions
of a number of succeeding operations clsewhere, an externality is in-
volved. In evaluating the external learning benefits resulting from the

experience to be gained from the poténtial operation, we consider the
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present value of projected cost reductions as oﬁr measure of benefits.
If this estimated value (Vl) exceedé the value of the publi? transfer
necessary to induce the potential poultryman to produce methane (VZ),E/
then societal net bencfits would be associated with internalization of
some part of these external benefits by a subsidy less than Vl but
greater than V2.
External benefits (B) are, then, defined as the discounted sum over
time of unit cost reductions in year t multiplied by the increase in pro-

duction from new plants in year t multiplied by the expected life of

those new plants.’

p+T t *
C I A (2, -2%) 6,

(2) B=
t=p
. P
sc ) AR P Mt
L t t :
t=p
where,

C = 328.5 - L,

L denotes the useful life of the digester in years (assuhed to be
20 years in the subsequent application),

F, Q, Wt and Zt are as defined above,

W: is (Wt + A), where A is the capacity of the préposed Jgigester
under consideration in cubic feet per day (cf/d) and W: is
thercfore cumulative capacity if the potential digester is
constructed,

Gt is Expected new daily capacity in t (in cf/d) likely to benefit

from the learning,
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M is initial (current) industry-wide daily capacity additions sub-

ject to learning, .

g denotes expected growth rate in ﬂew capacity,

p denotes the number of years by which the realization of benefits
from learﬁing is presumed to lag behind the ‘encouragement and
provision of experience, and

T is the nﬁmﬁer of years during which the incremental value of the
learning is positive.

For present purposes, Wt ‘is projected by K(1+g)t, where K is 1974 cxperi-
ence, and hence (2) can be rewritten as (2)':
(2)* B = 6,570 pil'xt ['F{K(hg)t]b - Flr+g)® + A}q LM(1+g)t:|
t=p — -
The multiplication by 328.5 presumes the system is on-line an average of
328.5 days per year (90 percent) and this magnified by the useful di-

gester life of 20 years, produces a comstant of 6,570.

LEARSING FUNCTION EMPIRICAL RESULTS -

h; mentionced previously, the pfoxy for experience (W) in (1) is
cumulative digester capacity. It is unlikely, however, that lcarning
increases proportionally with digester size and there afé further indi-
catious from rescarch and developmerit arcas suggesting that after some
pgin; gurthqr_size increases provide no ipcremental learning. Accord-
ingly, the cﬁsé in which experience (ﬁ') is proportional to capacity up
to a 2,900 cf/d size and none additiqpal is provided by a larger plént
is also exawmined.

As with most new applications, data are scarce. In such instances,
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Bayesian cstimation of the learning function parameters (F and b) is

often useful. .To recognize the stochastic nature of the learning func-

tion, rewrite (1) as:

_ b
(3) Zi = F Wi exp(ui

)

where exp(ui) is the multiplicative log normal disturbance. Trausform-

ing this equation into a linear form yields:

@) Y, ma+bx o+

u.

i

where 1n Z;=Y;, InF = a, and In W, = X;. Assune further that the X;

are stochastic but distributed independently of ug and the u, are inde-

pendently and identically distributed (iid) with zero mean and unknown

. 2
variance ¢°. We can further denote,

() Pyla, b, o) = Ky £(a, b, ©)

as the joint prior density function representing information zbout a, b,

and o obtained from sources other than the sample.

() &(a, b, oY,

v Y

In addition,

denotes the likelihood function of a, b, o given the data. Using Rayos'

Theorem, then, the posterior density on a, b, ¢ is

™ Py@ b, 0[N

K, f(a, b, o 1)

K, £,(a, b, o) t(a, b, @ | Y).

For some loss function L(§, &§), where 6§ is the estimator and 8 is

the parameter, the risk R(&) is defined by

(8) R(8) = S L(8, &) P (6 | Y) ds
A Bayesian estimator minimizes R(8) for a given Pl(s). For present anal-

ysis a squared error loss function, i.e.

o
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©) LG, 8) = (5-8)'(5-5)
is used. The Bayesian estimator of.6 will, then, be the expectation of
& over Pl(é).

One form of prior information in ;ﬁis context can be obtained from
estirates of b in other learning industries -- see, for examplez Alchian,
Asher, llirsh, Fellner, and Rausser, et. al. For example, the prior ob-
tained from ;hesc other estimates of b might reasonably take the form of
a vy density on -b(= b*) with non-informative, locally uniform priors on
a and 1n ¢. It is furthcr assumed a priori that a, b, and o arc inde-
pendent. :

This particular prior density on b was chosen because it yields a
probability measure of zero for values of b* < 0 and has a form that
agrecs with the information derived from non-methane sources. On the
basis of this prior information the parameters selected for the density
are 1 and 0.3, i.e.,

b exp E- 139 (b*)], b >0

*

0 S b <o

(105 PO

n

Co%
Pt )
This functicn gives a probability of approximately 0.85 that 0 < b < 1.
The shape of this vy density is illustrated in Figure 1.
The feature that b < 0 with a probability of 1 is an example of
how restirictions on parameters can be conveniently introduced into
Bayesian analysis. We can clearly eliminate b > 0, since it implics dis-
learring.
. : * .. . ., .3/ *
Given the y prior on b , the joint prior density~ on a, b , and ¢

is
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Figure 1

The Gamma Prior Density

P(b*)
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(1) Py, b, 0) =Ky ot b exp | -2 O )], b >0
\ *
b

0 ) N <0

. .
Po(a, b, o) =

Preliminary cstimates for a and b for the cumulative capacity proxy
are 2 = 3.21 and b = -0.422, and for the modified proxy are a = 1.96 and

b = -0.388.%

EXTERNAL BENEFITS EMPIRICAL RESULTS

These estiﬁétcd values of a and b are used to estimate the measure
of external benefits (B). Since the posterior density of B requires in-
tegrations which are extremely difficult, if not intractable,§/ the pre-

liminary empirical analysis uses only expected values of a, b, and the

other cocfficients of (2). Hence, computer solutions to (2) are pro-

. vided where alternative values of the key parameters (spanning the prob-

able range of uncertainty surrounding these values) are assumed. For
example, the velues of B are examined where the magnitudes of b under
each formulation ranges ten percent in either direction of its estimated
value. Likewise, while the expected value of M is 2,500 cf/d, lower and
upper limits of 1,000 and 5,C00, respe;tively, were examined. The values
of & examined were 200, 1,000 and 2,000 cf/d. These sizes are arbitrary
-- a proposed opefétion of any size can of course be eva}uated. “The
2,000 cf/d capacity was chosen as the upper limit for our investigation,

however, since the second proxy used presumes no incremental learning

_ after this level. The value of K was assumed to be 1,004,6156/ cf/d and

7/

the growth rate (g) was assumed to be ,10.— The alternative discount

‘rates (r) of .10 and .15 wcre employed in the estimation of external
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leérning.benefits. Finally, the period of time during which the learn-
ing is presumed to be of value (T).was set at forty years. After this
period, the combination of moving to the' flatter portion of the learn-
ing curve and the discounting of future values produces negligible learn-
ing benefits. It seems reasonable that some period of time (p) would
exist during which the operator of the digester in question gains the
experience, is able to disseminate this information, and the new opera-
tions are able to capture (internalize) this learning in the form of
‘lower production costs. The selcction of p = 3 is judgmental and hence
the implications of extreme assumptions (p = 0, 5) were also examined.
Some preliminary results are depicted in Table 1. Using the ten
percent discount rate, construction and operation of the largest di-
gester is estimated to generate a stream of external benefits of roughly
2.7 million dollars. This could be as low as approximately 1 millioa
dollars under the least favorable assumptions regarding the parameter M.
Assuming a fifteen percent discoupt rate, the range becomes 565 thousand
to 1.4 million dollars. For the smaller (A = 1,000 and ZOO)'operations
these benefits are, of course, somewhat less. For the most cptimistic

values of b and M, the estimated benefits are even greater.

PROGRAM COSTS

The empirical results set out above represent estimates of a meas-
ure of external benefits only. These benefits further presume that ex-
perience will be sufficient to reduce costs to such a point that on-farm
production of methane will be a viable operation without further public

subsidy. In this section we provide estimates of the amount of experience




Table 1

External Benefits Associated With Various Size (A) Mecthane
Generating Units With Learning Lagged Three Ycars Under
Alternative Discount Rates and Lcarning Parameters
for the U. S. (in millions of dollars)

Discount Rate (r) and
Additions to New Capacity (M)

Size of Learning ' .10 R .15
Experience Unit Parameter
Proxy (5 (b) 1,000 2,500 1,000 2,500
2,0C0 ~0.4215 1.0869 2.7173 0.5645 1.4114
Cumulative o, -0.4215 1.0503 2.6258  0.5494  1.3735
Capacity
200 -0.4215 0.9156 2.2891 0.4927 1.2317
2,030 -0.3883 1.0802 2.7005 0.5545 1.3864
Modified ) :
Cumulative 1,600 -0.3883 1.03%0 2.5975 0.5375 1.3438
Capacity i

200 -0.3883 0.8933  2.2332 0.4762  1.1905




-12-

and public subsidy (Vz) which would be anficipatcd to be required to
achieve this result.

The budgeting analysis which underlies the research reported here
suggests a break-even price for commercial electricity of 6.17 cents/
kw-hr as compared to the assumed average price of 2.3 cents. Indeed,
since the budgeting and estimation was performed, the price of electric-
ity has fluctuated at values somewhat above this average level.

The first step, then, in estimating the subsidy required to gener-
ate sufficient learning is to determine the level (Z*) to which methane
generation unit cost§ must fall to make the operation economic. Sccond,
using the estimates of a and b to estimate thé level of cumulative expe-
rience (W*) corresponding to Z*~, The required subsidy (V,) to achisve
Xf, Z* then depends upon the magnitude of the area under the learning
curve, above Z*, and to the right of present experience. In Figure 2

this corresponds to the area abc, where W Z0 denote present methane

0’
experience and unit costs, respectively.
Area abc can be considered an extreme (highest) estimaté of this
magnitude. First, it presumes the current rate of 2.3 cents for commer-
cial electricity will remain into thc future until W* obtains. In prac-

tice one would expect this charge to increase over time so that segment

*

be would be positiveiy sloped to the right such that the intersection Z
would occur earlier and atba higher unit methane cost. Second, duc to
uncertainty and to alternati;e firm and individual goals, one would ex-
pect some $f this experience (N* - Wo) to be acquired without subsidy.

That is, for example, some poultrymen are likely to begin experimentation

N




"~

13-
Figﬁre 2

Subsidy Required to Make Methane Generation
Economically Feasible
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“as Z approaches Z* even though it is not yet ecoromic. For these rca-
sons, then, area abc overstates thé quantity V2 and hence serves as a
conservative estimate.

Finally, ;ince experience (W) is measured in cubic feet per day
capacity, the unit costs in abc must be‘multiplied by the number of days
per ‘year and number of years during which this subsidy is requi;ed for
ihese experience-generating operations. Assuming as above that the sys-
tems are on-line an average of 328.5 days per year (90 percent), then
the present value of the required subsidy (VZ) is given as the discounte
value of 328.5 (abc) T, where T is the number of*years during which the
subsidy must be continued. Initially, one could set T at 20_years since
this is the useful life presumed above. A more reasonable value is 5
years, since there is substantial evidence that learning becomss negli-
gible after several years of experience.

» For the present investigation, WO is 754,615 cf/d and Iy is 0.0107

dollars per cubic foot. The highest value of V, under these assumptions

2
obtains then when the unit methanc gcneraﬁion costs are forc&d to a level
equivalent to a reduction in commercial electricity price of 6.17 cents
to 2.3 cents, or 62.7 percent [(6.17 - 2.3) ® 6.17). Hence Z* falls
from iO to (1 - .627) .0107 = .0040. Using the estimates of a, b cof
3.2132 and -.4215, this value of Z" obtains when W= 7.85 million cf/d
capacity. The value of V2 in this case is tpcn approximately 32.6 mil-
lion dollars (assuming a 10 ﬁercent discount rate and T = 5). A mere

reasonable estimate of V2 in light of the reasoning of the previous para-

graph would require that costs decline by about half this magnitude.
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In this cvent, the relevant value of V2 is roughly 2.5 million dollars
(again, for r =>.1 and T = 5). Finally, perhaps the oppositc extrcme

case would be that methane gencration costs would need to decline by

only ten percent in order to créate a self-sustaining flow of experience.
This represents the combination of sharply rising future costs of commer-
cial electricity, the anticipation of such on the parts of substantial
numbers of poultrymen, and innovative preferences on the parts of others. ~

In this event the value of V, is roughly 58 thousand dollars. Estimated

2
values of V_ for alternative assumptions within these extremes are tabu-
2

lated in Table 2 below.

CONCLUSIONS

Estimates in Table 1 suggest that under most combinations of assump-
tions, the present valuc of external learning benefits derivable from in-
‘creasing experiénce in on-farm methane generation is somewhere in the
one to two and one-half million dollar vicinity. Table 2 provides a far
greater range of possible program costs depending on a variety of assump-
tions. Under what is considered the most rcalistic situation -- viz.,
unit methane costs would have to fall by only one-half of the 62.7 per-
cent required to make methanc generation cconomically cquivalent to com-
mercial clectricity sources -- with poultry operators subsidized an aver-
age of five years, the estimated present value of program costs is in
the 2.5 miliion dollar range. These estimates are extremely sensitive
to assumptions made regarding future commercial energy costs (as reflected
in the "percent reduction in Z needed" assumptions). Clearly, movement

of encrgy costs toward the 6.17 cents/kw-hr break-even level reduces
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Table 2

* . *
Estimated Values of Break-even Costs (Z ), Required Experience (W )}
and Present Value of Required Subsidy (Vz)

Required Subsidy (V) in Millions of

. Dollars for Alternative Discount Rates
Required

Percent* Break-even Expevience and Pay@ent Periods* '
} Reduction . Unit Methane %*) in .10 - .15
Experience of Z Costs (Z27) 105 cf/d -
Proxy ) Needed in $/cf Capacity S 20 5 20
100 .0040 | 7.8467 32.5996 73.2141 30.1379 56.2752
70 .0060 2.9760 7.1476 ©16.0526 6.6079 12.3386
Cumulative 50 .0073 1.8437- 2.5030 5.6213 2.3140 4.3208 .
Capacity . K i
30 .0087 1.2330 0.66066 1.4972 0.6163 1.1508 o
10 .0100 . 0.8804 0.0578 10.1299 0.0535 0.0998
100 .0040 8.5204 36.0882 81.0490 33.3630 62.2973
<o 70 .0060 2.9744 7.4170 16.6576 6.8569 12.8036
Modified
Cumulative 50 L0073 1.7¢88 2.5269 5.6750 2.3361 4.3621
Capacity 30 .0087 1.1480 0.6601 1.4825 0.6102 1.1395
10 L0109 0.7929 0.0568 0.1276 0.0525 0.0981

*The 100 percent figurce provides the extreme value of V) discussed in the text. For rcasons cx-
pressed above, the 50 percent valuce is considered the most likely. '

**The discount rates (r) are the .10 and .15 values and the payment periods (T) considered arce 5 and

20 ycars.
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program costs significantiy. For example, if commercia{ electricity
prices were projected to rise to within 30 percent of the difference be-
tween the current 2.3 cents/kw-hr and the break-even 6.17 cents/kw-hr
(Table 2), so that the break-even unit methane cost (Z*) would be .0087
dollars per cubic foot as compared with the present cost of .0107 per
cubic foot, then the program costs would be in the 600 to 667 thousand
dollar range.

In short, these results suggest that an R and D program of this
sort is economically justificd for the situation in which present energy
supply prices are expected to grow at a moderate to rapid pace, but not
for the situation where these prices are unlikely to increase substan-
tially.

In more géneral terms, the poultryman's dccisioﬁ bascd on internal
net benefits alone is not favorable to éctivitics associated with on—farm.
generation of mcthane; If externalities are recognized, however, public
decision-makers also have a responsibility. Unfortunately, such '"yes-no"
{subsidy) decisions are generally made without a useful framework for
analysis. It is felt that the framework provided here can be of use.in
a rather broad range of public decision-making contexts.

To be sure, the aralysis has been performed on the basis of cur-
rently available (and limited) data. Since the estimatcs of external
benefits B ohviously dcpgnd critically on the estimates of the learning
parameter b (and other values), the operational use of this measure in
such pﬁblic decisions requires the estimates of b (and the other param-

eters) to be modificd as additional information unfolds.
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Finally, a factor leading to a possible overstatement of benefits
is inherent in the learning functién formulation. When cos£ reductions
are related to a measure of experience, a part of those cost reductions
must be attributed to non-methane generation research and development,
such as improved pumps, new digester technology, microbiology. tecthlogy,
new displacement technology, etc. To some exfcnt this may be offset by
the omission of by-product benefits or new technologies made in the meth-

ane generating industry that are disseminated outside the industry.

e
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APPENDIX

Recall the vy density on b*‘(= 3b) may be specified in terms of the

joint prior on a, b, and o as:

. e (.7 10 %] x
Bo(a, b, o) = Ks 5 b exp | - % () |; b 0
*
H)

0 ;b <0

Py(a, b, o)
By the use of the sample likelihood function (presumed multivariate nor-

mal), the posterior density function for this case is:

n

2
1 . 2
3 B BV (Y21 -2~ Xy)

1}"2»«1
20 i

Pi(a, b, © | Xy ¥5) = K¢ [g

®") exp [— 130- (b*):l; b <o,
P,(a, b, o | Xy, ¥,) =05 b > 0.

If we integratc out o, we have

© o 2
SPa b,o | %X, V) =K ®)exp | -2y |/ .
o 1 2* 2 6 P 3 o @

i)
1 2
exp |- — J ufldo
20% j21
. ). \ " )1,/2
v B -8, %X X,(B-8 )]
B K7 (b*) exp [_ }3(_)_ o ):] 1+ 2 2. 2 2 .
- ey e

Further, we can integrate out a analytically since the factor con-
taining it is of the multivariate t form. (It can be shown that the

marginal distribution for a random variable from a multivariate t is a

univariate t.) That is,




P, (b | Xy Y,) = -Im P (a, b | X, ¥,) da

* x )
K, (b)) exp [-ﬂ(b)_l-

3

. 32)-1(n,-1)/2)
[ - oo - )

e,e, |

=
IS

X,. # n, and b2 is the second element of 52. This ex-

vhere X, = 2i 2

2

o~

i=1
pression for P1 (b | X2’ YZ) can be integrated numerically to obtain b

and var (b).

i e e




Footnotes

Alchian and Asher review much of the work in the learning function
literature. V

The quantity V2 is diéEussed in a separate seétion below.

The posterior density function is set out in the Appendix.

Refer to Slane, et. al. for the data used. Additional data are cur-
rently being compiled for this Bayesian estimation.

The derivations of this posterior density function are available
upon reguest.

1ﬁis figure is simplyvthe sum of the cumulative system capécity asso-
ciated with the 1972 system (754,615 cubic feet per day) and an esti;
ma?ed‘éddltion to cumulative system capacity from 1972 through 1973
of 250,000 cubic feet per day.

This rate represents a Pegﬁ»subjectivc judgment. It implies, for
e%ﬁmplc, that tﬁ& current‘capacity'presumed, subject to learning, of
2,500 cubic feet per day would grow to 113,125 cubic feet per day in

a period of‘40 years.




