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The research examined the major characteristics of energy plantations;
analyzed plant-matter production rates rrom deciduous plants; and examined
fuel consumption in stationary facilities at major troop training centers.
The possibilities and requirements of energy plantations at Fort Benning ,
Fort Leonard Woo d , and at Army bases in general were detailed .

It was concluded that energy plantations could be feasible at approxi-
mately 15 large Army bases and that the cost of solid fuel produced from
them would be approximately $1/1 million Btu ; the cost of synthetic natural
gas produced from plants was determined to be approximately $3.10 to $4.20/
1000 standard cu ft.

Besides being a perpetually renewable fuel source, it was found that
energy plantations could provide independence from other fuel sources, re-
duction in future environmental problems caused by present fuels , and will
productively use land not now in active use.
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I. INTRODUCTION

The purpose of this appendi x is to exami ne fuels consumption in
fixed facilities at large troop training centers and proving grounds
operated by the Army in the conti nental United States to determi ne
whether:

• there are patterns of fuels consumption wh i ch can be used
for broadly evaluating the meri t of using Energy Plantations
to supply fuels for fixed-facility purposes at A rmy bases ;
and whether

• considerati on of fuels consumption in fixed facilities at
Fort Benning and Fort Leonard Wood is a realis tic basis for
drawing conclus i ons about the merit of Energy Plantati ons for
other bases in other localities .

It is concluded that with due allowance for the climate and en-
closed floor area at individual troop training centers and proving
grounds , there is an approximately predictable pattern of fuels use in
fixed aci lities for evaluating the merit of Energy Plantations at parti-
cular bases . It is also concluded that Fort Benning and Fort Leonard
Wood are suffi ciently representative of fuels consumption in fixed facili-
ties at Army bases in general , again after allowance for clima te and for
floor area , that conclusions drawn with respect to them can be extended
fairly reliably to other bases.

Fuels considered in this appendix are those used at Arm y bases in
directly fired steam generators , hot-water heaters , and space heaters and
for cooking . Fuels used for generating electricit y in fixed generating
facilities at bases are therefore included. Fuels used in mobile and
transportation equipment are not considered , nor is consi deration given to
the fuels consumed for producing electricity purchased from sources out-
side Army bases .
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Arsenals and A rmy installations in relatively densely populated localities
are not considered in this analysis. Aberdeen Proving Ground , Edgewood Arse-
nal , Fort Belvoir and Fort Myer, for instance , are therefore excluded. In-
stallations having land areas less than 32,000 acres are also excluded . Many
installations have been excluded from consideration because they fall wi thin
the bounds of both of these restrictions.

Several outstanding characteristics of the fuels—consumption profiles .at
the larger troop training centers in unurbanized localities are identified in
the course of the analysis discussed in this appendix. These characteristics
will have considerable bearing on the design of Energy Plantations and asso-
ciated fuels—processing systems proposed for meeting the fuels requirements for
fixed facilities at large troop training installati ons. M~ong the more stri king
characteristics are the following:

• practically no coal or other solid fuels are used these days at A rmy
bases in unurbani zed localities -- natural gas and unknown amounts of
LPG are widely used in southern and many mi dwestern localities , while
fuel oils are the major fuel in the more northern sites ,

• generally at least half and often as much as three—quarters or more
of the fuels used (expressed as Btu) are consumed in unattended isolated
heaters -- the vast majori ty of these heaters have firing capaciti es of
less than ThO,000 Btu per hour ,and only a few have capacities as great
as 3.5 million Btu per hour or greater;

• high-pressure boilers , taken as a class of di rect-fired equipment ,
generally are the second—largest stationary consumer of fuels in army
bases -- often accounting for as much as twenty-five percent but rarely
more than fifty percent of the fuels used (expressed as Btu) at troop
training centers and proving grounds ; and

A-2
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• the seasonal pattern of fuels consumption at A rmy bases appears to be
approximately predictable -- it peaks in winter, as is to be expected ,

and fuels consumption in January may be as little as 2.5 times the
average consumption rate in summer months in southern locations and
as much as five or more times the summer rate at bases in the north.

Information on fuels consumption in fixed facilities at Army installa-
tions is quite li m ited. The analysis descri bed in this appendix relies heavily
on data compiled by the Corps of Engineers for Federal fiscal year 1971’, on
a report prepared by Harold D. Holl is in 19742, and on a study by Von Nida
issued in 1974L~.

.t-.

_ _ _ _ _ _ _ _ _ _  

A-3



- -- 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____

II. FUELS REQUIREMENTS FOR FIXED FACILITIES

Consumpti on of energy from fuels in Federal fiscal year 1971 for
fixed facilities at twenty-two Army installations is summari zed in
Table A-I. These data are abstracted from a compilati on prepared by
the Corps of Engineers ’. The installati ons include d in the table:

• are located in lightly populated areas in North Ameri ca ,

• have a land area of at least 32,000 acres (50 square miles ) each ,
and

• consumed the equivalent of at least 200 billion Btu in fuels
as fired in fi xed facilities in fiscal year 1971 .

An estimated normal number of heating degree-days per year is shown for
each instal l ation , and the installations are arranged in the table in
ascendi ng order of degree-days per year. The degree-day data are esti-
mated from information available from the National Climatic Center3.

Other information for each of the A rmy installations for fiscal year 
- - 

-

1971 shown in Table A-I is:

• consumption of energy from fuels in fixed facilities per thou-
sand square feet of enclosed fl oor space -- the enclosed floor
space areas (not shown in the table) compiled in reference 1
were used for computi ng this ratio; and

• cons umption of energy from fuels per square foot of enclosed
floor space per estimated normally expected heating degree-day
per year.

t
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No consistent pattern between the coolness of winter as reflected
by normally expected heating degree-days per year on the one hand and
Stu consumed per thousand square feet of enclosed building space in fiscal
year 1971 on the other is discernible from Table A-I. At best, it can be
sai d on the average that in localities in the lower forty-eight states
where over 3,000 degree-days are normally expected every year , about thirty-five
percent more fuel expressed in terms of its heating value as fi red is con-
sumed per unit of enclosed building area than in those l ocalities where
fewer than 3,000 degree-days per year can be expected. If all fixed in-
stallations on Army bases were equipped wi th the same thermal insulation ,
if the same fraction of fuel consumed at each base were used for heat-

ing water and cooking, and if buildings at each base were heated to the
same temperature inside and used for the same purposes , a direct relation -
ship between fuels requirements and heating degree-days per year would be
expected. Such , at least on the basis of the information in Table A-I,
does not appear to be the case.

However , when the fuels requirements are expressed in terms of Btu
per square foot per degree-day, there appea rs to be somewhat more order-
liness in the data. This ratio is in the nature of an overall heat—trans-
fer coefficient. However , this analogy should not be pushed too far. The
fue l consumptions used as a numerator in computing the ratio are the sums
of fuels consume d for space and water heating , cooking and probably other

H purposes in fixed facilities; and the relative amounts of fuel used for these
several purposes undoubtedly varies widely between the Army installations
in Table A-I. While keeping this reservation in mind , it will be noted ,
nevertlieless ,that the ratio tends to decline sharply as the expected de-
gree-days per year increases to about 2,600. Then as degree-days in-
crease further , the rati c continues to decline but at a very much slower
rate . This point is illustrated in Fi gure A-I. The dotted line ABC is

A-6
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TABLE A-I
CONSUMPTION OF ENERGy FROM FUELS IN FIXED FACILITIES
AT SELECTED ARMY INSTALLATION S IN FISCAL YEAR 1971

Consumption of Energy
Estimated Normal From Fuels in FY 1971
Degree-Days Per Billion Million Btu Btu Per ft2

Installation Year Btu Per io~ ft2 Per Degree-Day
Fort Polk , La. 1 ,900 1 ,578 179 94
Fort Hood , Texas 2,000 1 ,623 102 51

— Fort Stewart , Ga. 2,000 623 93 47
FORT BENNING , GA. 2,400 2,387 112 47
Fort Gordon , Ga. 2,500 1 ,524 170 68

Fort Jackson , S.C. 2,600 1 ,387 156 60

Fort Bliss , Texas 2,700 1 ,589 93 34

Fort McClellan , Ala. 2,900 518 108 37

Fort Bragg , N.C. 3,100 2,772 126 41

Fort Sill , Okia. 3,100 1 ,602 122 39

Fort Huachuca , Ariz. 3,700 493 77 21

-
: 

Fort Campbel l , Ky. 3,800 1 ,580 124 33

Fort Knox , Ky. 4,600 3,073 161 35
FORT LEONARD WOOD , MO. 4,800 2,165 170 35
Fort Dix , N.J . 5,000 2,382 198 40
Fort Riley , Kans . 5,100 1 ,993 164 32

Fort Lewis , Wash. 5,500 2,327 119 22

Fort Carson , Cob . 6,500 1 ,851 199 31

Camp Drum , N.Y. 7,400 314 190 26

Fort Greely, Alaska 9,000 212 141 16

Fort Ri chardson , Alaska 9,000 1 ,714 321 36

Fort Wainwri ght , Alaska 9,000 2,124 316 35 . 
-

Sources :
Second column : based on information from reference 3.
Third column : reference 1.
Fourth column : reference 1 and third column .
Fifth column : second and fourth columns .
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an approximate representation of the upper level of the range of the ratio
when it is plotted against degree-day s , and the line DEF is the approximate
lower limit. The reason for the sharp change in slope whi ch appears to
occur at about 3,000 degree-days per year is not immediately clear. It
certainly cannot be due solely, however , to a poss ible lack of thermal
insulation in A rmy buildings in localities where fewer than 3,000 degree-
days per year are to be expected. If such limited use of insulation in
warmer winter climates were a major factor , the slope of the data would
be expected to decline with decreasing degree-days per year in localities
where insulation m ay not be widely used , rather than increasing as the
data in Table A-I suggest.

The wide scatter of the ratios plotted in Figure A- I is without
doubt attributable to many causes, including , among others , the following:

• actual degree-day s for fiscal year 1971 at particular Army in-
stallations were variously above or below the normally expected
values ; 

-

• variation between installations in the relati ve amounts of fuels
used for space heating, hot water , cooking and other fixed—faci-
lity requirements ; and

• activity level at specific installation s .

Despite the crudeness of the relationship represented in the figure ,
the estimates in Table A-I suggest that fuels consumption in fixed facili-
ties at Fort Leonard Wood in fiscal year 1971 was approximately represen-
tative of consumption rates for Army installations in rural localities where
3,000 or more degree-days are norma l ly expected every year. The correspond-
ing consumption at Fort Benning was more representative of that at localities

- - where fewer than 3,000 degree-days per year are normally expected.

A-8
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FIGURE A-I

BTU PER SQUARE FOOT OF ENCLOSED BUILDING SPACE
PER DEGREE— DAY IN FISCAL YEAR 1971 VERSUS ESTIMATED

NORMAL DEGREE—D AYS PER YEAR FOR ARMY INSTALLATIONS SHOWN IN TABLE A-I
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Because the fuels— consumption data summari zed in Table A-I are for a
single year, namely Federal fiscal year 1971 , they may or may not be realis—
tic for planning purposes . Fuels consumpti on can be expected to vary from
year to year , as already noted , for instance because of variations in wea-
ther and activity at particular A rnlY installations . This point is illus-
trated in Table A-I! by data from Von Nid a~ for fiscal year 1973 for six
of the installations shown in Table A-I . By comparing the values for Btu
per square foot per degree-day installation by installation in the two
tables , it will be seen that there are only moderate differences between
fiscal years 1971 and 1973 for Forts Benning , Knox, Leonard Wood and Riley .
There are rather more substantial di fferences, however , for Forts Hood and
Bragg. For these two bases , fuels consumption rose rather sharply in
1973 compared with 1971. The reasons for these sharp changes have
not been determined. However, overall , the information for fiscal
year 1973 in Table A-Il conforms qui te closely to the summary for 1971
shown in Figure A-I.

It is reported” that in the six—year period ending wi th fiscal year
1972, annual consumption of fuels in fixed facilities per person per
degree-day at Army installations throughout the Army had been increasing at
about 3.4 percent per annum. The reasons for this increasing trend are
unknown2 . However , since the nuni er of personnel in the Army has declined

- ~ . in recent years , and particularly because of energy conservation measures
recently insti tuted, it will be assumed that fuels consumption shown in
Table A-Il are more reliable a guide than those shown for the same installations
in Table A—I. But for those installations for wh i ch the information shown in
Table A-I are the only data available , that data will be assumed to be re-
presentati ve for planning purposes .

—
p

A-b

____________ 
j Ii~~



— 
- 

— :~ !~~~T~ ~T~~~~~~~~~:~~~~~~
- - 

~~~-,- --- . - .  
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

~~~~~~~~~~ — 
-
~~

TABLE A-Il

CONSUMPT ION OF ENERGY FROM FUELS IN FiXED FACILITIES

AT SELECTED ARMY INSTALLAT IONS IN FISCAL YEAR 1973

Consumption of Energy
Estimated Normal From Fuels in FY 1973
Degree-Days Per Billion Million Btu Btu Per Ft2

Installation Year Btu Per l0~ ft
2 Per Degree-Day

Fo rt Hood, Texas 2,000 2,087 131 66 (51 )*

FORT BENN ING , GA. 2,400 2,512 116 48(47)*

Fcrt Bragg , N.C. 3,100 4,161 196 63 (41)*
- I

Fort Knox , Ky. 4,600 3,560 180 39(35) *

FORT LEONARD WOOD , MO. 4,800 2,082 166 35(35)*

Fort Riley , Kans . 5,100 2,048 169 33(32)*

Sources :

Second column : based on info rmation from reference 3.
Third col umn : reference 4.
Fourth colunn: reference 4 and th i rd col umn .
Fifth co lumn : second and fourth columns .

*Data for fiscal year 1971 in parentheses (see Table A-I).

t
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III. FUEL CAPACITIES OF FIRED EQUIPMENT AT FIXED FACILITIES

Di rectly fi red space and water-heating equipment at army installations
are classified into four firing-rate ranges by the Army. These equipment
classes are defined as follow s 2 :

• high -pressure boilers having firing rates of 3.5 million Btu
per hour or greater , used for generating saturated steam at
135 psia or higher or , in a few instances , superheated steam
at higher pressures , and for generating high-temperature water--
high-pressure boilers are usually located in boiler plants wi th
operators in attendance and may be modern units equipped for
firing oil or gas but often are older, formerly coal-fired
units which have been refi tted for oil or gas ;

• large heating plants having fi ring rates of 3.5 million Btu
per hour or greater, used for producing hot water at lower
temperatures than in high-pressure boilers or, in some instances,
for generating steam at lower pressures than in high-pressure
boilers--these units may be isolated or in—central plants , and

they may be attended or unattended--they may be modern units
designed for oil or gas firing, or may be older units originally

H designed for coal but later refitted for oil or gas ;

• intermediate heating plants having fi ring rates between about
750 ,000 and 3.5 million Btu per hour used for water heating,
l ow-pressure steam, and space heaters--these units are usually
isolated , often unattended and generally fi red with gas or oil;
and

• small heating plants having fi ring rates below about 750,000 Btu
per hour used for hot water or space heating--nearly all these
units are isolated , unattended and fi red with oil or gas .

p
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Cooking stoves represent another subs tanti al source of fuel demand . Some
of these units may be oil fi red, but most of them use gas .

The relative amounts of fuel consumed in high-pressure boilers and
heating plants vary widely among Army installations . This point is
illus trated in Table A-I ll where fuel consumptions in high-pressure bc-~~c .s
and in each of the three classes of heating plants are expressed as percen-
tages of total fuel energy used in fiscal year 1971 at the A rmy installa-
tions shown in Table A-I. The installations a~re arranged in the order of
increasing normally expected heating degree-days per annum at their respec-
tive localities . The installations , therefore, are arranged in the same
order as in Table A-I. The info rmation show n in Table A-Ill is believed
to include fuel used in cooking stoves.

The information for the Army installations shown in Table A-Ill in-
dicates that for fisca l year 1971:

• small heaters used very large fractions of the fuels consumed
in fixed facilities at all the Army installations other than the
three in Alaska , and were in fact the largest single
class of consumers in fifteen of the nineteen installations - 

-

- 

p 

located in the forty-eight conti guous states ;
• while intermediate-sized heaters in most instances (eighteen out - 

-

of the nineteen installations in the l ower forty—eight states) accounted
for twenty percer~ or less of the total fuels consumed in fixed
facilities , the sum of the fuels consumed in small and intermediate-
sized heaters accounted for more than fifty percent (and frequently
very much more) in eighteen of the nineteen installations In the
lower forty-eight states ;

• in seven instances , high-pressure boilers were the largest single
class of consumers , although only four of these Instances were amonq
the nineteen installations In the lower forty—eight states , and

-~~ 
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except for the Alaskan installations , fuels use in high—pressure
boilers was not greater than half the total fuels used in any of
the nineteen ins tallations in the contiguous states ; and

• large heaters consumed only a relativel y small fraction of the
total fuels consumed at any of the installations- -in fact, less
than nine percent in seventeen of the twenty-two installations
shown in the table.

No relationshi ps are discernible between the fraction of the fuels consumed
in high-pressure boilers or in any class of heater on the one hand, and

- 

- 
ei ther total fuel s consumption at individual installations or the norma l ly

expected heating degree-days per year at the installations on the other
hand.

The limited data available 2 for fiscal year 1973 for installa tions included
in Table A-I ll indicate approximately the same fuels—consum ption distribution
between high-pressure boilers and heaters as in 1971 (see Table A-IV).  Thus , - 

-

the fraction of total fuel s consumed in fiscal year 1973 at each of the six
installations shown in the table by: 

-

• large heaters is small; - -

• high-pressure boilers is half or considerably less than half of
the total fuels consumed , although it Is In eve ry instance a larger
fraction than in 1971; and

• intermed iate and small heaters taken together consumed the largest
fraction in 1973 in all instances except at Fort Hood, although
except at Fort Benning and possibly at Fort Riley the fraction con-
sumed by these two cl asses of heaters was smaller in 1973 than in
1971.

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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The preeminence of small and intermediate—capacity heaters as consumers
of fuels at the larger Army installations in unurbanized localities is reflected
by their number relative to the number of large—capaci ty heaters and high-
pressure boilers in use. A ‘ census ” of the various classes and capacities of
directly fired equipment at a representative list of troop training centers is
shown in Table A-V. The overwhelming numbers of small and intermediate—capaci ty
heaters is a si gnificant factor bearing on the selection of the most appropriate
type of fuel to be recommended for production from Energy Plantations proposed
for serving Army installations (see Appendix B).

It is evident from this analysis that if Energy Plantations are to be

a major source of fuel for fixed facilities at large troop training centers,

a substantial part of the fuel derived from the plantati ons must be suitable

for firing in unattended equipment, much of which has a fuel capacity of less
than 750 thousand Btu per hour. This type of equipment evidently generally
accounts these days for more than half, and frequently for three—quarters or
more , of the total fuel consumed in fixed facilities at troop training cen-
ters in the forty-eight contiguous states.

High—pressure boilers are often the second—largest total consume r of
fuels in fixed facilities at Army training bases in unurbanized localities .
However , their consumpti on is usually a cons iderably smaller part of the
total fuel consumed in fixed facilities than is the total consumption in
small and intermediate heaters. Therefore, if fuel derived from Energy Plan-
tations is tailored speci fically to meet the requirements of high—pressure
boilers , and if this tailoring makes the fuel unsuitable for small and inter-
mediate—capacity heaters, Energy Plantations cannot be a major fuels source
for large troop training centers as they are now equipped for meeting space
and water—heating requirements. On the other han~i, if the fuel deri ved from
Energy Plantations is sui table for use in small and intermediate-capacity
heaters and also in high—pressure boilers , Energy Plantations could provide
essentially all the fuel used in the fixed facilities at training bases in
the forty-eight contiguous states .
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TABLE A-V

NUMBERS AND FIRING CAPACITY OF DIRECT-FIRED EQUIPMENT
AT A REPRESENTATIVE LIST OF TROOP TRAINING CENTERS

Installation Total Di rect- Numbers of Numbers of Heaters
Fired Units High—Pressure by Firing Capaci ty

Boilers Million Btu per Hour
~‘ -3 . 5  3 . 5—0 .75 <0 . 75

Fort Bragg , N. C. 6,213 9 13 99 6 ,092
Fort Campbell , Ky. 2,776 31 2 88 2,655
Fort Knox , Ky. 1,503 22 34 145 1,302
FORT LEONARD WOOD, MO. 1,545 6 9 56 1,474

Fort Riley , Kans. 1,055 4 65 346 640 
-

Fort Carson , Cob . 2,538 4 39 82 2,413

Source : Reference 2 .  - 
-

U 
4
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IV . TYPES OF FUEL USED I FIXED FACILITIES

r
Coal is not used these days in substantial quantities at troop training

centers in the contiguous forty-eight states2. 
- 
Gas is the major source of

heat at installations in the South and in many localiti es in the Midwest, and
oil is more likely to be so at posts in the North 2. This point is illustrated
by data compiled for a recent period by the Defense Energy Information System
(see Table A-vJ) . The total fuel consumptions shown in the table for the m di-
cated bases are moderately di fferent from the consumptions reported for the
same bases in Table A-I for Federal fiscal year 1971, and are lower than re-
ported in Table A-Il for fiscal year 1973. As previously noted , fuels consump-
ti on at large troop training centers was generally slightly to substantially
higher in fiscal 1973 than in 1971. These di fferences between information
sources in reported fuel consumption do not cloud the overall conclus ion to
be drawn from the data in Table A-VT and qualitatively confi rmed in reference
2,  to wit:

• natura l gas and unknown quantities of LPG are the major sources of heat
for fixed facilities at large troop traini ng centers in most localiti es
except in the North and Northeast , and - 

-:
• solid fuels , coal in particular, are not a major source of energy for

fixed facilities in any of the larger troop training installations
operated by the Army.

Fuels consumption for fixed facilitie s at Fort Benning in Federal fiscal
- 

I 
year 1973 conformed completely to these genera l conclusions (see Table A-VU).
At Fort Leonard Wood , however, oil accounted for about sixty-nine percent of
the heat produced in 1973, gas accounting for substantially all the remainder
(see Table A-VlIl ). Coal is not an i mportant factor at Fort Leonard Wood or
Fort Benn i ng.
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- TABLE A-VI I - -

FUELS CONSUMPTION IN FEDERAL FiSCAL YEAR 1973 . 
-

I 
FOR F I X E D  F A C I L I T I E S  AT FORT BENNING -

— Fuel s Consumpti on - Bil l ion Btu -

Direct-Fired Equipment Type Gas Oil Coal

High-Pressure Boilers: 1,235 —— —— -

Large Heaters: 34 -- —-
Intermediate Heaters: 36 5 -- -

Smal l Heaters: 993 199 12

Totals: 2,298 204 12 ~
. 

-

Grand Total: 2,514

p 
Percent of Grand Total : 91 8 <1

4 Sources: References 4 and 5. -
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TABLE V-Ill

FUELS CONSUMPTION IN FEDERAL FISCAL YEAR 1973
FOR FIXED FACILITIES AT FORT LEONARD WOOD

Fuels Consumption - Billion Btu

Direct—Fired Equipment Type Gas Oil Coal -

High—Pressure Boilers : 77 557 14
Large Heaters: 9 22 --

Intermediate Heaters: 26 153 -- - i

Smal l Heaters: 525 696 -- p

Totals: 637 1 ,428 14

Grand Total: 2,079 
:1

Percent of Grand Total : 31 69 <1 
- 

-

Sources : References 4 and 5.
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V. SEASONAL FUEL CONSUMPTION AT FIXED FACILITIES 

The seasonal variation in heating load is an influential factor in the
performance requirements of Energy Plantations and thei r associated fuels—
processing systems designed for supplying fuel for fixed facilities at troop
training centers . Few data have been compiled , however , on the changes in
heating load through the year at major troop bases in unurbanized localities .

There are no seasonal data, for instance , for Fort Benning or Fort Leonard
Wood , but partial data are available for Forts Bragg, Meade and Belvoi r ’~. No
seasonal data are known to exist for any other large troop center5’6.

The partial data available for the three bases named in the preceding
paragraph are for groups of high— pressure boilers which are generally oper-
ated ~ll fear. The data for FL -t Bragg are for four such boilers wh i ch con-
sumed about twenty-four percent of all the fuels (expressed as Btu as fired)
used at the base in Federal fiscal year 1973.

The shapes of the heating — load profiles through the year reported for
hi gh-pressure boilers at Forts Bragg , Meade and Belvoir are quite similar.
During the warme r months ,there is a base load which is about a th i rd of the
general load level in the colder months. The base load in the warm season is
represented primarily by mess hail and hot—water needs . The difference be-
tween the loads in the warm and cold seasons is the space—heating requirement
in wintertime . The loads in each of these major seasons are remarkably uni—
form ,and the seasons are separated by approximately one—month peri ods during
which the load l evel is intermediate between the two major seasonal loads .
The heat—load seasonal profile for the four high—pressure boilers at Fort
Bragg for wh i ch seasonal data are available as a group is shown by the dot-
ted line in Figure A— l I. These heat-load data were provided by Von Nida~. 4
Comparable graphical presentations for Forts Me~~e and Belvoir are included
in reference 2.
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Because of the similari ty between the seasonal heat-load profiles at
Forts Bragg, Meade and Belvoir , and because Fort Bragg meets the criteria
described on page A-5 of this Appendi x , it was decided to use the Bragg
data as the basis for estimating seasonal heating loads at other large
training centers in unurbanized localities 5. Centers in the more heavily
urbanized localities , such as is the case for Forts Meade and Belvoir,
frequently do not have land areas adequately large on site or nearby for
Energy Plantations wi th a potential fuels— production capacity comparable
with the fuels demand of the fixed facilities at the centers.

The heat loads by months for Federal fisca l year 1973 for the previously
mentioned group of four high—pressure boilers at Fort Bragg are compared in
Figure A-Il with the estimated normally expected heat ing degree-days, also
by months, in the vicinity of the base. The degree-day data are for Fayette-
yu le, North Carolina , the meteorological station nearest to Fort Bragg. It
will be seen that in the five months when the normally expected degree-days
are fewer than fifty, the heat load ranges from slightly less than 40 to
slightly over 50 billion Btu per month . The average heat load during this
warm season was about 46 billion Btu per month .

In the five-month peri od during which estimated norma l ly expected degree-

days exceed three hundred per month , the heat load varied from about 110 to
about 130 billion Btu per month . The load averaged about 123 billion Btu
during this period. In October and April, when estimated normally expected
degree-days are about 135 per month , the heat load was about 70 billion Btu

- 
- ,  per month.

it
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FIGURE A- Il

FUEL CONSUMPTION PROFILE FOR FOUR HIGH PRESSURE BOILERS
AND ESTIMATED NORMAL DEGREE-DAYS COMPARED

FORT BRAGG - FEDERAL FISCAL 1973 -

I I I U I I I I I I I
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The fuel consumpti on shown in Figure A-lI in each month by the four
high-pressure boilers is expressed in Table A- IX as a percentage of their
total consumption during the entire year. The monthly percentage for each
of the five warmer months (May through Sep~ember) is compared with the average
of the monthly percentages (4.7 percent) during the five-month period. Simi -
larly, comparison is made for the five colder months (November through March)
and for the two intermediate months (Apri l and October) for wh i ch the monthly
averages for each season are 12.5 and 7.0 percent of the consumption during
the entire year , respectively. It will be seen that each of the seasonal
average monthly percentages approximate s fairly closely the actual fuel con-
sumpti on , expressed as a percentage of the consumption during the entire
year , for each month in its season .

The average fuel consumption rate in the five warmer months (46.3 bil-
lion Btu per month) is a load wh i ch actually persists throughout the year ,
because it represents mess hall , hot water and other housekeeping require-
ments which are only moderately affected by season . Therefore, the difference
between this warmer—season—monthly-.average fuels consumption and the monthly average
cons umption in the five cooler months (122.7 billion Btu per month) is an approximate
estimate of the fuel consumed to meet space-heating requirements in wintertime. The
fuels consumption in Apri l and October suggest that if Fort Bragg followed
the “heat on - heat off” procedure widely used in the Army2 , heat was off
for about twenty-one days in each of these two months . Accepting this lat-
ter possibility as a plausible assumption , the “heat off” season at Fort
Bragg appears to be about 6.5 months per year and the “heat on” season about
5.5 months.

4 I
At troop training centers where most of the personnel are housed on base,

where manufacturing or other operations not di rectly associated with troop
training are about “average” for bases primari ly devoted to troop training,

_ _  
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TABLE A-IX

FUEL— CONSUMPTION PROFILE BY MONTHS IN
‘ FOUR HIGH-PRESSURE BOILERS AT FORT BRAGG

Fuel Consumption
Ratio of

Percent of Seasona l Monthly Monthly to
Billion Total for Average Percent Seasonal Average

Month Btu Year of Total for Year Percentages

- 4 July 40.6 4.1 4.7 0.87
August 50.8 5.2 4.7 1.11
September 49.1 5.0 4.7 1.06

October 71.9 7.3 - 7.0 1.04

November 118.4 
- 

12.0 12.5 0.96
December 114.3 11.6 12.5 0.93
January 130.8 13.3 12.5 - 

1.06
February 128.9 13.1 12.5 1.05
March 120.9 12.3 12.5 0.98

Apri l 67.1 6.8 7.0 0.97

May 53.3 5.4 4.7 1.15
June 37.8 3.9 4. 7 0.83

. 1 Totals 983.9 100.0 100.0

I -

Source: Refe rence 4. —
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and where consumption of electricity generated outside the base is also about
“ave rage” for troop training centers, it would be expected that fuels consump—

tlon in fixed facilities :

• for purposes other than space heating will vary more or less di rectly

with the scale of operations at the center, and 
-

• for space-heating purposes will vary wi th the scale of operations and
wi th the severity of winter at the center.

If these premises be accepted, and if it is also assumed that:

• the seasonal pattern of fuels consumption in the four high-pressure
boilers for which seasonal fuels—use data are available for Fort
Bragg is essent ially the same as the seasonal pattern for total fuels
consumption in f~xed faciflties at Fort Bragg, and that

• operations at Fort Bragg are similar in all respects, except possibl y
for scale, to operations generally in troop training centers.

then the fractional distribution of fuels consumption in fixed facilities at
training centers for base-load purposes (mess halls, water heating and other
housekeeping purposes wh i ch are not notably affected by season) and for space
heating can be represented by the following relationship:

46.3 x jO~ x 12 + 
(983.9 x iO~ 

- 46.3 x io~ x 12) Heating E~gree-Days -983.9 x iO’
~ 983.9 ~ 3,100

An Index Number (A-i)

where the heating degree-days and index number are specific for a particular —

troop training center. The numeri cal values In the equation have the following
significance :



- ~~- - - -  -- 
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• 46.3 x 10~ Btu is ~he average monthly fuels consumption In the four
high-pressure boilers at Fort Bragg during the warmer months (see
Table A- IX) -- it is assumed to be equal to the base fuels demand
per month for water heating, mess halls and other sources of fuels
demand which do not vary wi th season through the year;

• 983.9 x io~ Btu is the total fuels consumption by the four high-
pressure boilers at Fort Bragg in the year for which -seasona l fuels
Consumption data are available at Fort Bragg, and

• 3,100 is the estimated norma l number, rounded to the nearest hundred,
of heating degree-days per year expected at Fort Bragg.

Equation A-i reduces to the following: 
. 

. 
-

0.565 + 1.403 x 1O~ (Heating Degree-Days) = Index. (A-2)

Given the total fuels consumption in a year and an estimate of the normally
expected heating degree-days at a particular troop training center, equation
A-2 can be used to make estimates of the fraction of the total fuels consump -
tion during the year which is used for space heating and for base load. The
estimate of the fuel used for space heating is:

(Total Fuel For Year - Btu) x 1.403 x 10” (Heating Degree-Days) A 3Index -

and for base load is

(Total Fuel For Year - Btu) x 0.565 (A 4)Index
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As a check on the validity of equation A-2 and its general applicability 
-

to troop training centers , relationshi p A-3 has been used to estimate the over—
all space—heating requi rement per square foot of enclosed floor area per normal-

ly expected heating degree-day per year for each of the A rmy installations listed

in Tables A-I and A-lI. For convenience , this ratio will be referred to as the
space—heating loss coefficient. Its units are Btu per square foot of floor
area per degree-day per year. Because of the genera l similarity of building

construction at A rmy bases , it would be expected that the estima tes of the
space-heating loss coefficient for the installations shown in Tables A— I and
A—Il would tend to be about the same. Estimates of these coefficients are shown
in the right—hand columns of Tables A-X and A-XI , respectively.

Referring specif ical ly to Table A-X , it will be seen that half the esti-
mated coefficients lie between fifteen and twenty . The average of all the co-
efficients is 17.9 Btu per square foot of floor area per degree-day per year.

The values for the estimated coefficients based on Federal fiscal 1973
data shown in Table A-XI are seen to be generally similar to those shown for 4

the same bases in Ta ble A -X. Howeve r , the values for Forts Hood and Bragg are
twenty-nine and fi fty-fi ve percent higher, respectively , than the corresponding
values shown for these bases for 1971 in Table A—X. The reason for the marked
differences between 1971 and 1973 in the coefficient estimates for these two
bases is unknown . The ve ry high estimated value (27.5) for the coeffi cient

— at Fort Bragg in 1973 suggests that the reported total fuels consumption for
Bragg in that year may be in error. However , even if it is, any error will
not affect the validity of the coefficient estimates shown in Tables A-X and
A-X I , because the total fuels consumption in fixed facilities at Fort Bragg Is
not a factor in developing equation A-2---only the fuel consume d in the four high-
pressure boilers is. - -3,

A-38

__________ —~--~.—~~~~~ -~~~~ —~~~~~------------- - ---~~-—---- ~~ — — --~---— -— --~------—-------—



— 
—-- - — 

~~~~~~~~~~~~~ ~~~~
:----- --

~~~~~~~~~

—
-- 

~~~~~~~~~~~~~~~~~ - - - - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

_ _

~~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~ -~~

TABLE A-X

ESTIMATED SPACE-HEATING LOSS COEFFICIENTS AT SELECTED ARMY INSTALLATIONS
BASED ON FISCAL YEAR 1971 FUELS CONSUMPTION

Space-Heating
Estimated Normal Fuels Consumption loss Coefficient 

—
Degree-Days Per Billion Btu Btu/ft2—

Installat ion Year 
— 

Total Space Heating Degree-Day/Year

Fort Pol k, La. 1,900 1,578 507 30.3
Fort Hood , Texas 2,000 1,623 539 16.9

Fort Stewart, Ga. 2,000 623 207 15.4
FORT BENNING , GA. 2,400 2,387 893 17.5

Fort Gordon , Ga. 2.500 1,524 584 25.1 
—

Fort Jackson , S.C. 2,600 1,387 544 23.5
Fort Bliss , Texas 2,700 1,589 637 13.8
Fort McClellan , Ala. 2,900 518 217 15.6
Fort Bragg , N.C. 3,100 2,772 1,206 17.7
Fort Sill, Okla. 3,100 1,602 697 17.1

Fort Huachuca , Ariz. 3,700 493 236 10.0
Fort Campbell , Ky. 3,800 1,580 766 15.8
Fort Knox , Ky. 4,600 3,073 1,638 18.7
FORT LEONARD WOOD , MO. 4,800 2,165 1.178 19.3
Fort Di x , N .J. 5,000 2,382 1,320 21.9 - 

-
~

Fort Riley , Kans . 5,100 1,993 1,114 18.0
Fort Lewis , Wash. 5,500 2,327 1,343 12.5

Fort Carson , Cob .  6,500 1,851 1,142 18.9
Camp Drum , N.Y. 7,400 314 203 16.6
Fort Greely, Alaska 9,000 212 14-6 10.8
Fort Richardson , Alaska 9,000 1,714 1,184 24.6
Fort Wainwrlght, Alaska 9,000 2,124 1,468 24.3

:1Sources: Second column : based on info rmation from reference 3. - -  
-Third column : reference 1.

Fourth column : reference 1 and equations A-2 and A— 3 .
Fi fth column : second and fourth coluoms and floor area information from

.- - reference 1.

A-39
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It is. concluded on the basis of the relative uniformity of these estimates
of sp3ce-heating loss coeffi cients that the relationship represented by equation
A-2 is approximatel y valid. It is being accepted , therefore, as the basis for
estimating space-heating loads at Army training centers and , therefore , also as
one of the elements for estimating the profile through the year of- fuels con-
sumption for fixed facilities at training centers In unurbanized localities .

Incidentall y, this analysis of fuels-consumpti on profiles sheds light
on the reason for the shape of the tread of the data shown in Figure A-I . The
base fuels demand represented by consumption in mess halls, hot-water heaters
and for other purposes wh i ch are little affected by season is evidently a very
substantial part of the total demand for fuels in fixed .facilities at troop
training centers . As degree-day s increase in localities where winters are rela-
tively mild, total fuels demand , including both the base demand and the space-
heating load, increases only slowly because space-heating load is only a relatively
small part of the total demand. Where winters are more severe , total fuels demand
Increases more rapidly with degree-days because space-heating load is a relatively
large part of the total demand. As a consequence, fuels consumption per degree—day
declines initially rapidly with increasing heating degree-days per year , and then
the rate of decline becomes very much smaller as winters become more severe.

This point is illustrated in Table A—XI I where equation A-2 has been used for
estimating the relationship between Btu per square foot of enclosed building floor

- space per degree-day and normally expected degree-days per year , the coordinates
used In Fi gure A-I . It will be seen that the scaled values in the sixth column of
the table ~ proximate the trend of the data show n in Figure A-I -- further evidence
which sugges ts that equation A—2 is an approximately valid means for estimating the
relationship between the fue l required for the base load and for space heating at
a troop training center. —

The profile through the year of fuels consumption in the fixed facil it ies at an
kTrG’ training center also depends on the profile of heating degree-days through
the year. These profiles for Forts Bragg, Benning and Leonard Wood are

-
~~~

L 
-

A-4 0



_ _ _ _ _ _ _ _ _ _ _ _ _ _  

-
-

~~~~~~~ ~

— — — - -

~~~~~~~~~~ -

TABLE A-XI

ESTIMATED SPACE-HEATING LOSS COEFFICIENTS AT SELECTED ARMY INSTALLATIONS
BASED ON FISCAL YEAR 1973 FUELS CONSUMPTION

~oace-Heating
Estimated Normal Fuels Consumption Loss Coefficient
Degree-Days Per Billion Btu Btu/ft2—

Installation Year Total Space Heating Degree-Day/Year

Fort Hood,Texas 2,000 2,087 693 21.8

FORT BENN ING, GA. 2,400 2,512 939 18.1

Fort Bragg , N.C. 3,100 - 4,161 1,810 27.5

Fort Knox , Ky. 4,600 3,560 1,897 20.9

FORT LEONARD WOOD , MO 4, 800 2,082 1,133 18.8 - .

Fort Riley , Kans . 5,100 2,048 1,145 18.5

Sources :
Second Column : Based on information from reference 3.
Third co lumn : reference 4.
Fourth column : reference 4 and equations A-2 and A-3. —

Fifth colunn: second and fourth columns , and f loor area information from
reference 4.

-~~
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s urrinari zed in Table A-XI II. The degree-day data are the normally expected
values for Fayetteville , North Carolina; Columbus , Georgia ;and Rolla , Missouri --
the meteorological stations nearest to each of the bases . These monthly data ,

expressed as percentages of the annual total expected heating degree-days are

shown in Figure A-I ll. It will be seen that the relative profiles for each 
- -

of the three bases are quite sim ilar. It is concluded that --the ~
‘heating sea-

sons il at Forts Benning and Leonard Wood are probably ,therefore,also about as

long as at Fort Bragg, namely between five and six months per year starting in
October and ending in April. On this basis and the reported total fuels con-
sumption in Federal f iscal year 1973 (see tables A-V u and A-VII I), and assum—

1mg the validity of equation A-2 , average fuels consumption profiles have been
estimated for the fixed facilities at Forts Benning and Leonard Wood. These
estimated average profiles are summarized in Table A-XIV.

-
~~ It migh t be argued that for planning purposes ,ranges or upper limits for

the profiles are to be preferred over the normally expected estimated profiles

shown in Table A-X IV. This question is addressed in Appendix D, secti ons Ill
and IV. —

As is to be expected , the estimated normal seasonal patterns of fuels

consumption at Forts Benning and Leonard Wood peak in January . The peak demand

for space heating th roughout the country generally occurs ir~ that month , but
for Army installations the magnitude of the peak in relation to the year-long

base fuels demand for mess halls , water heating and other housekeeping require -

ments which are not seasonally affected depends on the severity of winter at

each particular A rmy installation . This point is illustrated in Table A-XV .
where in the eighth column ,estima tes are shown of the ratio between the fuels

requirements in summer months (the fifth column in the table) and norma l ly ex- - 

-
-

• pected total fuels demand for fixed facilities in the coldest month of the year

(the seventh column). It will be seen that this ratio varies from about twc to -~~

A-4 2
T ’ ~~~ 
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TABLE A-XII

ESTIMATED EFFECT OF COLDNESS OF WINTER ON THE ANNUAL FUEL REQUI REMENT
PER HEATING DEGREE-DAY PER YEAR PER SQUARE FOOT OF FLOOR AREA

FOR FIXED FACILITIES AT TROOP TRAINING CENTERS

(Estimates are calculated using equation 1-2)

- Index Per Degree-Day 
- 

- -

Heating Index Factor Scaled to
Degree-Days - index As Calculated Match Data

Per Yea r - Base Load Space Heating 
_____ x iO~ In Fig A— I

1,000 0.565 0.140 0.705 0.705 89

2 ,000 0.565 0.281 0.846 0.423 63

3,000 0.565 0.421 0.986 0.329 41

4,000 0.565 0.561 1.126 . 0.282 35

5,000 0.565 0.702 1.267 0.253 32

6,000 0.565 0.842 
- 

1.407 0.235 30

7,000 0.565 0.982 1.547 0.221 28
8,000 0.565 1.123 1.688 0.211 27
9,000 0.565 1.263 1.828 0.203 26 

Sources : -

Fi rst column : arbitrarily selected values.
Second and
Third columns : calculated using equation A—2. - -

Fourth column : sum of values in second and thi rd columns.
Fifth col umn : fourth colusm divided by fi rs t column and mul tiplied

- by 1,000.
-

- ¶ Sixth column : values from fifth coltam multiplied by 125.8, the ratio
of the average of the ordinates of the data points in
Figure A-i divided by the average of the values in the
fifth coli~~.

~‘-1
H - I
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! nearly six for the range of winter seve n ties (heating degree-days per year)

shown in the table. The magnitude of the ratio is an important factor to be
- considered in the design of Energy Plantati ons and their associated fuels-pro-

cessing facilities .
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- TABLE A-XI II

NO~IALLY EXPECTED HEATING DEGREE-DAYS,
BY MONTHS , AT FORT S BRAGG , BENNING AND LEONARD WOOD

Fort Bragg Fort Benning Fort Leonard Wood
Month (Fayetteville, N C.) (Columbus , Gaj (Rolla , Mo.) -

July - 0 0 0 -

-
~ August 0 0 8 A

- 

September 9 0 49

October 140 81 236

November 378 324 603

F 
December 676 536 942

Januar y 682 571 1,042
- February 585 448 834

- 
March 435 323 694

Apri l 131 89 275
- 

May 37 6 107 -

- June 0 — 0 14

Annual Totals ( Rounded) 3,000 2,400 4,800

Source : R eference 3.
‘ I
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FIGURE A -Il l

RELATIVE HEATING DEGREE-DAY P R O F I L E S

AT FORTS BRAGG , BENNING AND LEONARD WOOD
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TABLE A-X IV

ESTIMATED AVERAGE FUELS CONSUMPTION PR OFILES
FOR FIXED FACILITIES AT FORTS BENNING AND LEONARD WOOD

Billions of Btu

Month Fort Bennin g Fort Leonard Wood

Base Load Space Total Base Load Space Total
Heating Heating

July 131 - 131 79 — 79

Augus t 131 - 131 79 - 79

September 131 - 131 79 - 79

October 132 42 174 79 51 130

November 131 125 256 79 151 230

December 131 208 339 79 235 314

January 132 221 353 80 260 340

February 131 174 305 79 207 286

March 131 126 257 79 174 253

[:1 Apri l 131 43 174 79 52 131

May 132 - 132 79 - 79

June 131 - 131 79 - 79 —

Totals 1,575 939 2,514 949 1,130 2,079

Assumptions : Fort Benning Fort Leonard Wood

Heating degree-days per year 2,400 4,800
Duration of ‘1heating season -months 5.5 5.5
Total fuels consumption -Billion Btu 2,514 2,079

- 
I Equation A-2 is valid for Forts Benning and Leonard Wood .
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I~ INTRODUCTION

The first purpose of this appendix is to describe the major technical
characteristics of Energy Plantations and the fuels-proces sing systems asso-
dated with them. The second is to compare these characteristics with the
fuels-consumption profiles at large installations operated by the A rmy in un-
urbanized localities , and thereby to identif y insta llations which , on the basis
of technical considerations , are potentiaJ cand dates for fuel derived from
on-site or nearby Energy Plantations . Aspects of the fuels-consumption profiles
at Army installati ons pertinent to this comparison are described In Appendi x A.
Capital and production costs and manpower requi rements are not addressed in
the comparison ; their consi deration is deferred to Appendices D, E, F and G.

The third purpose of this appendix is to describe in general terms plant
species and cultural practices specially suited for Energy Plantation fuels-
production systems. These descriptions are ir the nature of a preamble to the
more detai led discussion of Energy Plantations in Appendices C, F and G.

An Energy Plantation is a means for producing fuels by harnessing solar
radiation in p lants grown purposely for their fuel value on a large scale, using
plant species and cultural practices selected to minimize the cost of the fuel
produced. The harvest from the plantation mi ght be used di rectly as a solid
fuel , or it might be processed into some other fuel form. In any event, as long
as the plants being grown in the plantation remain alive, they continue to store
solar radiation for subsequent use. Therefore, an Energy Plantation collects
and stores solar radiation for use when and as the need arises for fuel.

The availability of fuel , and hence of energy , from an Energy Plantation
is not restricted to those times when the sun Is shining. Moreover of the sys-
tems operable away from the seas and oceans for transforming sunshine di rectly
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or indirectly (through the wind and precipitation) into the forms of energy

now deri ved from fossil and nuclear  sources, only Energy Plantations and hydro-
power are naturally endowed wi th  energy storage capability .

The circumstances under which Energy Plantations are a practical and in—
exhaustible source of energy are , however , not without bounds imposed by
climate , topographic and a few other cons i derations . General ly speaking, Energy
Plantations are a practical possibility for large Army installations in unurban—
ized localities in the region approximately defined by the eastern and central
time zones but excluding the Appalachian foothills and mountain ranges . There ~. 

-

are also a few suitable localities in Califo rnia and Washington , but the major
part of the mountain and Pacific time zones is not suitable. The localities at
Forts Benning and Leonard Wood are suitable , although they are not among the
best. Alaska is unsuitable for Energy PTantations . The major troop training
centers in the United States which are in l ocalities probably suitable for
Energy Plantations are shown in Table B-I.

The plant material grown in Energy Plantations mi ght be used as a solid ~1- j fuel after partially drying it. Al ternatively, it might be converted into
a gaseous or liquid fuel by a pyrolytic or biological process. Consideration
is given to these possibilities , and their relative merits and inherent feasi-
bilities for troop training centers in terms of fuels storage , fuel yield
from the plant—matter raw material , the overall therma l efficiency of the

- I fuel s conversion process and ready availability of alternate back-up fuels
which could be substituted without having to modify equipment regularly fired
with fuel s produced from plant material grown in Energy Plantations. These
evaluations are summarized in Table B-I l. It is concluded that three fuel
forms are worth consideration for productio n at troop training centers from -1
plant material grown purposely for its fuel value. Firing the product of
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the plantation as a solid fuel is one of these . Another is to process
the plant matter by flash pyrolysis under such conditions that a liquid
fuel is produced in substantial yield . The third is to produce synthetic
natural gas from the plant material by anaerobic fermentation .

In comparison with using plant material directly as a solid fuel ,
convertin g the plant material to synthetic fuel oil by pyrolysis does not

appear to be a practical choice. Further analysis in the light of the exist-
ing patterns of fuel consumption and the classes of directly fired equip-
ment in use at Army train ing centers indicates that conversion of plant

material to synthetic natural gas is probably to be preferred over using

it directly as a solid fuel , although the choice is not clear-cut at the

level of ana lys i s  described in this and the preceding appendix. Detailed

consideration of fuel forms has been confined , therefore , to production of
synthetic natural gas and solid fuel from plant material grown in planta - I
tions at or near Army troop training centers .

..~1
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II. CLIMAT E AND TOPOGRAPHIC CONSIDERATIONS

All plant species require a considerable amount of water to support their
growth and survival. The amount of water required varies among species from
somewhat less than two hundred to somewhat r.iore than four hundred pounds of water
per pound of oven-dry plant matter produced ’’2 . No plant specie s of interest
for Energy Plantation culture requiring less than about two hundred pounds have
been identified. In fact, many of the species of most interest require nearer
three hundred than two hundred pounds per pound of harvestable, oven—dry plant
matter produced. Moreover, to be of practical interest , a combination of planta-
tion site and species must produce at least seven tons , and preferably nearer - -

ten tons, of harvestable, oven-dry plant material per year (see particularly
Appendices F and G).

The combined effect of the water and harvest yield requirements for Energy
Plantation operation means that practical plantations cannot be established in
territories where precipitation is normally less than about twenty inches per

- 

- 

year.

In the contiguous forty-eight states , precip itation is generally at least
twenty inches per year in the territory east of about the 101st meridian and on
the western slopes of the mountains along the Pacific coast. The land between thesc
two regions , except for th~ western part of Idaho and eastern Washington , norma ll y
experiences less than twenty inches of precipitati on per year and is therefore
generally too arid for worthwn ile Energy Plantation operation . This arid terri-
tory is indicatea 

~~
y the are~s shaded with dots in Figure B-I .

Two degrees of relative aridness are shown in Figure B-I . The less densely
dotted areas normally receive fewer than about sixteen inches of precipitation
per annum , while in the more densely dotted areas between about sixteen and twenty
inches of precipitation can be expected . This division in aridness has been

Ii
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made because it is possible that in a few localities in the more densely dotted
areas,Energy Plantations may be practically possible even though annual preci-
pitation is less than twenty inches . Such is the case because rainfall during
the growing season is usuall y more important than in the months when plant s are
dormant. Therefore , if the precipitation during the growing season averages two
or more inches a month , even though the monthly average over the entire year is

‘ess than two inches a month , Energy Plantations may be feasible.

In Alaska, while precipitation is heavy in the coastal region south of the
• Aleutian range (ninety-two inches per year in Juneau, for instance), it is rel-

ative ly low in many other parts of the state. For example , in Anchorage , Bethel
and Fajrba?~ks, norma l precipitation is about twenty , sixteen and thirteen inches
annually, respectively. 

-

The steepness of slopes in the terrain is another factor which influences
the practicality of Energy Plantations. Generall y speaking , the field machinery
required for plantation operation cannot be used effective ly on slopes whose
steepness exceeds about twenty-five percent (fifteen degrees). The elevation
of the t e r r a i n is also a factor which must be cons i dered . As elevation in-
creases , product iv i ty  of land in terms of its ability to support plant growth
generally declines , and at elevations over about 3,000 feet above sea level ,
produc tivitj will be below that required for Energy Plantation operation .

The areas in Figure B-I shaded by crosshatching running diagonally from
the lower left to the upper righ t are either too hill y, or at too high an elevation ,
or both for Energy Plantations . It will be seen that hilliness and high elevation
rule out most of the land on the western slopes of the mountains alo~,g the Pacific
coast , nearly all the land with more than twenty inches annual precipitation in —

Idaho aid eastern Washington ,and the land In the Appalachian region in the east.
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The rate at which plants grow , assuming the water and fertilization materials

supply and soi l depth are not limiti ng factors, is dependent ofl the length of the
growing season and on the hours of sunshine per day and ambient temperatures dur-
ing the season . These factors are not expected to be a serious limi tation on
the feasibility of Energy Plantations in those regi ons in the contiguous forty -
ei ght states where precipitation and altitude are within the acceptable ranges .

- However, in Alaska the situation is quite different . The growing secison
-
~ is only three to four months long, mean summer temperatures rarely rise above

abou t 600 Fahrenhei t , and where there is adequate rainfall and suitable land

relief (absence of sharp hilliness, for ins tance), cloud cover substantial ly
excludes the sun for cons i derably more than ha l f  the time it is above the
horizon . As a consequence , total insolation during the growing season is much
l ower in Alaska than in the land between latitudes thirty-five and forty-five

degrees north , for instance , in the forty-eight contiguous states (about 200,000 BtL

per square foot in the growing season for Alaska versus about 370,000 for the

intermediate latitudes in the contiguous states). The combination of low in-

solation , low summer temperature and short growing season leads to plant growth

rates wnich are far too low for satisfactory Energy Plantation performance in
h Alaska. Incidentally, the climatic disadvantage in Alaska would be even more

pronounced if the comparison were made between Alaska and the states further

south than thirty—five degrees north latitude.

Whi le  nei ther  a cl imate nor a top ographic factor , it  is convenient at this
juncture to consi der the possible effect of high popul ation densities in the
env i rons of Army installations on the feasibility of establishing Energy Planta-
tions for meeting the fuel needs for fixe d facilities at the installa tions . High
population dens i ty in the general locale of a base would not necessarily be a
consideration if sufficient land can be made available on the base itself for
an Energy Plantation of suitable size. However , if enough land is not availa ble
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on site , it may not be feasible to assemble sufficient nearby land off-site

to meet the needs of an Energy Plantation for a base in a densely populated

- 
. region . Consequently, those l ocalities where population density exceeds three —

hundred persons per square mile have been identified in Figure B-I (areas

shaded by crosshatching running diagonal ly from lower right to upper left).

It w ill be seen that population density mi ght preclude off-site Energy Plan-

tations for Army installations to the east of the Appalachians from New Hamp-

shire to northern Virgin ia , and in about fifty other widely separated local—
-
- ities to the east of the Rocky Mountains .

It is concluded after allowance for climate , topographic and population

density considerations that Energy Plantations can reasonably be considered

for major troop training centers and other large installations operated by

the Army in unurbanized localities almost anywhere in the eastern and central
time zones except for the Appal achian mountain area and the densely populated
corri dor extending along the Atlantic seaboard from northern Virginia to New

Hampshire . Limi ted prec ip i ta t ion , adverse topography or high popula tion

density preclude most of the terri tory in the mountain and Pacific time zones
from consideration. The local climate makes A rmy installations in Ala ska un-
attractive possibiliti es for Energy Plantati ons.

In the light of these conclus i ons , fifteen of the twenty-two Army Instal-

lations shown in Table A-I are in localities technically suitable for consideration

for Energy Plantations . The reasons for e l i m i n a t i n g  the others are shown in
Table B-I.

:1
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TABLE B-I

- TECHNICAL SUITABILITY OF SELECTED LARGE ARMY INSTALLATIONS

AND THEIR ENVIRONS FOR ENERGY PLANTATIONS

Probably Unsuitable
Installation Sui table and Reason Therefor

Fort Polk, La. I ~~:-

Fort Hood , Texas $

Fort Stewart, Ga. S

FORT BENNING , GA. S

Fort Gordon , Ga.
-
- Fort Jackson , S. C.

Fort Bliss , Texas Low Precipi tation

- 
Fort McClel lan , Ala.
Fort Bragg , N. C .
Fort Si l l , Okia. S

Fort Huachuca , Ariz . Low Precipitation

Fort Campbell , Ky. •
Fort Knox , Ky. •
FORT LEONARD WOOD , MO . •
Fort Dix , N. J. Densely Populated Area

Fort Riley , Kans. •
Fort Lewis, Wash. I

Fort Carson , Cob . Hilliness and Low Precipit

Camp Drum , N. V . •
Fort Greely, Alaska Climate Generally
Fort Richardson , Alaska Climate Generally

Fort Wa inwright , Alaska Climate Generally

B-il
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Ill. FINAL-FUEL- FORM CONSIDERATIONS

For reasons which will be explained in Section IV of this appendix,
-~ the plant material delivered from Energy Plantations will be either green

plant matter, four or fewer years old , harvested from selected deciduous
plant species and subsequently chipped in the field , or green clippings from
selected warm-season grass species. The chips will be similar in shape
and size to those produced by chippers used , for instance , by municipalities
and utilities -in the course of collecting and dis posing of small wood and

trimmings from trees. The grass cli ppings will be two to three inches
l ong . In each case, the moisture content of the plant matter as it is
delivered from the plantation will be of the order of half its gross weight ,

- under which conditions its practically useful heating value , that is before
condensing moisture in the products of its combustion , will be about four
thousand Btu per pound of moist material .

The plant material harvested from an Energy Plantation might be used as
a solid fuel . Or it mi ght be converted into a gaseous or li quid fuel or a

mixture of the two, with or without a simultaneously produced solid residue
which might also have a useful fuel value. These possibilities are discussed
briefly in the following subtitled sections.

Firing the Product of Energy Plantations Directly as a Solid Fuel:

Wood residues and bagasse are widely used for boiler fuel in the forest

products and cane sugar industries , respectively. Corn cobs are also used
for fuel at some canneries. Modern practice in larger installations is to
feed these fuels from hoppers to fireboxes equipped with pneumatic spreaders
and travel i ng grates. The boiler systems often have air preheaters, but
economizers are not as prevalent. Use of the latter depends on the dew point
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of the flue gas produced from the fuel. If the fuel has been dried before
fi ring to about thirty percent moistu re or d rier , economizers are now being
recomended~ . In any event,  to achieve steady burning, the moisture content
in the fuel must not be greater than about forty percent. At this upper limi t
for moisture , thirty percent excess air is recommended. However , if the mois-
ture content of the fuel as fired is about thirty percent, excess a i r  can be
reduced to about twenty percent. With thirty percent excess air and about

forty percent moisture in the fuel as fired , bo i ler eff i cienc i es of about
sixty percent can be achieved . The eff~ciency rises to about seventy-fi ve
percent with twenty perLe ri t excess air ~r d about thirty percent moisture in

the fue l as fired~.

Boilers fired wi th wood chips or grass cuttings grown in Energy Pl an ta-
tions mus t be equipp ed wi th  prec ip i ta tor -s or other devices for controllin g

part iculates air pollution . However , tne ash wh ich accumulates under the
grate and in the part icu lates pollution control device on the s tack w i l l  be
returne d to the Ener gy Plan tation for its fertilizer value. The recovered

ash w i l l  p rov id e essen ti a l l y a l l  the ferti l i z e r  an d trace elements , except
fixed nitrogen , required for maintainin g the productivity of the plantation .

-
~ Recycling the ash in this way will also be a significant cost economy at the

plantat ion .

Because the sul phur content of plant matter is generally less than one
tenth of a percen t by weigh t, boilers fi red with wood chips or grass clippings
will not need to be equipped wi th sulphur pollu tion control facilities . More-
over , no seri ous nitrogen oxide pollution problem is likely to arise when
boilers of modern des i gn for fi ring with plant matter are properly operated and
maintained.

B-id
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If the plant matter produced in the Energy Plantation is to be used

directly as solid fuel , it will require at least partial drying before
fi ring, Harvested material mi ght be allowed to air-dry in fuel piles .
However , if this practice were to be followed , precautions would need to
be taken to prevent loss of fuel in the wind and spontaneous fire from
localized overheating in the fuel pile. Carefully selecting the cross-

section of fuel piles and their volume is one means for avoiding overheating .

Another is to compact the pile at regular intervals.

A preferred way for partially drying the fuel is to expose it shortly

before firing to a warm gas stream having a moisture content low enough to

* provide adequate drying. A rotary kiln mi ght be used for this purpose.
The warm gas stream might be fl ue gas from the boiler. Alternatively, part

of the fuel mi ght be burned specially to produce the warm gas stream. If

this latter pos sibility were adopted , fi nes from the fuel mi ght be used as

the source of heat . In any event , whether flue gas is used or fuel is burned

specifically for the warm gas stream , the exhaust from the fuel dri er will

probably have to be equipped with a particulates control device .

Nei ther vortex suspension nor fluidized bed burners are believed to be

suitable for fi ring plant matter produced in Energy Plantations . For satis-
factory performance in these types of burners , the moisture content of the

fuel must be reduced to fifteen percent or less (air-dry or drier) and tbe- -
•

particle size of the fuel as fired should not be greater than about--a~quarter
inch , and preferably cons i derably smaller 5. ~~-- -

~~~ 

-

Modern boilers desi gned for firing wood residu~s and bagasse have turn-

down ratios between three and four to one. J~oWever , such boilers respond
far more slowly to changes in steam demai~d than do boilers fired with oil or
gas~ ’5
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Li terally hundreds of boilers equipped for firing wood residues and

bagasse are in use. Many of these boi l ers produce 100,000 pounds or more
- of steam per hour at 400 pounds per square inch and higher and at 7000

Fahrenhei t and hotter. At least one bark-fired boiler has a steam rate of
250,000 pounds per hour at 1,500 pounds per square inch and 900° Fahrenheit 6 .

Modifying the Product of Energy Plantati ons by Pyrolysis:

Plant mate rial , when heated above about 3600 Fahrenhe it under conditions

wh i ch prevent it from burning freely, produces a variety of gaseous ,liquid

and solid products . Some of these products have usefu l fuel value. 
- - 

- - - - 
—

The relat ive amounts , composit ion and fuel value f~the - p~ôduc ts of
pyro lysis depend on a number of factors ,arnq rlg- -wtTic are :

• the moistur-e---cô~tent of the p lant matter fed to the pyrolyzer ;
• ~Wh-eth~r the heat required for pyro lysis is generated by burning 

- 

some of the plant matter while it is in the py ro ly s i s  vesse l  or

whether the vessel is indirectly heated ;

• the pyrolysis temperature ;

• the residence time of the products of py rolys i s in the reac ti on
ves sel ; and

• the confi guration of the pyrolysis vessel.

Pyrolytic decomposition of plant matter has been studied by numerous
people in the laboratory on many occasions in the mos t recent hundred years .
Mo reover , pyrolys is of plant matter has been practiced for centuries for

making charcoal and wood tar with or wi thout recovery of some of the many

low molecular wei ght organics and other volatile materials simultaneously

produced . Even these days , substantial quantities of wood charcoa l are made , -~~~
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. for instance, from native scrub hardwoods in Arka nsas and from eucalyptus in
Braz il . However , the procedures used. in these operati ons tend to be based
more on art than on science.

In recent years , consi derable and increasing attention has been and is
- 

being given to production of fuels by pyrolysis from the organics in municipal
waste and from residues of other origins . But as recently as October 1974,
Kuester and Lutes 7 concluded pyrolysis process development

“ ...is not well advanced... .the firs t coiirnercial scale plants, just
now coming on stream. . . . design and operation of a pyrolysis process
is somewhat of a speculati ve venture at the present time , with con-
siderable confusion regarding vendor technical and economi c claims .”

The modern technology being developed for producing gaseous , liquid and

- 
- solid fuels by pyrolysis of solid waste is, however , about the only basis

for assessing the merit of pyrolyti c techniques for converting the product
of Energy Plantati ons into Other fuel forms. Solid wastes , particularly
those of residential origin , contain substantial quantities of cellulose ,

F as will the harvested product from Energy Plantations . Residential waste

is also likely to contain some plant matter (vegetable scraps , grass clippings
and a little wood). However , there are also important differences between
the organics in residential garbage and in the harvest from Energy Plantati ons.
The former has little lignaceous material , whereas the latter may contain more

than twenty percent by weight on a dry basis. The former generally contains
a few percent of polymerized hydrocarbons , whereas the latter contains few
hydrocarbons of any kind in consequential amounts .

The status of the technology for producing fuels from solid waste by

- - 
pyrolysis has been criti cally s ummarized quite recently by Kuester and Lutes 7, -

~

and in less detail by Benham and Diebold8 .
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It has been noted on page B-16 that the character of the products of
pyrolysis of plant matter (and also of solid wastes) in terms of their use-
fulness as fuels depends on a variety of factors. Of these, the way in which
the pyrolysis vessel is heated is the most influential. If the heat is gen-
erated in the vessel by partial combustion of the raw material fed to the
vessel , the products of pyrolysis are water , a mixture of materials which
are gases at normal ambient temperatures , and a solid residue . Little if
any combustible material which is liquid at norma l temperatures is produced.
If air is used to support the partial combustion in the pyrolysis vessel ,
the heating value of the fuel gas will be between only about 150 and 170
Btu per standard cubic foot8, whereas if oxygen is used,the heating value
is still likely to be only about three hundred7. The combustible materials

in the fuel gas are principally hydrogen and carbon monoxide , and the non-
combustibles are nitrogen (if air is used in the pyrolyzer), carbon dioxide
and water vapor.

Fuel gas having a heating value of three hundred Btu or less per Stan-
H dard cubic foot can only be used effectively in fired equipment designed for

it. Consequently, the only back-up fuel supply which could be acceptable is
an inventory of the fuel gas itself. But storing even as little as an annual

- I average day ’s supply of gas having a heating value of three hundred Btu per
standard cubic foot at Fort Benning (see Table A-Vu ), for instance , at six

— hundred pounds per square inch p ressure woul d requi re a pressure vess el one - —

hundred feet long and about eighty feet in diameter , or a spheri cal pressu re
vessel about one hundred feet in diameter. On a practical scale, providing
storage facilities for fuel gas having a heating value in the range expected
from a directly heated pyrolysis process is therefore clearly out of the ques-
tion . Consequently,producing fuel gas by such a process from plant matter
grown in an Energy Plantation for use in major troop training centers is not
a practi cal approach . 

.
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It might be argued thai low-Btu fuel gas of the type discussed in the
previous paragraph could be stored underground in the same way that natural
gas is on a large scale in many places throughout the nation. To be practical

even for preliminary cons ideration, this approach would have merit only if

su i table underground ‘facilities were conveniently l ocated wi th respect to major

troop centers , and then only if the great mobility of hydrogen would not lead

to unacceptable loss of heating value and gas volume by hydrogen diffusion

into the strata surrounding the underground storage facilit y. While neither

the availability of conveniently l ocated underground storage capacity nor the
- conceivable fuel-loss problems caused by the high mobility of hydrogen has

been investigated , it seems quite unlikely that underground storage is a

practi cal consideration for low-Btu fuel gas produced by pyrolysis of harvest

from Energy Plantations .

• A char can also be produced along with the l ow-Btu fuel gas by a directly

heated pyro l ysis process. The amount produced and its heating value depend

on how the process is operated. But since the l ow-Btu fuel gas inevitably

produced while making the char is not an attractive fuel , there is no point

to give consideration to the char either.

If the heat required for pyrolyzing the organic materials in solid wastes
is generated outs i de the reactor , fuel gas having a heating value between about
four and six hundred Btu per standard cubic foot is produced , along with vary-
ing amounts of char and , in one process at least, a notable volume of “fuel
oil ” 7 ,8. The heating value of the char ranges from essentially zero up to

- 

- about nine thousand Btu per pound , depending on the extent to wh i ch the organics

in the feed are gasi fied. The “fue l oil” produced in the Garrett process has

flow characteristics resembling No, 6 fuel oil and a heating value between ten
and eleven thousand Btu per pound7. Presumably,somewhat similar pyrolysis pro-
ducts would be produced if the ha vest from an Energy Plantation were used in-
stead of solid waste as the pyrolysis raw material.

~ 
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If the fuel gas produced by those indirectly heated pyrolysis processes
- which produce only fuel gas and char were used at troop training centers,

operational awkwardnesses would arise which are similar to thcse noted earlier
if the gas produced in directly fi red pyrolyzers were used at the centers .
Thus , the gas produced by indi rectly heated pyrolysis can be used safely and
effectively only in heaters equipped to handle it. Consequently, the only
back-up fuel supply which could be acceptable is an inventory of the fuel
gas itself. But the fuel is difficult to store--one annual average day ’s
supply of gas having a heating value of six hundred Btu per standard cubic
foot at Fort Benning , stored at six hundred pounds per square inch pressure
would require a spherical pressure vessel about eighty feet in diameter . To

provide adequate back-up storage would clearly be impractical. Consequently, ~1
converting plant material from the Energy Plantation primari ly into fuel gas

having a heating value in the intermediate range (400 to 600 Btu per ~t andard
cubic foot) is not a practical approach . .

The indi rectly heated pyrolysis process under development by Garrett

Research and Development Company (sometimes referred to as the Occidental

Petroleum Corporation process, because Garrett is a subsidiary of Occidental)

can be operated on solid waste in such a way that a notable quantity of a

liquid fuel resembling No. 6 fuel oil in its viscosity characteristics is pro-
duced7. A demonstrati on plant based on Garrett technology having a daily 

- 

-

capacity of two hundred tons of organic matter deri ved from solid waste is

being built by Procon , Inc., at El Ca,jon , California ,wi th funds provided by
Occidental , the United States Environmental Protection Agency and the County

of San Diego . The facility ,which is expected to be ready by the mi ddle of
1976 ,wi ll be operated by the county9.

The relative quantities of fuel oilS , fuel gas and char produced from

solid waste by the Garrett process are strongly infl uenced by the pyrolysis

temperature. It is reported on the basis of pilot plant operati on , that if
the residence time in the pyrolyzer is quite short (flash pyrolysis) and
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the pyrolysis temperature is around 9000 Fahrenheit, between fifty and sixty
percent of the fuel value in the so lid waste is recovered in the fuel oil
fraction8’10, which as noted previous ly , has flow charac ter is ti cs somewhat
similar to those of No. 6 fuel oil. Char and fuel gas are also produced .
If the pyrolysis temperature is between about 14000 and 15OO~ Fahrenheit,
v~rtually no fuel oil or char is produced , the products of pyrolysis being
essentially entirely fuel gas and an ash residue 8 .

The composition of the fuel gas produced by the Garrett pro-ess is a
function of pyrolysis temperature. It always contains hydrogen , carbon
monoxide and dioxide , possibly some water vapor , and varying amounts of
methane and higher-molecular-weight hydrocarbons , many of the latter being

- j unsaturated . The average molecular weight, and hence also the bofling point,
of the hydrocarbon mixture declines with increasing pyrolysis temperature7.
Therefore , if fuel oil is the desired product from the Garrett process , a
relati vely low pyrolysis temperature should be maintained , possibly somewhat

- : 1 below 10000 Fahrenheit. The actua l temperature at wh i ch the fuel oil yield

is maximi zed is probably , however , a function of the composition of the or-
ganic matter being pyrolyzed. When municipal solid waste is the raw material , - 

-

the optimum temperature appears to be about 900° Fahrenheit7 ’8. It is sur-
mi zed that the optimum is likely to be somewhat higher when plant material
from deciduous plant species is being pyrolyzed and somewhat less than 9000

Fahrenheit when warm-season grass clippings are the raw material. The re-
ported yield of fuel oil from a municipal solid waste in wh i ch the organics
are about seventy-five percent of the oven-dry weight is the equi valent of
roughly a barre l of crude oil (six million Btu more or less) per oven-dry ton
of solid waste.
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It is evident from the reports of pilot plant operation in the literature
(see reference 7, for instance) that maxim i zed producti on of fuel oil in the
Garrett process depends on drying the organic raw material almos t to oven-dry-

ness and commi nuting it to about twenty-eight mesh (twenty-three thousandth ’s of an
inch ) or finer before pyrolysis. The energy required for comminution is likely
to be of the order of five horsepower-days per ton of plant matter processed.

If the Garrett process or another comparable with it were used for con-

verting the harves t from Energy Plantations to a fuel oil , at least some of

- 
the energy requ i red for drying the raw material and comminuting it, and for
the heat required for pyrolysis , could be generated from the fuel gas and

char produced during pyrolysis. Using these by-products in this way would
- - avoid the operati onal awkwardnesses previous ly discussed for pyrolysis pro-

cessess which produce only char and fuel gas having intermediate or low heat-

in g value . However , a rough energy balance suggests that the heating value

in the char and fuel gas may not be qui te sufficient to meet these energy

requi rements . -

The Garrett process , or some other one having similar attributes , ap-
pears to offer the possibility of converting the product of Energy Plantations
into a liquid fuel wh ich presumably can be stored at l east for some time , al-
though probably not i ndefinitely because of the chemi cal unsaturation it is

likely to contain. The solid residue result ing from the pyrolysis will contain

essentially all the minera l matter and fertilizer material , except the fixed
ni t ro gen , required for maintaining the productivity of the plantation . This

material can therefore be disposed of conveniently and beneficially by re-

cyclin g it to the plantation .

The thermal efficiency from harvested plant material to heat in steam,

hot water or in air used for space heating for a process involving Garrett

B-22
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technology cannot be as high as is achievable by using the product of the

Energy Plantation di rectly as a solid fuel . Such is the case because only
fi fty to sixty percent of the fuel value ‘in the organic material pyrolyzed
is converted to fuel 0118,10 . Even if this fuel can be burned with a ninety

percent efficiency , which is unlikely , the overall efficiency with which its —

heat is delivered to steam , for instance , can be only between about forty-

- 
five and fi fty-four percent, whereas the corresponding efficiency ,if the
product of the Energy Plantation is used directly as solid fuel ,is between
sixty and seventy-five percent (see page B-l4). A consequence of this di f-

- ference in efficiencies is that a plantation to support a given heat l oad
via the Garrett process will have to be between about ten and sixty percent
larger , depending on the relati ve thermal efficienci es of the two processes ,

than that requ i red for meeting the same load if the harvest of the plantation

is used di rectly as solid fuel .

Another possible limitation to general use of fuel oil of the type pro-

- duced by a Garrett process is its viscosity . For satisfactory fi ring, i t
mus t be preheated to about 250° Fahrenheit.

-~~ Producing Fuel Gas From the Product of Energy Plantations by Anaerobic Blo-
logical Reduction:

-
~~ It is well known that if plant matter is exposed to certain biological

organisms in an anaerobic environment , the aliphatic materials , including

—
~ the carbohydrates , in the plant matter are converted to a mixture consist-
I ing primari ly of carbon dioxide , methane and water. The net effect of the

biologica l di gestion is a dis proportionation of up to about ninety percent

of the carbon in the aliphati c materials into a nonflammable substance (car-

bon dioxide) and into an excellent fuel (methane). In other words , some of 
—

- the carbon in the aliphatic materials in the original plant matter is re-
• 

~~~
• duced to its lowest state of chemical reduction and another part of it along 
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— wi th some of the hydrogen in the aliphatics are oxidized to their highes t states
of chemical oxidation . That part of the carbon in the aliphati cs which does

not partici pate in the disproportionation either remains in undiges ted aliphatic

material or finds its way into the structure of new biolo gical organisms, wh i ch

must be produced continuously to replace those which expire or are otherwise

los t to the digestion process.

The materials in the plant matter which are substantially aromatic (h g-

- “in is one of these) or in wh ich other true cyclic structures are an important - -

part (the carbonydrates do not meet this latter cr iterion) are not noticeably
digested by biologi cal organisms under anaerobic conditions. This difference

in susceptibility to anaerobic biological reduction depending on whether an

organic material is subs tantially aliphati c or truly cyclic is a subject of . 
-1

- 

F discussion in Appendi x 0.

Anaerobic biological reduction proceeds most rapidly in the range from

atmospheri c to moderately above atmospheric pressure at temperatures between
about 900 and 150° Fahrenheit. If the conditions under wh i ch the biological

process is occurri ng are well regulated , it is estimated that between 4.4 and a-

bout 5.3 standard cubic feet of methane can be produced per pound of organic

matter digested when the organic matter is deri ved from deciduous woody material.

The estimated yield of methane is between 1 3  and about 6.3 standard cubic feet
when grass cli ppings are the source of the organic matter (see Appendix 0).

The difference in methane yields between these two sources of organic matter

is attributable directly to natural differences in their composition , and
particularly to the difference in their lignin content.

The volume of carbon dioxide produced by the biological digestion is in
the range between about equal to, to as l ittle as two-thirds of, the volume
of methane produce d in well-regulated digesters .
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The mixture of methane and carbon dioxide evolved from the anaerobic
digestion reactor will be saturated with water vapor. If the mixture is
dried , its heating value will be about 500 Btu per standard cubic foot.
However , if the carbon dioxi de and the water vapor are removed from the gas
stream ( well_established and widely used technology is available for this
purpose), the resulting methane stream will not only have a heating value
essentially equal to that of natura l gas (about 1,000 Btu per standard cubic
foot),but it will also be indistinguishable for all practical purposes from

natural gas when used as a fuel.

While deliberate production of methane by anaerobic digestion of woody
material or grass clippings is not known to be practiced anywhere these days,
anaerobic digestion of various organi c residues , with consequent generati on
of methane is. For instance , anaerobic diges ti on is used for stabilizing ‘

-
~~ the organic material in sludges produced in a number of sewage treatment works

in a variety of localities in the country . In some of these, the mixture of
- 

- gases evolved containing the methane is flared-—in others , it is used for
fuel . A few stockyards and feedlots are anaerobically digesting manure as
a step in its control and disposition , and as a means for recovering fuel
value from it without fi rst having to dry it. Also , as is well known , plant
residues and other organics which find their way into the depths of many - 2

natural lakes and ponds are digested anaerobically with evolution of marsh
gas , a popular name for methane. It is concluded , in the light of these
applications of anaerobic di gestion which lead to evolution of methane, that

methane can probably be produced in high yield in a practica l way from grass
clippings and from woody matter from selected deciduous species, providing

these materials have been rendered readily accessible to the necessary bio-
logical organisms by suitable physical pretreatment. This conclusion is
subs tantiated in cons i derable detail in Appendix 0.
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Assuming the validity of this conclusion and that the costs of producing
a substitute for natural gas by anaerobic di gestion of plant material are

tolerable , the fuel so produced is likely to be attractive to troop training centers ,

and especially to those which rely heavily these days on natural gas. Synthetic

natura l gas producea in this way can be used i nterchan geably with natura l gas

in equipment suitable for the latter . That means that for such equipment ,

natural gas is a ~atisfcctory back-up fuel for the gas produced from the har-
- - vest of the Energy Plantation . It also means , in pr i nci pal at least , that

exist ing natura l -gas storage facilities can be used to store temporarily

syntheti c natural gas produced from the product of the Energy Plan ta t i on .

For this purpose , the gas produced in the biological digestion facility will

have to be compressed to pipeline transmission pressure (about 1 000 pounds per
square inch) and then be injected into the gas transmission system through

appropriate flow meters .

The spent sludge from a biological synthetic -natural -gas production

facility will be an essentially complete source of fertilizer , trace minerals

and other factors which must be returned to the plantation in order to main-

tam i ts productivity . Thus ,recych ing the spent sludge to the plantation will

have a beneficial effect for plantation operation arid provide the means for
sludge disposition .

The therma l efficiency from harvested plant material to heat in steam or hot
water,or in air used for space heating for a process involving synthetic natura l
gas produced by anaerobic di gestion cannot be quite as high as is achievable
by using the product of an Energy Plantation directly as solid fuel. It is

estimated (see Appendix D) that the overall thermal efficiency of producing

synthetic natura l gas from plant material deri ved from deciduous species is

about fifty-five percent. From warm-season grass material , the corresponding

efficiency is about sixty-three percent. These overall efficiency estimates - 

-

are based on the sum of the heating value in the plant matter used as raw material

for gas production and the original fuel equ ivalent  of the energy i nputs required

- 
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to operate the gas production process. If it is assumed that the gas can be
burned in a heater wi th ninety percent therma l efficiency , an admittedly optim-

istic assumption , the overall efficiency with wh ich heating value can be trans-

1’ ferred from plant matter to steam, hot water or air via syntheti c natural gas
is about fifty percent in the case of deciduous woody material and fifty-seven
percent from warm-season grass matter. The corresponding efficiency wi th which
the fuel value in the product of Energy Plantations , if directly fi red as solid
fuel , can be so transferred is between about sixty and seventy-five percent.
A consequence of these di fferences in overall efficiency is that the plantation
required to support a given heat load wi l l  be between about twenty and fi fty

— percent larger if deciduous plant matter is grown and fi rst converted to syn—

theti c natural gas , than if the plant matter is fi red di rectly as solid fuel .
If a warm-season grass is produced in the plantation , the di fference in planta—

t ion size for gas production versus solid-fuel production is between about five
and thirty percent. These comparisons in plantation area requirements assume

that the plantation provides the raw material for gas production and the fuel
required for operating the gas producti on process.

Enzymatic Conversion of Polysacch ari des in Plant Matter to Simple Sugars:
ii

Enzymatic inversion of cellulose to sim ple sugars has been and is being
given intense attention these days , parti cularly by Spano and his associates ~~~~~~

The process involves using part of a substrate containing cellulose to generate ,
by aerobic biological means , an aqueous solution ri ch in enzymes which hydro-
lyze polyhexoses (cellulose is one of these) to simple water-soluble sugars .
The remainder of the substrate is then exposed to this enzyme-rich liquor
under conditions wh ich promote relatively rapid inversion of its polyhexoses .
The resulting sugars , while still in solution , could then be fermented anaero-
bically either to methane and carbon dioxide or to ethyl alcohol and carbon
dioxide by well-known technology .
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Thus , enzymatic conversion of cellulose and other polyhexoses into simple

sugars might be a step in a process for producing synthe tic natural gas or a

volatile liqu id fuel (ethyl alcohol) from plant matter grown in Energy Planta-
tions . Because of these final fuel form possibilities, i t is ,-ap p ro p r ia te to
evaluate processes involving an enzyme treatment step for convertin g the har-

vest from Energy Plantations into other fuel forms . TwO pos sibilities must

be considered in the evaluat ion--namely, production -of synthetic natural gas

and of ethy l alcohol . -

Enzymatic Conversion of Po lysaccharides ir~. ’Plant Matter to Simp le Sugars and
Thence to Synthetic Natura l  Gas : •~~~

“

The meri t of making syntheti c natura l gas for use in troop training cente rs
has already been describeth- ~ihe rela tive meri t of mak i n g it by a process i n-
volvin g a separate enzyme production step (“Spano technology ’) versus a process

us ing direct anaerobic digestion without Spano technology depends primari ly on:

• the relative energy conversion efficiencies ;

• the relative yields of methane;

• the relative rates at wh i ch methane is produced, and hence the

relat ive physical sizes of the production facilities required ,

and
S the relative capita l and production costs associated with the two

processes .

For bo th processes , the raw material mus t be comm uted to a fine particle-
- , size before being treated biological ly. In the case of the process not invo l-

ving a separate enzyme treatment step, it is estimated that the raw material - 
-:

mus t be ground to about forty mesh , whereas in the work reported by Spano , et
al., for the process with a separa te enzyme treatment tep, the raw material

- 
~~~~~• appea rs to have been ball milled to a considera bly finer particle size , 270
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mesh being mentioned for one particular substrate 11 . The grinding energy
required for the latter process will , therefore, probably be greater than
that estimated to be needed for the former and as a consequence , tend to make

the overall energy balance less favorable.

In any event, the energy expended for gri nding will be substantial in
ei ther process. In the orocess without a separate enzyme treatment step,

• for instance , it is estimated that about three million Btu as original fuel
- ; will be required to prov i de the grind i ng energy per air-dry ton of raw material

processed for gas production. This original fuel requirement for gri nding accounts
for about eighteen percent of all the energy , expressed as original fuel value ,
delivered to the process as raw material , mechanical energy and process heat
(see Appendix 4.

Al though i nformation is not available wi th which to estimate the methane

yield from the process involving Spano technology , it is possible to adduce

that its methane yield cannot be greater and probably must be less than the
methane yield from the process involving direct anaerobic digestion.

The methane yield from a process based on Spano technology cannot be
greater than that from one depending solely on direct anaerobic digestion , - -

because more oxygen is involved . The additional oxygen is required by and

introduced in the aerobic step (enzyme generation) in the process incorporating
Spano tech nology . This additional oxygen can leave the system only in coinbina-
tion wi th carbon. Thus , since the same plant matter would be- used in either
process , and since the plant matter is the only source of carbon for the pro-

• cesses, there is necessarily less carbon available per unit weight of plant
matter processed for methane production when Spano technology is used . In-
cidentally, when comparable substrates are subjected to Spano technology afld
to di rect anaerobic digestion , the experimental ev i dence available ’1 ’12 m di-
cates rather conclusively that the organic matter in the substrate can be
consumed to the same degree by either process.
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Even though the reasoning in the preceding paragraph leads inevitably
to the conclusion that the methane produced per unit weight of organic matter
consumed by a process using Spano technolo gy mus t be less than by a process
relying solely on anaerobic digestion , the data available with respect to the
Spano technology are not sufficient for estimating how much less. Specifically,
data are lacking for determining the fraction of the plant matter fed to the

process which must be made available to the aerobic enzyme generation step.
• It seems l ike ly ,  however , that this fraction may have to be fairly substantial

if the polysaccharide inversion step is to proceed at a practical rate in a
Continuous process for making methane . It is quite probable , therefore, that
the volume of methane produced by Spano technology will be notably smaller
than that produced by direct anaerobic digestion . The plantation required for

- - a given methane production requirement will therefore have to be larger if
Spano technology is used .

It is conceivable that the rate at which plant matter is digested to - :~

methane by Spano technology may be somewhat faster than the rate at which it

is produced by direct anaerobic digestion . It is estimated for the latter
case that digestion of abou t ninety-three percent of the di gestible material
in the plant matter fed to the process will require an average retention time
of about fifteen days in a continuously operated anaerobic digester (see Ap-
pendix 0). This retention time is two or three times the washout time for
the particular biological system involved.

The washout time for continuous anaerobic digestion to methane of a
feed produced by Spano techno logy is also likely to be about five to seven
days . Thus , for safe practical operation of such a biological system , the
average retenti on time in the digester is likely to be set at seven to nine
days , or longer if insufficient digestion occurs in that time . Data on the
rate at wh ich polysaccharides are inverted to simple sugars by Spano technology
ind i cate that a reaction time of at least two days is required in batch in-
verters’1 . Therefore, a somewhat longer retention time will ~e required if the 
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inverter is run continuously. The total retention time required for inver-
sion and methane generation by Spano technology in a continuous process is
therefore not likely to be less than ten to twelve days. If this total re-

tention time is actually three to five days shorter than that required for
direct anaerobic digestion , the cost of the inverter and digester may be
less than the cost of the digester required for a di rect anaerobic digestion

2 process.

Overall , however , the process train for the Spano process will be

more complex than that required for direct anaerobic digestion because the

former will require facilities for enzyme production . This ~jreater complex-

ity wi ll tend to make the cost of a system based on Spano technology more —

expensive than a less complex process based on di rect anaerobic ‘iges:ion.

The grinding equ i pment for the Spano process will almost certair ’y have to

have greater capacity than that required for a di rect anaerobic process.

However, the facilities for removing carbon dioxide and water vapor from
the gas mixture evolved from the anerobic digester will be similar for the

two processes. The net effect of the various di fferences in process steps

and equipment capacities between a Spano system and a di rect anaerobic sys-

tem on the overall cost of a synthetic-natural—gas production facility can-
not be estimated realistically at present because of uncertainties with re-

- :  gard to the Spano process. However , it seems that at equal SNG production
capacity , the cost of a Spano facility is more likely to be higher than lower

than the cost of a facility in wh i ch direc t anaerobic digestion is used.

Coupling this conclusion wi th the probability that the Spano process will

have a l ower thermal effi ciency and a l ower methane yield per unit weight of
plant matter processed , l eads to the conclusion that direct anaerobic diges-
tion is almost certainly to be preferred over Spano technology for making
synthetic natura l gas at troop training centers from the harvest of Energy
Plantations .
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Enzymatic Conversion of Polysaccharides in Plant Matter to Simpl e Sugars
and T hence to Ethyl Alcohol:

The relative merit of a process involving Spano technology producing
ethyl alcohol versus direct anaerobic digestion producing synthetic natural
gas,or direct use of the product of Energy Plantations as a solid fuel depends
primarily on the relative yields of energy in the final fuel forms and the

1’- advantage of having ethyl alcohol available at troop training centers for
use as a liquid fuel which will not require preheating before it is fired .

Based on information in the literature on the yield of ethyl alcohol
from waste paper, an estimate can be made of the yield of ethyl alcohol from

— woody plant material . In terms of the energy content of the product , a Spano
process producing energy in the form of ethyl alcohol from woody plant material
will yield about five million Btu (fifty-five to sixty gallons) per oven-dry
ton . A direct anaerobic digestion process producing synthetic natural gas
from deciduous woody plant material is expected to yield between about nine and
10.7 million Btu per oven-dry ton,and direct use of the plant matter from the
plantation will yield a useful heating value of nearly twelve million Btu per
oven-dry ton. For the ethyl alcohol process then , the Energy Plantation for
ethanol production will have to be at least 1.8 times as large as that re-
quired for methane production for the same energy output assuming the consump-
tion efficiency of the two fuel s is also the same. One substantial reason
for the low yield of energy in the ethyl alcohol process is that the five-
carbon hemicelluloses in the plant material are not utilized because they

-
~~~ are unfermentable to ethyl alcohol . In addition , the Spano process producing

ethyl alcohol will have some of the same disadvantages as the Spano process —

producing synthetic natural gas.
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It is concluded that desirable as having alcohol as a fuel at Army
- 

• training centers may be, the low yield with which it can be produced from

plant matter makes producing it from Energy Plantations an impractical

proposition .

* * * * * *

The more important guiding conclusions reached in the preceding

analysis of the various final fuel forms which conceivably might be

produced at ~rmy troop training centers from plant material grown in

Energy Plantations are summarized in Table B-lI .

c

- ~
. B -33 

-—---- - - — - - — —- rn — ~~~~~~~~ ~~~~~~~~~~~~~~~ a -



—I 
- 

~~~~ 

-.-- - 
-.-— -—-- .-..-.—- !~~~~~~~ —-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---~~~ - - ~~~~~~ --~.--~ ——- 

.--
~
----- - -•-- ---..-,--—- — —--- -

- 

I
- .4 )0 0 )” )  1..
0 0 In 0 0

—. I-. C 4.’ a) U U
•0 ..- C >- >- >-

• I ~a ) O I L )  . I
I I 

-

~~~~~ s a.~e . 1..
- — 0 U .0 0 U .0 S.. V 0 4J.. In C’~ a) 0 .Q a) 0 ~) 0 .-~~9 I I 4--.-a, n- i- .0 1- i - Q  U Ui E o

• 4) ~~ 0. 0 0. 00.  — C U 0 I
0) a) 4’ 0 4.’ 0 9- >~ ~~ 0 S.. I wC .— a) 0) 0) 01 - .C ~.- 4- I

In ..- ~ 0 ~~0) 0 • 0) .0.- I— *4’ V I ,4) 0) >~ U • U) - -  a) 0 ‘0 .0 V ,o~ 5. ... .— ~~~ I. ~~~ Id) S.. o~•.- I 5.) In U ~~-U) .0 V 4-’ ‘—-- 0 —--- 0 C U~ C 4) .... 0) ~~~ I
4.’ 5 a) 5. 4.) p 4.) .,_ ~~ 0) 5.. (fl .0 .,

~~ -..— IS . C  0 1- a) a) - CO 0) ~~~- CO 4.’ 0 I— — 0) 0 0  >, - ,  I C0 ‘0 ..-.- a) ‘0 0. ~~ 41 5 4 .  ‘0 0 .  .~~~ 
- 

~~ U 5. 5. I.r.,> 5. — •.— —. La.. — U.. a) • I 0 0 01 -. U I i.. ’a) V a) 0 4-’ a) I— a) L~ CO ‘0L)  (0 .C — 0) 5. .— S.. a) 0 4 J  I
~ In I— 

S.. c > so -.~~
. > (0 I— 4- 0. . 0) C -~~ 4) I q~In ii ii ~ i. ~ I U) ~~~~~ , >~.C a) 0 a) I __

(I) I.- 0.0.— 0) 5. .— —~ 0) 5. ~- ~ - 0) i .— w — 0) ~1) U E I
.0 0 C 0) 0) U) C Q) 0-) Id) S.. 0) C) . 0 4 -’  I 0)’0

In S.. S.~ •.- 0.5 5 ~~~.
. . C 44~ ‘0 ‘0.C U I E0 4.) I .C.~

_ 4.) .~.) 9- I 4) 4- I 5 .— ~~ 5. .0 0) C C I 4-~W ’0C ~~~~~~ C a)5 — c75.- Q1 0 O V 5 . 0  ~~~ ‘ 0 I4) 0 0) 41 0.01 0) 4)0. 0) Q) — .C 4.’ 5. C ~- — 0.— 1$- - - -
~~ e~ U ~~ S .— = ~~~ S — ~~ 9- In In ~~~, 0. a) V 4.1 ...J 0. 0 U)

In - 
- •

a) I . -  0,°U
5. 0.0  ‘5V 0 0 0)- 9- 0 4.’

4) . • — —  5. C 0 0.
C S . .  — ,— a) C C )

a) 0 .  In- in I’) .,- IS a) U —(I) — S C C . • a) • 5. C C I.
— 4 ’  IS I5 •— — 5 . .-- .- 4) 4.’ a) 0 r. U

0 4.’ 45 a) Q .C .C IS 41 •
454) • 4.) 4.) 0 0 >.~.- 0 ‘5 5. 4.) 4)

C .- 4’ 4) ~~ 1. 4’ E a) U In IS
— - C) 0) 041  0) 0) 0) 0

0) 1- 5. — C’4 04.’ I— ~ 5. 5. 0) 4’ • U)
0.- S.. 0 0 • .~~~~~ I5 .15 45.-.... 4)45LU .

~~ C B — ~~— E .— 5- .. J V V C..’ 5. _0 0)~~~ 4J 4)I . 4
V) 

- 4fl 9_ I #)

CD - -

~~~ . z ~ ~ - a)
* .~~- 0) 45O a) 0 ) 0  IS

I C > ,  5.~~~~~.,.. 5...-
~~ .— 4)0 ~~ ~~‘ ~~ >, 0 V U) 0 VLU Li~ S a) I i~ V 4.’ 

~
j  0) C

._i I .— C) I- a) 0 0 5.. 0) V— 
~~~ 

a) .- . 4-’ 0 00 ~ 0 C —
< ~~

. .~~ 4-I 
I_ 

- 
JIG 

- 
9-V 

s C V
I~~ ~~ 0)04- ~~ 0 C C U i 4) 4)

C 0 0 ‘0 a) 0 lfl ~~~~~ a) — CO ILa.. ..— 4.1 .4.’ — -C .C 10 ~~ a) .C .0 ~~ I 0) ‘4.— —
4) C 0) C +-~ 4.) — ~~. 410 I . 0• ~~ ‘501545 0 e L- SI’ 5. 0 I C

O ~~ U) In 41 4.’ a) In U) 0) 4.) I 0) a)X S.. a) Q. In In 4) 45 U) a) I I. S0)>. 0) 41 0 In IS 5. 0) C 0 I .C .>- - 0. — — In In- B ~ a) 
~~ I a) IS

10
0 ~~~~~~~~~~- >, - > W 4.’ - : .4.1 0. C ~~. -Cd) — 5. ~~~. .4’ C - I 4) IS ‘0

>~ 4.) 0) U.. 4.) ‘50 0 - I a) a)U 0.0 5.) — 0 — I .C4.-1 a) C O W V  0 4.1 >~ IC U 5- 41 0 1. Q) 0) vi 0) 0) I 4)
o In 4) ~~~ 4’ ~~ — B ~‘ U 0 0 I 4) s.. V 0)

- ‘ — I’) 5. V .— V 5. — 0) — — I 0 IS
54) 4) ., ~~ C C  C U  — e o ~~e I n C J
1-U V V — 0) 5.. -4.’  0) 0 C C P U.. C0) 0 I I a) I — 41 I CL. .C .C I C> 5 .  0) In.C > Ifl~.-5 U U U I U S  _ ‘0C 0. C — a) 0 4.’ — a) a) J ••_ — 

U
o 0 In 01 In -.. In a) U- .0 I— I— I .0 05.) ~~ >).C >~V s o  0 s u U C

— . - W 0 )  . —W U O  5.. 0 0 w _o 04.’  5. 0 -4.’ ~~~ Q C) - C C I U) 1-
5. 5. 45 3 5.. I5~~~~~Q IS a) a) IV - .- °>5 0) 4) >54)  0).- ~ 0. n- V U
0.. 0. ..C 15 0. .~~~ 4.1 ~1 U) (/) 45 4.1

V

0 ~~~54J .C
.C 4)

u e ~~~~~~~~~
3 In U) .— — —. ~ .,. V
Ii. B a) ‘S — 4’.- 4J .-.- .

~~~ 1. - -
5. 0 4) IS U a) U- ~~ 

C >
.- 0 V .~~~ I.. . 5. .— 5.) C ‘0 0a) U. ~ I — 41 5 4) 5 >5 (0C — 0) 0) 4) C 4.1 ~ S 4.) U) •5 0. ~~ - 20 5 5 >,45 IS >,4545 4) 4.U.. In U- Is. IL. U) 4/) (.~~ U.) 4. 4.

B— 35

- -5-

—_-  --

-~~ - , _
~ 2~L.2s3—.~—-_._ FILMED 

- -
~~ _ __  _ _ _ _ _ _ _ _ _ _ _



- T~~~~’ 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

IV. INFLUENCE OF FUELS-CONSUMPTION PROFILES AT TROOP TRAINING CENTERS

The analysis in Appendix A of fuels requirements these days for fixed
installations at major troop training centers in unurbanized areas ind icates
that:

• practically no solid fuel is used (see tables A-VI , A-Vu , and
A-VII I);

• at centers in the south , gas is the major source of heat by a

wide margin (see tables A-V u and A-V u );

• at centers further north , fuel oil becomes an increasingly

important source of heat as geographic latitude increases (see

tables A-VI and A-VI II);

• at nearly all centers, half  or more of the fuels consumed ,
- - when expressed in terms of total heating value , is used by

- 
heaters having heat production capacities smaller thar 3.5

million Btu per hour, and in about two-thirds of the centers,

in heaters having heat production capacities smaller than
750 ,000 Btu per hour (see tables A-I ll , A—IV , A-VU and A-VII I);

7 and that
-
~~ • the vast majority of heaters at most training centers consists

of di rectly fired units having heat production capacities less

than 750,000 Btu per hour (see Table V-A).

These facts have crucial bearing on selection of the appropriate fuel form

for training center use to be produced from the output of Energy Plantations.

Solid fuel of any kind , for instance , cannot be used very effectively
in small-capacity unattended heaters. Moreover, even the few large-capa-
city central heating plants now in use at training centers would require
considerabl e revamping, and possible replacement, to make them satisfactory
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for solid fuel , because most of them are equipped for gas or oil and
therefore have neither grates in their fireboxes i~or particulates
control devices on their stacks.

It is concluded that solid fuel from Energy Plantations is likely to
be acceptable as a major heat source at most troop training centers only
if:

• the many (often thousands) small-capacity heaters currently in

use at the centers are replaced by steam or pressurized hot-

water heat distribution and delivery systems supplied from large-

• capacity central heating plants designed for solid fuel , and
the existing larger-capacity heaters and central-heating facil-
ities are converted from oil or gas to solid fuel , or if

• all existing heaters in buildings are replaced by electric re-
sistance heaters suppl ied with electricity from large central
thermal-electric plants fired with solid fuel from the Energy

Plantation .

The first of these choices would be rather costly. At Fort Benning, the - 
--

cost is estimated to be more than thirty million dollars , and at Fort
Leonard Wood to be more than twenty-three million (see Appendix E). These
conversion costs are several million dollars greater than the anticipated
costs of convet-ting these bases to synthetic natural gas produced from
plant material grown in pl antations at, or in the vicinity of, the bases.

The second choice (conversion to electric heating) is likely to be
more costly than converting the bases to solid fuel from Energy Plantations.
It would involve installation of central boilers equipped for solid fuel ,
electricity generation , distribution and control systems, and total replace-

- 
, - -~~ — 

ment of the heaters presently in use. Moreover, the Energy Plantation 
- - 

-[
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required to support an electric heating system would have to be 2.5 to three
times as large as that required for the first choice , because of the poor
thermal efficiency (not over about forty percen t ) necessar ily encoun tered
when heat is produced from electricity produced in a thermal—electric
station. Electric heating has therefore been discarded from consideration .

It is conceivabl e that a combination of electrical and central steam
or hot-water heating might be a practical approach. For this possibility,
steam produced at high pressure and temperature from solid plantation fuel
would be used to drive back-presstire turbo-generator sets. The steam at
lower pressure .and temperature exhausted from the turbines would then be - 

-

used for space and water heating. The exhaust steam might be used in the
buildings nearer to the turbo-electric station , thereby economizing the
cost of steam distribution and hot—condensate recovery systems. Electric
heating would be installed in buildings more remote from the turbo-electric
station. The feasibility of this possibility is likely to depend on the
physical arrangement of buildings requiring heat at each t4’a4n i ng center.
It has not been investigated for any center.

Fuel oil produced by “flash” pyrolysis in indirectly heated pyrolyzers
operated at about 1000° Fahrenheit may be entirely satisfactory for the
oil-fired central heating plants in use in some Army bases. But these
plants , except in Alaska which is unsuitabl e for plantations , accoun t for
considerably less than half of the total fuel consumption at most training
centers in the lower forty-eight states.

Pyrolysis fuel oil , because it must be preheated before firing (it
is reported to have a temperature-viscosity relationship similar to that
rjf No. 6 fuel oil), would be troublesome to use in the extremely numerous
.mmll-capacity heaters at most Army bases. Substitution of the small

B-39

— --— —.--- -- .---—
~~~~~~~

-—— --—- - —--._ -_——_ ---..._,a_ ,-_ .---——~~~ 
- -. .—.- ---—- --.—



-_-• .-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ r - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ w— 
-
~~~~~

heaters by a few large oil-fired central heating plants, an d convers ion -

of the bases which rely heavily on gas to fuel oil , would be necessary
if pyrolysis fuel oil is to become the principal source of heat at Army

training centers.

Pyrolysis fuel oil appears likely, therefore, to be less satisfactory
than conversion of Army training centers to solid fuel produced in planta-

tions because it would involve:

• installation of central-station heating plants and steam or hot- —

water distribution and hot-condensate recovery systems similar
in many respects to those which would be required if solid fuel
produced in energy plantations were to be used ,

• installation of pyrolysis facilities with particu lates air
pollution and water pollution control (capital cost about twenty

million dollars at Fort Benning or Fort Leonard Wood), and

- 
• a larger plantation for a given heat load than would be required

if solid fuel were to be used (see Table B-lI).

Boilers equipped for firing pyrolysis fuel oil at either Fort Benning or
Fort Leonard Wood are likely to cost about four million dollars less than
the corresponding boilers equipped for solid fuel from plantations . This

cost saving would offset part of the cost of pyrolysis facilities. Al so
some economy may be possible in the cost of the steam or hot-water distri-
bution and hot-condensate recovery systems if pyrolysis fuel oil  is used
rather that solid fuel in central heating plants because, since oil is easier
to fire than solid fuel , numerous smaller—capacity district heating plants may
be feasible with pyrolysis oil in place of fewer larger—capacity plants if
solid fuel were burned . However , this additional economy possibly arising
from use of pyrolysis fuel oil is likely to amount to only two or three

B-40
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million dollars in the cost of facilities for either Fort Benning or Fort
Leonard Wood .

It must be concluded , therefore , that the cost of facilities and their
operation for producing pyrolysis fuel oil from plant material grown in
plantations and for using it at Army training centers will be considerably
greater than for the corresponding facilities and operation for using
the plant material directly as a solid fuel . For this reason, pyrolysis
fuel oil has been eliminated from consideration .

* Synthetic natural ~~ produced from plant material could be used wi thout
major alteration to the heating systems in most training centers in the south
and in many others where considerable quantities of gas are presently used .
Moreover , it would be a direct substitute for the fuel likel .y to face the
greatest curtailment in supply in the next few years. Oil-fired equipment
can be modified to use it fairly easily and relatively inexpensively, al-
though gas distribution systems mi ght have to be extended at some training
bases and installed from scratch in others. However, gas distribution

requires a Hone_pipe u system (the equivalent of a hot-condensate return line
is not required ) and gas pipe does not require thermal insulation. Gas
distribution facilities would , therefore, be far l ess expens i ve to extend
or install than would the piping required for a steam or hot-water distri-
bution system. —

Conversion of plant material grown in plantations into synthetic natural
gas for use at troop training centers clearly has advantages over using
the plant material directly as a solid fuel at the centers. The advantages
are :

_________ 
L~J
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• relatively minor changes will be required in the heating systems
presently in use at most large training centers to make them suit-
able for synthetic natural gas , whereas rather drastic changes
will be required to make them suitable for solid fuel ;

• because synthetic natural gas is interchangeable in performance
with natural gas, its use can be phased in without serious dis-
location at centers whereas conversion to solid fuel would pose
far more complex introduction problems ; —

• because gas-fired heaters are more easily controlled than is
equipment which uses solid fuel , greater economy in fuel con-

sumption can be achieved with the former than the latter;

• because synthetic natural gas is a clean .burning fuel , air
- - pollution control devices are not required where it is used ,

whereas particulates air pollution control devices will be
required for equipment in which solid fuel is used ; and

• fixe~.i nitrogen in plant material is expected to be conserved
by the synthetic-natural-gas production process in a form in — 

-

which it can be recycled to the plantation , whereas fixed
nitrogen is lost when plant material is consumed as a solid
fuel--fixed nitrogen is expensive and the relationship between
its supply and the demand for it can be expected to become in-
creasingly tight in the future . -

At fi rst sight, it may appear that fuel inventory would be easier to
manage if plant matter from a plantation is used as a solid fuel rather than
as raw material for synthetic natural gas. But such is probably not the
case. It is wel l known that the operating rate in biological processes
usually cannot be changed very rapidl y or frequently without seriously and

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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protractedly upsetting the biological system involved . This means that
if synthetic natural gas is the fuel produced from the pl antation , the
main inventory will have to be synthetic natural gas, which fortunately
is stable when properly stored. It is conceivable that arrangements can
be made to store temporarily surplus gas in storage facilities regularly
used by the natural -gas industry . This possibility, however , has not been
discussed with the industry .

- 

If plantation-grown plant material were to be used directly as a solid
fuel , inventory could , in pr incipal  at least, be maintained either as unhar-
vested plant material or as harvested material held in storage. Neither of
these approaches , however, would be very satisfactory. The plantation oper-
ation will be field-machinery intensive , and consequently, maintaining an . -j
acceptable equipment cost, and hence cost of plant material produced, depends
on making steady use of the machinery .

Harvested plant material is biol ogically unstable. Unless its moisture
content is reduced to about air-dryness before protracted storage (several
weeks, for instance), it degrades with loss of fuel value quite rapidly by —

• oxidation if air has access to it , or by

• anaerobic reduction to methane and carbon dioxide (which escape)
and water if air is excluded from it.

In either event, pollution problems could ensue also.

Having regard for all factors pro and con between using plant material
as solid fuel or as raw material for synthetic-natural-gas production , it -~~~

seems likely that the latter use is to be preferred, providing the cost of
the SNG is acceptable , and especially if a program with the gas industry
can be worked out for temporary storage of surplus SNG .
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V. SELECTION OF PLANT SPECIES AND

CULTURAL PRACTICE S FOR EN ERGY PLANTATION S - 

-

Previous work13 has indicated that the species grown in Energy Planta-
tions must be perennials , so that harvesting can take place continuously
throughout the year in response to the demand for solid fuel or for raw
material from which to make synthetic natural gas by anaerobic fermenta-
tion . The importance of limiting consideration to perennial species is
not dependent, however , only on the demand for solid fuel or raw material
for synthetic natural gas.

If annual species were produced in the plantation , they would , in
all probability , have to be started in a short interval in the spring and
be harvested , also in a short interval , in the fall while they are still
upright and relatively easy to reap. In any event, they would have to
have been completely harvested by the time the land must be prepared in
the spring for the next planting. Under such a seeding and harvesting

- 
- schedule , pl antation machinery would have to be provided for peak activity

rates, and it would be relatively idle at other times. More field machinery
would obviously be required to meet such a production schedule than to
meet the more even schedule throughout the year which culture of perennial

species I~-~kes possible.

Moreover , storing harvested plant matter from annuals for use between
harvests would be a horrendous problem . Green plant matter gradually
develops considerable biological activity beginning within a few days after
it is harvested and lasting for at least several weeks if steps are not
taken to arrest or prevent the activity . As noted earlier , biological
activity in harvested plant matter reduces its fuel value as a solid
fuel and as a raw material for SNG production. The activity can be arrested
by drying the pl ant matter to an air-dry condition shortly after the

-
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harvest. It can also be controlled and even prevented wi th bactericides

and other preservatives. Air-drying could be relatively costly and mi ght

require considerable fuel (cf. the fuel needs for crop-drying in the small-

cereals and corn belts, for instance). Reliance on bacterocides and the
like would not only be costly, but their presence in the plant matter would
interfere wi th its subsequent use for SNG production by anaerobic reduction.

The preservation of perennial plant material is far simpler. Nature
preserves it until it is harvested as long as the plant is alive , and it
can be reaped more or less conti nuously throughout the year only a few days,

and certainly not more than a week or two, before it is needed as fuel or
as raw material for SNG.

Not all perennials are equally suitable for SNG production , although
there are fewer limi tations on species suitabl e for solid fuel . Lignin ,

for exampl e , is not converted to methane by anaerobic digestion . Therefore,
species having relatively low lignin contents such as grasses and deciduous
tree species are to be preferred over conifers if SNG is to be made fro~n

the plant material.

Moreover, sapwood in woody species appears to react more rapidly in
biological systems than does heartwood. Lumber, for ins tance , is down-
graded if it contains sapwood. As a consequence, if a woody species is
to be the source of plant matter for methane production , a species which - -

~

grows rapidly in its first few years before it has a chance to develop
much heartwood is to be preferred over one which grows more slowly. Cer-
tam deciduous species have this trait. Conifers generally do not. This —

factor is a second reason why conifers are not indicated for SNG plantations ,

J whereas certain deciduous species are. A species which grows rapidly during
its first few years is also advantageous if its plant matter is to be used

as a solid fuel .

B-46
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A substantial number of deciduous species, especially when they are not
- - 

- more than four or five years old , will sprout vigorously from their stumps
after their structure above ground has been harvested . It is a matter
of established fact that many deciduous species can be harvested at least
five or six times before the vigor wi th which they regrow begins to wane.
Since planting costs are a substantial part of the costs of producing any 

—

plant  matter , those deciduous species which sprout readily after harvest-
ing and , hence , provide several crops per planting have an advantage over
other species which do not. Conifers rarely sprout after they have been
cut down , which is another reason why certain deciduous species are to be
preferred over conifers as a source of plant matter for SNG production or
solid -fuel .

Deciduous species which grow rapidly when they are young and sprout

vigorously from their stumps after harvesting usually can also be started

-
- 

vegetatively from clones . A clone is a live stick four to twenty inches

long (the length depends on the species) cut from a living plant. If
the clone is stored in a moist condition in a cool place (between forty
and fifty degrees Fahrenheit) for two or three months and then is stuck
in the ground , it will start growing rapidly soon thereafter. This is

another trait not shared by conifers . The advantages of vegetative re-
production over reproduction from seeds for Energy Plantation culture
are :

• it is far easier and cheaper to collect clones than seeds
from tree species; and

• clones reproduce a plant genetically identical with the
one from which they were cut , whereas seeds may not, be
cause the plant they produce depends on the ori gin of the
pollen involved in seed formation.
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Fortunately, there are a number of well-known deciduous tree species
which reproduce vegetatively, resprou t cop iousl y from the i r stumps several
times without loss of vigor, grow relatively rapidly when they are young,
and develop little heartwood until their structure above ground is four

- -  or five years old. Some of these species are hybrids developed for propa-
gation in a wide variety of soil types and climates . Others are natural
species which adapt themselves fairly readily to a range of soils and
climates. A representative list of these species and where they have been
grown well under plantation-type conditions is shown in Tabl e B-Ill. Some
yield data are availabl e for all the species at the sites indicated by an
IIXII in the table. For those sites indicated by an lo ll , sufficient yield :~
data are available for predicting yields under various combinations of

- - pl anting density and harvest schedule. The important conclusion to draw
from Table B-Ill is that there is at least one deciduous species which - 

-

is known to grow well under plantation-type conditions , essentially every-
where in the lower forty-eight states where establishing Energy Plantations
may be of interest to the Department of Defense.

The average yield per year per acre which can be produced from
deciduous species of the types shown in Tabl e B-Ill in localities to
which they are well suited , depends on the number of plants per acre and - I
the harvest schedule. Characteristica lly, the yields are maximized when
the planting densities are between about 5,000 and 11 ,000 plants per
acre (a corn fiel d has between 20,000 and 28,000 stalks per acre), and
the harvest schedule consists of a first harvest when the planting is
one year old followed by five to seven additional harvests at two to
four-year intervals thereafter. Generally speaking, hi gher planting
densities and longer periods between harvests are indicated for more
northerly latitudes, although there is room for considerable flexibility
in these matters.
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Using the growth simulation model developed in Interlechnology
(see Appendix C) and actual yield data , estimates have been made of the
maximum annual yields per acre which can be expected from eight repre-
sentative deciduous tree species grown under plantation conditions at
various widely separated sites . These estimates are sumarized in
Table B-IV. The conclusion to be drawn from the estimates shown in this
table is that by properly selecting the species , an average annual yield
of between eight and nine oven-dry tons of plant matter probably can be

— harvested widely in the eastern and centra l time zones in the United
States.

Certaii~ perennial grasses are also promising sources of raw material
for SNG production and for use for solid fuel . There are two broad cate-

j gories of grasses which grow widely in the United States—-the so-called
cool--season grasses and the warm-season grasses. The cool-season grasses
are frost-resistant , but the warm-season varieties are not.

Moreover, perennial grasses can be reproduced vegetatively, and they regrow

-J rapidly after a harvest has been reaped from them. They are similar in
these respects to the deciduous tree species previously discussed . Usually,
more than one harvest can be reaped from them every year, but th.e actual
number depends on the length of the growing season and the regularity and
amount of rainfall and ambient temperatures during the growing season.

In those parts of the country where frosts occur every winter and ,
hence , where only the cool-season perennial grasses will grow, two or
three harvests can usually be taken every year between the last severe
frost in spring and the first one in the fall. Annual yields under these
circumstances are three to five tons of oven-dry material : such yields
are too low to be practical for Energy Plantations. Furthermore , because harves ted
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plant matter would have to be stored for use during the winter , cool- -

season grasses present many of the rather serious problems previously
described for annual crops. Cool -season grasses have therefore been
discarded from consideration for those parts of the country where frosts
regularly occur in winter.

Cool-season grasses are not good candidates for those parts of the
country which are usually frost-free the year around . As temperatures

-
- rise in sumertime, their growth rate increases until the ambient temper- -~~

ature regularly reaches about 65° Fahrenheit. However, as it rises above
this level , the rate at which cool-season grasses grow declines , and when
the ambient temperature during the daytime is regularly in the upper e4~hties ,
growth ceases . Therefore, while cool-season grasses mi ght grow well in the
spring and fall in the South , they would produce very little during the
sumer months. They are , therefore, not satisfactory for consideration for
plantations in the South.

Warm-season grasses behave quite differently. Their growth rate does
not decline in the warmest months. In fact, providing there is sufficient
soaking rain (two to three inches per month), their growth rate increases

-j as the temperature rises to its peak in the sumer. In many l ocalities in
the deep south , rainfall is adequate to support harvests once every three
to four weeks throughout the year from late February into November. Under
these circumstances, yields between eight and ten tons per year of oven-dry —

material are reported for managed grasslands. Warm-season grasses will
probably yield about twenty percent more methane than is produced by plant
matter from deciduous tree species. Thus, since the yield of pl ant matter
from warm-season grasses in localities suited to them is comparable with
that from deciduous species , warm-season grasses are likely under these
circumstances to produce more methane per acre of plantation than can be
produced from deciduous tree species. Certain warm-season grasses are,
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- therefore , promising candidates for SNG plan ta tions in those par ts of the
deep south where the rainfall is regular and two or more inches per month.
They are par ticu larl y ind icated for parts of Georg ia an d for the Gu l f states.

I
Promising warm-season grasses are briefly described in Table B-V. The

bermudagrasses are the most promising, although they may have to be plowed

— 
under once every six years or so to circumvent disease which may develop in
the mat formed at the surface of the ground by their tillering habit. There
appears to be considerabl e uncertainty about the seriousness of this problem.
However, if they must be plowed under , their cul ture will have to be limited
to relatively level plantation sites if soil erosion is to be avoided .

— -
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TABLE B-V

PROMISING WARM-SEASON CRASS SPECIES FOR ENERGY PLANTATIONS

Annual
Species Localities1 Yields2 Comments

Perennial Sorg— Plains , South, High Sudangrasses, Johnson Grass
hums and their Southwest and other warm-season hybrids
hybrids are promising for locali ties

with alkaline soils - they
provide several harvests
per year

Bermudagrasses South and South High Most promising of all warm—
Coastal Central States season grasses, especially
Midland for localities wi th acid soils
Suwanne they can be harvested several

times per year

Sugarcane Lousiana and Very High Limited suitabl e sites?
Relatives Florida

Bamboo South Central Untested
- 

fl Relatives United States

Bahiagrass Florida and High Competes with bermudagrasses
southern coastal when fertilized - effect on
plains overall yield is in dispute

1. Regions in which species grow naturally, or have been sucessfully introduced ,
or have been extensively tested.

2. High means in the range of 8 to 10 dry tons per acre-year and very high, may
be as much as 20 dry tons per acre-year In specially suitable sites.
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I. INTRODUCTION

The purpose of the analysis described in this appendix is to devise

a procedure for predicting harvestable plant-material yields from deci-

duous tree species grown in various locations and to optimize the planting

and harvesting schedules for maximum average plant-material yield per acre

per year. Given the average annual quantity of plant material to be pro-
duced at a plantation location , one or more deciduous species must be selected ,

along with the appropriate planting and harvesting schedules for each of them
• which will require the least land to produce the required quantity of plant

material , also while minimizing the cost of the plant material produced .

At first blush , it mi ght appear unnecessary to analyze yields of
plant material which can be expected from deciduous species grown in plan-
tations in view of the extensive effort devoted to this subject over the
years by various public and private agencies concerned wi th pulpwood and
l umber production . The problem for Energy Plantations is different, howeve r,
from that faced by pulpniakers and l umbermen. In Energy Plantations , it is

necessary to maximize the average annual yield o~ plant material i rrespective
of its value as pulpwood or lumber.

The obvious approach for Energy Plantations is to consider very
high planting densities (for instance , 5,000 plants per acre and more),

short-growth periods before harvesting (one to eight years at most) and
multiple harvests from each planting , in contrast to standard tree-farm-

ing techniques, which generally involve less than 1 ,000 trees per acre ,
twenty-years-and-longer harvest rotations and only one harvest per plant-
ing. As will appear from the analysis in this appendix , such changes in

tree-farming sched’4~es introduce drastic changes in plantation yield which

• justify and , indeed , require an extension of the previously used yield

prediction methods .

• -

C-i
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II. PROBLEMS ASSOCIATED WITH HIGH INTENSITY PRODUCTION OF DECIDUOUS SPECIES

• High-intensity production of deciduous species for their fuel value
in plantations involves three aspects of technology which depart from

• standard practice in the forest-products industry--high planting densities ,

• 
. short-growth periods before harvesting and repeated, or multiple , harvests

from each planting . These departures from conventional tree-farming prac-
tice introduce issues which are new. They are discussed briefly in this
section.

II.A. High Planting Densities. Initial planting densities up to 10,000
pl ants per acre (about four square feet of land per plant), or more, are
envisioned in Energy Plantations , in contrast to planting densities of
600 to 800 trees per acre in pulpwood and l umber tree farms. These high-
planting densities create particular problems , of which the following two

- • are specially important: . I
• survival rates - as the spacing between plants is made smaller ,

the plants will interfere with one another sooner and more inten-
sively than they would at l ower plant i~g densities- -the effects

• of shading of one plant by another , reduced space for leaf devel-
opment , limited nutrient and water supply per plant and higher

probability of disease spread through a plantation will tend to
reduce notably the number of surviving plants after a few years--
the expected increase in yield through the hi gher planting densi-

ty will , therefore, be offset in part by a l ower survival rate

in the plant; and

• growth rates - close spacing between plants will also probably
adversely affect their individual growth rates , and as a con-
sequence, l ower average annual yields per plant can be expected in
denst ~‘antations than in less dense ones--however , the l ower growth
rate per plant is offset by the greater number of plants in a dense -•

plantation .

• 

• 
C-3
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t I . B .  Harvesting After Short Growing Periods. Lumber and pulpwood trees
are rarely harvested before they are fifteen years old, and very often
not until they are considerably older than that. While extensive yield
data have been compi led for tree species of interest to the forest pro-

• ducts industries beginning at the age at which the trees are on the point
of reac hing minimum merchantable s ize, few data are available about their
growth prior to that time. Extrapolating growth data for the period after
trees have reached merchantable size backwards into the period prior to that
time does not give reliable estimates of growth in their first few years
after planting. Consequently, the yield tables widely used by the forest
products industry are not useful for estimating plant material production
rates for Energy Plantations.

- ~ortunately, work has been underway for nearly two decades at severa l
places on the possibility of producing short fibre for papermaking from
young deciduous tree species grown in dense plantings and harvested while
they are still only a few years old. Many of these growth data have been
made available for the analysis being discussed in this appendix. The sites
at which these data have been compiled and the species involved are sunniar-
ized in Table B-Ill. The estimated maximum annual yields per acre which can
be expected from the combination of site and species indicated by an “0” in
Table B— Ill are shown in Table B-IV . -

II.C. Multipl e Harvests per Planting . After their plant material above ground
has been harvested, several deciduous tree species develop sprouts from their
stumps or root systems. Among the species displaying this trait are aspen ,
poplar and sycamore . There are , however , at least a dozen other species
which resprout vigorously in this way also. This behavior is of particular
interest for Energy Plantations because it means that several harvests can
be reaped from a planting, and the data available indicate that the yields of
plant material from second and subsequent harvests (at least up to five or

C
~4
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six harvests) are generally substantially higher than those from a first

harvest for a given combination of species and site. To take full advan-

tage of this multiple harvest approach in terms of the potential yield of

plant material , it is necessary to develop a growth prediction procedure
which relates yields from successive harvests from a planting to the land

area per plant at the time of planting , the t iming of the success ion of
harvests and certain other factors which influence plant-material yields.

C-5
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III. APPROACH TO THE PROBLEM OF
HIGH-DENSITY, SHORT-ROTATION PLANTATIONS

The harvestable yiel d of plant material in pounds per acre at year

n is expressed as 
•

Y~ = Nnyn pounds per acre , (C- i)

where* N~ is the number of living plants per acre at year n which
have survived from the initial number planted , N0, per acre,

y
~ 

is the average harvestable yield of plant material per plant
-

• 

at year n expressed as pounds per plant, and
is the yield of harvestable plant material per acre at year
n ex pressed as pounds per acre.

The purpose for introducing explicitly the number of surviving plants
in the expression for the yield is to separate,as much as poss ibl e,factors
related to plant-material growth and biolog ica l phenomena accounted for by
y~, from general decay factors such as poor planting techniques , wea k or
dead seedlings , poor l ocal soil quality , poor adaptation of a species to a
given site, and others which are accounted for by N~.

H

Both N~ and y
~ 

depend on a number of factors such as pl anting density ,
climate , soil quality , the soil-species relationship, management of the
plantation , and fertilization. In order to optimize the yield Y~ from
a plantation--that is,in order to determi ne, for instance , the best species
to be grown under given climate and soil conditions, the most appropriate
pl anting density and harvest schedules , and the need for fertilizer--it is
necessary to clar ify as much as poss ib le the nature of the dependence between
Nn and y~ 

and the various parameters under the plantation operator’s control

• * The definitions of all the symbols used in this appendix are compiled at
the end of the Reference List (Section X).

C-7 •
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• and those imposed on him by nature . This clarification is the subject of
the following section. Having the clarification in hand , it will then be
possible to predict the species and values for the plantation parameters
which will maximize the annual average harvestable yield from the plantation .

1

It •

• C-8
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IV. ANALYSIS OF GROWTH DATA

• IV.A. Plant Surviva l Rate at High Planting Densities in Plantations.

IV.A .l. Introduction and Summary Conclusions. The total yiel d of a planta-
tion at a certain age is expressed as the product of the number of surviving

• plants and the yield per plant (equation C-i). Analysis of the survival data
available shows that the number of surviving plants Nn at year n decreases
linearly with increasing n on a semi l ogarithmic plot. It is found that
the rate of survival for a plant species or variety well adapted to
the soil and climate conditions where it is being grown increases linearly
on a log-log plot with increasing land area per plant at planting time . For
a given species or variety , the relation between survival and planting area
is also infl uenced by cultural treatments (cultivation , for example) and , to
a lesser extent , by fertilization.

By regression analysis of the data , the numerical constants needed for
expressing the relationship between survival and planting area have been
determined for several species and varieties of interest for Energy Planta- -

,

tions , such as cottonwoods, silver maple , sycamore and a number of hybrid
popiars . These relationships can be used for predicting the survival of
these species in plantations as a function of planting density (area per
plant at planting time). They can al so be used for calculating the yield
of plant material per plant from reported yields per acre some years after
the planting was made .

IV.A.2. Analysis of the Available Data. Actual numbers of surviving trees,

• 
Nn~ 

at various ages, n, for two species at two planting densities are shown
in Figure C-I. For the species and planting densities shown in the figure ,
the data suggest a linear dependence between log N and n, at least up to

C-9 
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five years for the hybrid poplar and ten for the loblolly. This relation-
ship is represented by an equation of the following form:

= N0 10
-an plants per acre at year n (C-2)

where N0 is the number of plants per acre planted ,
n is the number of years since planting, and
a is a decay parameter having reciprocal years as its dimension.

Values for the decay parameter a calculat ed using equation C-2, are
shown in Table C-I for a variety of species grown in several loca iities.
For those species shown in the table for which more than one value of the
decay coefficient can ic  calculated , the values of the coefficient are
plotted in Figures C-Il through C-V II on ~og-log paper as a function of

• the land ar~ u , in square feet , per plant at planting time . This area , which •

is given the symbol A , is proportional to the reciprocal of 
~~ 

For con-

:1 venience , the land area per plant at planting time will be used as one of
the factors for characterizing a plantation.

It will be seen from Figures C- lI through C-Vu that the decay coefficient
a tends to be correlated as a straight line with negative slope on log-log paper
when it is plotted as a function of the area per plant at planting time . The
slopes appear to be approximately the same for all species. However , since
this relationship is far from perfect (see particularly Figure C-VII ), it
is evident that other factors must also be playing a part in the relation-
ship. Several of these factors are examined in the immediately following
discussions.

)
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FIGURE C—I

NUMBER OF SURVIVING PLANTS AS A FUNCTION OF AGE ,

PLANTING DENSITY AND SPECIES

50 

~~~~~~~~~~~~~~~~~~~~~~~ 1 plant per ft~ E
10 ~ 

~~~ Poplar - I plant per four ft
2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~l l y - l p lant per ll ft

jE l f_  
_ _ _ _ _ _ _ _ _ _ _  

—

Lobbolly - 1 plant per 44 ft
—

0 5 10

Years Ela psed Since Planting , n

• Sources : Poplar - reference 1
Loblolly - reference 2

~ ~~~~~~
-
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TABLE C-I

DECAY PARAMETERS CALCULATED USING EQUATION C-2

Species Location Planting Decay Comments 1 Reference -

Density Parameter
ft2/plant a

Aspen Wisconsin 0.4 0.2168 - 4
N. Minnesota 0.76 0.07670 Suckers 3
Manitoba 1.4 0.05465 Suckers 4
Manitoba 1.56 0.05005 Suckers 4

Beech Europe 0.007 1.104 - S

Black Cottonwood Washington 8 1 0.05395 See foot- 6
4 0.03528 note 8

16 0.01804 6

Choctawatchee Florida 88 0.00437 - 7
and Slash Pine

Cottonwood Mississippi 2 5.6 0.10368 - 8
(P. deltoides) So. Illinoi s 25 0.02272 Cult. & Fert. 9

Mississippi 2 36 0.02968 Cult. 10
So. Illinois 50 0.02266 Cult. & Fert. 9

-

• • Manhattan ,Kan. 72 0.02288 Cult. 11
Manhattan ,Kan. 72 0.07437 Cult. & Fert. 11
Mississippi 2 72 0.01 540 Cult. 10

i- I So. Illinois 100 0.01 309 Cult & Fert. 9
MIssissippi 2 100 0.02082 - 12
Mississippi 2 100 0.02127 - 13
Mississippi 2 144 0.01452 Cult. 10
Mississippi 2 144 0.02246 - 13
So. Illinois 200 0.00450 Cult. & Fert. 9
Mississippi 2 288 0.01222 Cult. 10
So. Illinois 400 0.00492 Cult. & Fert. 9

Cottonwood - Tuttle , Kans. 4 0.03529 Cult. 14
Missouri Milford , Kans. 4 0.03024 Cult. 14

Tuttle , Kans 8 0.01114 Cult. 14
Milford , Kans. 8 0.04309 Cult. 14
Tuttle , Kans. 16 0.01344 Cult. 14
Milford , Kans. 16 0.02048 Cult. 14

C-i2
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TABLE C-I (continued)

Species Location Planting Decay Comments’ Reference
Density Parameter
ft2/plant a

Cottonwood - Tuttle, Kans. 4 0.00439 Cult. 14
Sioux Male Milford , Kans. 4 0.00664 Cul t. 14

Tuttle, Kans. 8 0.00218 Cult. 14
Mi lford , Kans. 8 0.0 Cult. 14
Tuttle , Kans. 16 0.0 Cult. 14
Milford , Kans. 16 0.0 Cult. 14

Loblolly S. Carol ina 2.7 0.05599 - 2
S. Carol ina 5.5 0.03481 - 2
S. Carolina 11 0.01955 - 2
S. Carolina 22 0.01094 - 2 4.:
S. Carolina 44 0.00745 - 2
S. Carolina 48 0.01387 - 15
Bainbridge ,Ga. 80 0.00999 Cult. & Unfer. 16

• Bainbridge ,Ga. 80 0.00861 Uncult. & Unfer. 16
Bainbridge Ga. 80 0.01003 Cult. & Fert. 16
Florida 88 0.00794 - 7

Longleaf Pine Florida 88 0.05493 - 7 

Poplar Hybrids:
Clone 49 Stone Valley ,Pa. 1 0.01772 Cult. 17

2 0.02288 Cult. 17
3 0.01512 Cult. 17

1 4 0 01739 Cult 17
5 0.00896 Cult. 17

* 
Clone 252 Stone Valley,Pa. 1 0.01772 Cult. 17

2 0.05674 Cult. 17
3 0.02697 Cult. 17

“ 4 0.01739 Cult. 17
5 0.00896 Cult. 17

Clone NE 388 Stone Valley,Pa . 1 0.03537 Cult. 17
“ 2 0.02873 Cult. 17

3 0.02048 Cult. 17
4 0.01739 Cult. 17
5 0.01338 Cult 17

Clone NE 388 Muss er Farm , Pa. 1 0.0207 Cult. 1
} “ 2 0.0355 Cult. 1

“ 4 0.0127 Cult. 1
j p. FNS #33-52 Saskatchewan 16 0.00536 Cult. 18

P. Tristis #1 “ 16 0.01210 Cult. 18
P. Ge irica “ 16 0.01210 Cult. 18

-
• 

• P. Saskatchewan “ 16 0.00536 Cult. 18

C-l 3
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TABLE C-I (continued )

Spec ies Loca tion Planting Decay Comments’ Reference
Density Parameter
ft2/pl ant a

Red Al der Was hi ngton7 0.4 0.06992 Suckers 19

Sweetgum Bainbridge ,Ga. 80 0.00847 Cult. & Unfer. 16
• 1~ 80 0.02174 Uncult. & Unfer. 16 - :

80 0.00857 Cult. & Fert. 16

Silver Maple Tuttle , Kans 4 0.02154 Cult. 14
8 0.01575 Cult. 14
16 0.01024 Cult. 14

.~;;;1 Cult .&Fert . 21 
8 0.02899 Cult. & Fert. 21
16 0.02583 Cult. & Fert. 21

Athens,Ga. 16 0.3279 Footnote 3 20
16 0.0605 Footnote 4 20

“ “ 16 0.0362 Footnote 5 20• Georgia 6 24 0.01008 Cult. & Fert. 21
Manhattan ,Kans. 72 0.04576 Cult. 11

hI 72 0.3100 Cult. & Fert. 11
Bainbridge ,Ga. 80 0.00392 Cult. & Unfer. 16

80 0.07425 Uncult. & Unfer. 16
80 0.00429 Cult. & Fert. 16

White Ash Massachusetts 1.8 0.04772 — 8

Footnotes :
• 1 - Cult. = Cultivated , Fert. = Fertilized ; Uncult. = Uncultivated , Unfer. = Un-

fertilized .
2 — in the Mississippi River Valley in Mississippi .
3 - on upland , some planting material from one-year-old plants , others from two-

year plants.
4 - on bottomland , planting material from one-year-old plants .
5 - on bottomland , planting material from two-year-old plants.
6 - on bottomland in the Piedmont. *

.
~—

7 - in the lower Columbia River valley .
8 - at Mount Vernon - some fertilized and some unfertilized .

C-14
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• FIGURE C-I l

DECAY PARAMETER a AS A FUNCTION OF PLANTING AREA PER PL

BLACK COTTONWOOD AND SILVER MAPLE

0. 1 _i j , j  I • J I J J I J I  i —:
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*
• = S i lver maple
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FI GURE C-III 
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4
DECAY PARAMETER a AS A FUNCTION OF PLANTING AREA. PER PLANT

ASPEN
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C -IV

D~~AV PARAMETER a AS A FUNCTION OF PLAtfl1N ./~R PE1~ PLAP~T
HYBRID POPLAR
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• FIGUR E C-V

DECAY PARAMETER a AS A FUNCTION OF PLANTING AREA PER PLANT
* 

VARIOUS PINES
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• FIGURE C-YI

DECAY PARAMETER a AS A FUNCTION OF PLANTING AREA PER PLANT

SYCAMORE
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IV.A.3. Dependence of the Decay Parameter on the Planting Area per .Plant.
Generally speaking , the decay parameter a decreases with increasing land
area per plant at planting time , which means that the rate of survival
improves as the spacing between plants at planting i ncreases. Thi s
relationship is clearly apparent in Figures C-Il and C-Ill for black
cottonwood , silver maple and aspen .

The same decreasing trend in values of a is seen from Figure C-IV
for hybrid poplars , although the experimental point marked by the arrow
could suggest a “flattening out” or even a reversal of the slope in the

• . relationship between a and A. However , it is apparent from the original
data in reference 18 that the two hybrid poplar varieties , P. Tristi s #1
and P. Geirica , represented by this point in the figure , are poorly
adapted to the soil and climate characteristics of the test site in

• Saskatchewan. Because of this poor adaptation to the planting site, it
is reasonable to discard the data for these two species from consider-
ation. Such a step may appear arbitrary . it is justifiable , however ,
on the grounds that to establish a successful Energy Plantation in a
given locality , it is necessary to select plant species or varieties of 

*

* 
species which will grow well in--that is , they are adapted to--the parti-
cular soil , climatic and other conditions prevailing locally. 

• 
*

It is apparent that if consideration is limited to the well adapted
species shown in Figure C-IV , the decay parameter a displays a decreasi-
ng trend as the planting area A increases .

Essentially similar comments may be made about the estimated decay
parameters shown in Figure C-V for pines. The “odd” point indicated by
the arrow corresponds to a longleaf pine which is known to be poorly
adapted to the Florida l ocation where the tests were conducted7. If
consideration is centered on the other points which include data for

C-2l
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loblolly, Choctawatchee and slash pines grown in a variety of locations
in southern Georgia , South Carolina and Florida , the general decreasing
trend of a as a function of the area per plant at planting time is
observed . The group of seven points between the 44 and 88-square-feet-

* 
per-plant lines include data for plantings which were subject to a
variety of cultura l treatments. The effect of these will be discussed
in a subsequent discussion . The estimates for sycamore shown in Figure
C-VI appear to be rather confusing if all points are given the same
importance . Under these conditions essentially no systematic trend can
be discerned . The point marked with the arrow can be ruled out since it
corresponds to poor adaption of species to local growing condition ’’.
The spread in the estimated decay factors represented by the three data
points at eighty square feet reflect the effect of various cultural *

practices on the growth from a particular species-site combination.
These cultural practices and their effects will be discussed subsequently,
but for the present , the point represented by the bl ack dot can be set
aside in an Energy Plantation discussion. The two points having the
larger decay parameters at sixteen square feet per plant correspond to ~~ • 

-

furrow-planted sycamore . At the time of the experiment, this technique
• had not been optimized . Therefore, the data on which the decay pa rameter

estimates are based are not representative of the surviva l possibility
of the spec ies these days . Therefore, the two points can be s a f e l y  -

•

ignored . The remaining six points shown -in Figure C-VI are for sy~ ~more-
site combinations to which essentially identical cultural prc:edures
were applied . These remaining points show the same linearity with
negative slope between the decay parameter and planting area when plotted
on log-log paper as is evident in Figures C-Il through C-V for other
species.

C-22 ~~~~~
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Estimates of decay parameters for cottonwoods are shown in Figure

C-VU. The generic name “cottonwood ” includes a number of well recog-
nized varieties such as P. deltoides or eastern cottonwood , P. Missouri-
ensis or Missouri cottonwood and male Sioux cottonwood . At first sight ,
the estimates in Figure C-VII do not appear to show a relationship
between the decay factor and planting area evident from the other figures.
However , if consideration is given to the estimates for cottonwood
variety by variety and cultural tr2atment by treatment, a correlation
similar to that in the other figures is readily apparent.

Taken together , but with allowance for species and cultural practice
• • 

- variation , the estimated values for the decay parameter shown in Table
C-I and graphically in Figures C-Il through C-VII for species well
adapted to the plantation sites can evidentl y be correlated with the
planting area per plant by an equation of the following form :

a = c t A B (C-3 ) -

where a and ~ are constants which are related to species , cultural
treatment and perhaps some other factors. The influence of these factors
will be discussed in subsequent sections.

Values of a and ~ obtained by regression analysis of the estimates shown
in Figures C-lI through C-Vu are assembled in Table C-Il. The regre-
ssion lines corresponding to these estimates for a and B and equation
C-3 are shown in Figure C-VI II. For each species or variety represented
in the figure , the length of the regression line extends over the approxi-
mate range in value of planting area A for which experimental data are
available. Al so shown on Figure C-VI II are estimates of the decay
parameter for species for which too few data are available for making a
regression analysis from which to estimate an a and B in equation C-3.
It is apparent that these individual points fall either wi thin the range

C-23
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IV.A.4 Dependence of Decay Parameter on Species and Varieties. Several
of the estimates shown in Table C-Il of the constant a in equation C-3

• for particular species and cultural treatments are based on experimenta l
data collected from more than one planting site . For instance , the •

estimate for hybrid poplars grown with cultivation is based on survival
rates at two sites , and that for cultivated eastern cottonwood is also .
An element, therefore, in the estimates of the standard deviation of
several of the estimated mean values of the constant a is variation
between planting sites . Variation in the performance of plant stands at

- each site is also an element in all the standard-deviation estimates of

• the values of a.

The values for a shown in Table C-Il can be regarded , therefore , *

1 only as approximate estimates . A better representation of these esti-
• mates will take account also of their respective standard deviations.

In recognition of this point for the purposes of this present discuss-
• ion , a range in the values for a will be used , the range being defined
-
~~~ as the estimated mean value for a plus and minus one standard deviation

of the mean value. Such ranges and the estimated values for a (the

lines dividing the “range ” boxes) are shown in Figure C- IX for the

C-24 
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TABLE C~II

ESTIMATES OF THE CONSTANTS a AND B IN EQUATION C-3
FOR SEVERAL PLANT SPECIES GROWN WITH VARIOUS CULTURAL TREATMENTS

Species Cultural Estimates of a Estimates of 8
Treatment Mean Standard Mean Standard

Valu e Dev iation Value Dev ia tion

Hybrid Poplars Cultivated 0.03121 0.00515 -0.52745 0.13373
Sioux Cottonwood Cultivated 0.03312 0.03179 -1.30840 0.51682
Silver Maple Cultivated 0.04621 0.00488 -0.53647 0.04889
Black Cottonwood Chemical weed 0.05621 0.00516 -0.39511 0.05119 *

control
Missouri Cottonwood Cultivated 0.06304 0.05474 -0.48875 0.36434 

*

Aspen Not cultivated 0.07385 0.00773 -1.10372 0.18882
Pines Some not cult., 0.08229 0.02332 -0.54365 0.07672

* some cult.,
others cult. and
fert.

Eastern Cottonwood Cultivated 0.11665 0.06698 -0.41118 0.11861
(P. del toides)
Sycamore Cultivated and 0.20746 0.05680 -0.89112 0.08385

fertilized
Eastern Cottonwood Cultivated and 0.24214 0.18974 -0.67466 0.15288
(P. deltoides) fertilized

• Eastern Cottonwood Not Cultivated 0.24650 0.05858 -0.51456 0.05625
-
• 

4 (P. deltoides )

Source: Estimates of the d cay parameter a and planting area per plant A
from figures C-lI through C-VII.

‘
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• estimated values of a for each of the seven species in Table C-Il which
were grown with cultivation. These species are generally recognized as

• being well adapted to the sites at which they were grown . Consequently,
it is reasonable to assume that the cultivation--weed control—-contri-

buted with about equal effectiveness to the survival of plants at each
site . Accepting this assumption and recognizing that the species were
well adapted to their growth sites lead to the conclusi on that there
are probably significant differences in the value of a between species
and , hence, also in inherent survival rates between species.

The l ower horizontal scale in Figure C-IX w ill provide quick in-
sight into the significance of the ranges for ~ shown in the figure .
That scale is an estimate of the percentage of the original planting
which will survive to the end of the first year , if the original plant-

ing was one plant per square foot. At that planti ng density , a is equal
to a (see equation C-3), and the survival rate (see equation C-2) is the
reciprocal of ten raised to the a power.

The estimates shown in Table C-IX suggest that a larger fraction of
a hybrid poplar or Sioux cottonwood planting will survive to a given age
than is to be expected for a pine or eastern cottonwood planting at
sites to which the species are well adapted .

The constant B in equation C—3 is the slope of the regression lines
shown in Figure C-VI II. It is , therefore , a measure of the rate of improve-

ment of survival in a stand as the area per plant at planting time is in-
creased . The higher the numerical value of B, the more rapidly survival
will increase with increases in the area per plant at planting time . The

value of B also affects the survival rate at a particular initial planting

density . The larger its numerical value is , the greater the surv ival ra te
will be.

C-26
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An analysis of the dependency of the exponent ~ on species is summa r-
i zed in Figure C—X. This analysis is made on the same basis as that shown
in Figure C -T X wi th  respect to the constant a and its species dependency .
Thus , the analysis for B is based on data for species grown with culti-
vation at s”es to which they are wel l adapted . It will be seen from

• Figure C-X that there probably is a dependence between ~ and species . Sioux
cottonwood , for instance , appears to have a substantially higher B than

* black cottonwood appears to have .

The l ower horizontal scale in Figure C-X serves a similar purpose as
the corresponding scale in Figure C-TX--namely, in the case of Figure C-X
to express the effect of variations in B on plant survival in a representa-
tive case. The parameters chosen for the scale are ~ planting area of
five square feet per plant , an a equal to 0.056 (approximat n ~y the median

• va l ue for alpha among the species shown in Figure C— IX ) and the end

• of the first year after planting.

These analyses indicate that there probably are dependencies between
the constants ~ and B in equation C-3 and species. The dependency between
a and the species seems to be different from that between ~ and species .
Note in this connection that the sequence of species is different when

I * they are arranged in the order of increasing estimated values fo’- • •x tha n
H when they are similarly arranged with respect to B.

I Because of these evident dependencies , it must also be concluded
that there is a dependency between the decay parameter a and species.
Because so few data are available , however , it is only possible at present
to assert with some confidence that such a dependency exists and
to indicate its probable range--it is not possible in the absence of

I 

performance data to forecast it with any realistic reliability for parti-
cular species.
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FIGURE C-IX

ESTIMATED RA NGES I N THE_ VAL UE OF ~I FOR SEVE RAL SPEC IES
GROWN WITH CULTIVATION AT SITES TO WHICH THE SPECIES ARE WELL ADAPTED
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IV.A.5. Infl uence of Cultural Treatments on Survival of Deciduous Species
in Plantations. In the foregoing, several indications have arisen sug-

• gesting that the cultural management of a plantation may have a significant
infl uence on p lan t surv iva l , particularly at high pl~~iting densities . This
point is illustrated , for example, by comparing the effect of cultivation
on the estimated values for a and B shown in Table C-TI. The point is
also repeatedly stressed by those involved in short-rotation high-density
plantations research.

The general term “cultural treatments” refers to two field operations
in plantation management. One is field preparation prior to planting
and the other is control of vegetation which might compete with the species
being grown in the plantation . The second operation is generally performed
only during the first year or so after planting or harvesting. It is

discontinued after a new stand has established itself by substantially
occupying the land area or after a harvested stand has done so. Both

cultural treatments may be performed at various levels of intensity .

• 1 The most complete set of data illustrating the impact of cultural
treatment on plantation survival which has been found is that generated
by the International Paper Company ’6 ’22 . In view of the apparently
critical importance of cultural treatment on plantation survival and
yields on the one hand and plant-matter production economics on the other,
the work at International Paper Company will be reviewed in detail.

The spec ies include d in In terna tiona l Paper ’s tests are sycamore
and sweetgum, both of which are candidates for Energy Plantations. Lob-
lolly pine is also included in the tests as a reference standard . The
presen t di scuss ion wil l be cen tered , however , on the data for sycamore
and sweetgum, because conifers are not attractive candidates for energy
production (see Appendix B, Section V). The planting area used by Inter-
nation Paper in their tests is eighty square feet per tree, or abou t 550 •

trees per acre. This planting density Is very much below that anticipated
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FIGURE C-X 
*

• ESTIMATED RANGES IN THE VALUES OF B FOR SEVERAL SPECIES

GR OWN WITH CULT ! VAT I ON AT SIT ES TO WH IC H THE SPEC IES ARE WELL ADAPTED
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for Energy Plantations (5,000 to 11 ,000 plants per acr~e), but the conclu-
sions reached from In terna tiona l Pa per ’s work are likely to apply also to

Energy Plantation operation .

The tests were conducted at six locations where the site indices
on a loblolly scale are between 80 and 110. The sites are :

• Georgetown and Marion , South Carol i na ,

• Bainbridge , Geor gi a ,
• Marianna , F lor ida ,

• Waynesboro and Hazelhurst, Mississippi

• • Manning, Arkansas , and

• Many, Lou i siana.

Special attention will be gi ven to the data from Bainbridge , Geor gi a ,
• because of the proximity of that location to Fort Benning . As will

appear later , however , most conclusions can be generalized to other
locations.

Four cultural treatments are compared in the work reported by

• International Paper. They are described as:

• “disc ” - which includes the following succession of operations :
shear, burn , root-rake and disc prior to planting and disc culti-
vate after planting;

• “mow” - shear , burn and root-rake prior to planting and mow between
seedlings after planting ;

• “chop” - shear , burn and double chop with a rolling drum chopper;
and

• • “burn ” - shear and burn (th i s trea tmen t is the con trol exper imen t).
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Survival rates for unharvested sycamore at year three for a site at
Hazelhurst, Mississippi , at which four pine-site indices between eighty

* 

and 110 are represented , and for another at Bainbridge where the site
index is eighty ara shown in Figure C-XI. It is apparent that at the
poorer sites at each location (indices eighty and ninety), the survival
increases significantly as the cultural treatment becomes more intense.
The data , however , for the sites having higher site indices are far less
clear-cut. As a matter of fact , taking the data at face value for these
more productive sites suggests that a treatment involving

• double chopp ing before planting and no cultivation after , or

• root-raking before planting and mowing after

adversely affects survival at more productive sites , whereas disking before
and after planting seems to improve it. The operations involved in each
cultural treatment shown in Figure C-XI are tabulated in the lower part

H of the figure .

Data comparing the effect of various site preparation methods are
• available on the survival of pines fifteen years after planting at sites

having sandy soils in the Carolinas , Florida and Georgia 7 . The results
from this study are suni-narized in Table C-Ill . Site preparation involving
burning and disking or chopping apparently leads to the highest survival
rates shown in the table. The action of the B.S.W. machine is similar to
that achieved by choppers or discs. Thus , the results from this study
are similar to those sumarized in Figure C-XI. Similar results are
also reported in a United States Department of Agriculture report’3 con-
cerned with plantation production of cottonwood .
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Thus , the evidence is convincing that site preparation prior to planting
infl uen ces plan t surv iva l mar kedly . No t al l conce iva ble prepara tions are
equally effective, but those that are particularly so include disking in
the procedure.

Cultural treatment after planting is generally concerned with control
of weeds and other vegetation , which is likely to compete wi th the species
being grown in the plantation. Competition may arise because weeds:

• shade the desired plantation species from the sunlight;

• consume moisture and nutrients from the soil which might
otherwise be used by the desired species ;

• by a combination of these two .

Most attention, however , seems to be given to keeping the weeds down ,
and thereby preventing the desired species from being shaded from the sun ,

• rather than to preventing a cover layer in the open ground between the
desired species. There is general agreement among those involved wi th
short-rotation , high—density plantations and among more conventional —.1
foresters that control of competing vegetation , until the species being
grown reaches the point where it dominates any weed growth , is essential
if high survival and yield rates are to be achieved (see references 1
and 24 for hybrid poplars , 7 and 16 for pines , 13 and 23 for sycamore,
reference 13 for cottonwood and 16 for sweetgum).

Control of weeds and other unwanted vegetation may be done in several I
ways , among which are:

• c u l t i v a t i o n  - disking, plowing or tilling,

• mowing ,
• using weed killers ,

• purposely planting a crop which will not shade the desired species.
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FIGURE C-XI

EFFECT OF CULTURAL TREATME NT INTENSIT Y ON SURVIVAL RATE FOR SYCAMORE
THREE YEARS AFTER PLANTI NG AS A FUN CTION OF S ITE I NDEX

100 I

~~~~~~~T I
Site Index 100

~ 80 Site Index 110
C -Site Index 90

Site Index 80

-

‘4—
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4-) •
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* . Symbol Site Location
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‘U

• inn
If) ‘)fl ,

LU 110
80 Bai nbridge

0 —  1 1

Burn Chop Mow Disc

~ Increasing Intensity of Cultural Treatment
Burn Chop Mow Disc 

*

Before Planting:
Shear X X X X
Burn X x x x
Double Chop X
Root Rake X X
Disc X 

- •

After Planting:
Mow X
Disc - x

Source : Reference 16. -•

C-35



ar ~~~~~~~ :::~—:-
~
- 

_ _ _ _ _ _  
— ,_,~~~~~~ —--.------ ~~~~~

The first three general methods in this list have been tested in densely
planted deciduous species stands. The fourth does not appear to have
been .

It is apparent from Figure C-XI that disking is a more effective weed
control method than is mowing. Comparative experiments conducted in Kansas’’
on cottonwood, sycamore, Russian olive , hackberry and green ash show that
in all cases , disking leads to higher survival than mowing, all other
conditions being the same. Since the costs per acre of light disking and
mowing are probably about the same, light disking is to be preferred over
mowing .

Chemical weed control ~~s been used successfully in a number of cases

• (reference 25 for bla~k ~.ottonwood , 23 for sycamore and 7 for pines). Care
must be exercised , how~v~r, in the choice of chemical agents as their use
may interfere with growth of the desired species. This is particularly
the case for eastern cottonwood (P . de to-Lde4 ) , which appears to be very
sensitive to Simazine , for instance ’’,’3. Although chemical weed control ~~

- 

*

agents are easily appl ied , they may be much costlier to use than to rely
on disking.

No quantitative data have been formed for assessing the effect of
a cover crop used for weed control on the survival rate of deciduous plant
species in a plantation -like stand . The surviva l , as measured by v i sua l
observa tion , i n an ex per imen t26 near Athens, Georgia, in which ryegrass
was used as a cover crop for weed control in a sycamore plantation com-
pared favorably with that in a parallel plantation in which mechanical
weed control had been used. However, more test and cost data are needed

• before the relative merit of weed control by mechanical means and by
cover crop can be determ ined .
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TABLE C-I ll -

EFFECT OF SITE PREPARATION ON SURVIVAL OF PINES
IN SANDY SOILS IN THE CAROLINAS , FLORIDA AND GEORGIA

F IFTEE N YEAR S AFTER PLANTIN G

Site Preparation Procedure Survival-Percent
of original

Planting

No preparation 52
Burning only 54
Burn and root-rake 61
Burn and B.S.W.’ once 66
Burn , root-rake and disc 70
Burn and chop once 71
Burn and chop twice 71

* Burn and B.S.W.’ twice 73

1. A land—cle aring machine having a sharp blade mounted like a bulldozer
bl ade which shears protruding stems.

Source : Reference 7.
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The reasons for improved surv iva l as a resul t of con tro lli ng weeds
and unwanted vegetation are not completely clear. One of the reasons

may be that tall weeds and other tramp growth shade young seedlings
from the sun , thereby decreasing their chances for survival . This is
known to be the case for eastern cottonwood, which is extremely shade-
intolerant during its early-growth years. Other deciduous species of
potential interest for Energy Plantations are also known to be shade-
intolerant. Another factor may be that weed control , particularly by
disking , works plant litter into the soil near its surface , thereby
contributing humus -building constituents to the soil. This same action
by a disc will improve soil aeration and water retention , also . Improve-
ment in humus content, soil aeration and water retention are known to
be beneficial for plant survival and growth.

On the other hand , complete removal of ground cover may not be
beneficial , because bare ground loses moisture by evaporation more •

rapidly than does ground which is shaded from the sun and wind . More-
over , bare ground can easily fall prey to water and wind erosion.

Thus , while the mechanisms by which cultivating the plantation
site before its planting, and after, at least unti l the planted species
dominates pl ant growth in the pl antation are not clear , it is certain
on the basis of experience generally and a number of plantation studies
in particular , that

* 
• treatment prior to planting must include cutting down and

removing pl ant material over a few inches above ground level ,
-. 

• but it does not appear to be necessary ~o remove the root struc-
ture , providing the “land” is thoroughly disked before plant-
ing, and
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• treatment after planting must include sufficient disking to
keep weeds and tramp growth from shading the species planted ,
and

• the disking program after planti ng must be continued until
the desired species effectively shade out growth of weeds
and other unwanted plants.

IV.A.6. Influence of Fertilization on Survival of Deciduous Species.
It is generally agreed that deciduous trees respond to fertilization .
This is particularly true for short-rotation plantations (see references
23 and 27, for instance). Fertilization , however, has been reported
to have detrimental effect on the fraction of plants originally put in
which survive for some years after planting time , all other condi t ions

* 

being the same. For instance, in the series of experiments reported
by International Paper Company ’6’22 , it was observed that at most sites
fertilization resulted in an ave rage s i x percent decrease i n surv iva l
rates for sycamore compared with survival in unfertilized sites. The

4 decrease in survival rate for fertilized sites was only about three
LI percent on the average for sweetgum when compared with the survival in

• 
* 

unfertilized sites.

In another set of experiments 11 , it was shown that granular (lawn-
type) fertilizer appl ied shortly after planting had a strong adverse
effect on survival of sycamore and eastern cottonwood. On the other
hand , pellet fertilizer (22-9-2 Forest Starter Tablet) had no effect
on survival of the same species. Reference to TaLle C-I!, where
values for the constants a and B In the expression for the decay
parameter as a function of A are estimated , suggests that fertiliza-
tion has a detrimental effect on survival , at least for eastern cotton-
wood. On the basis of the values for a and B given in that table for
eastern cottonwood , the followi ng survival rates at the end of the first
year after planting are estimated for two planting densities: -

~~

C-39

-~~~~ _____ -~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- — - . ---~~~~~~~~ - ,, ~~~~~• .. -
• -

~~~~ ~~~~~~~~~~ -~~ 
-

~~ —-~~~~~~~~~~~~~

Survival .Rates at End of First Year

5 ft~/plant 8 ft2/plant

No cultivation or fertilization 78% 82%
Fertilization and cultivation 83% 87%
Cultivation and no fertilization 87% 89%

Assuming the validity of these estimates, survival appears to be highest
with cultivation wi thout fertilization and lowest with neither cultivation
nor fertilization. Reference to Table C-I shows that similar conclusions
appear to apply to loblolly, sweetgum and sycamore. However, the overal l
effect of fertilization cannot be as simple and straightforward as these
concl us ions suggest.

In a number of instances where fertilizer has been used on short—rotation
plantings of deciduous species , the growth and harvestable yields per acre

• have been larger than from parallel plantings where fertilizers were not
F I used. These results suggest that the increased yields from plants which

survived to harvest must have outweighed the yield lost by a poorer sur-
vival rate in the stand as a whole. Moreover , if plant material is to be

* 

produced intensively in a plantation , plant nutrients and other fertiliz-
ing factors must be returned to the ground if the yield from the plantation
is to be maintained at a high level .

The effect of fertilization must, therefore, be complex. Because fertilizer
(from ash or from spent sludge recycled from plant matter used for solid fuel
or for SNG , respectively) most certainly will be used in an operating
Energy Plantation , values of a and B, or the decay parameter a in the ab-
sence of a and ~~~, estimated from fertilized stands will be used , when such
are ava il able , for estimating survival rates of plants grown under planta- 

•

tion conditions. In the absence of values from fertilized stands for ~ and
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, or for the decay parameter , values for unfertilized stands will be
used , knowing that whatever error may be introduced thereby is an over-

• 
- statement by a few percent of the probable plant survival rate.

IV.A.7. Influence of Other Factors on Survival. There are other factors
in addition to planting density , species and its adaptation to the plant-
ing site , cultivation and fertilization which have a bearing on plant
survival . One of these is the soil moisture level at planting time and
for a period thereafter, and another is the quality and condition of the
clones to be planted .

* 
Soil moisture , or more particularly a low level of soil moisture
at planting time and for a few weeks thereafter can have a catastrophic
effect on survival. There are no data which indicate what the minimum soil
moisture level must be to avoid loss of surviva l of recently planted dec i-
duous-species clones. One observer has , however , indicated that the soil
moisture level must be high enough so that it is not the factor limiting
the evapotranspiration rate from plants 28 .

Clone quality and condition is rather obviously a factor having con-
siderable bearing on the survival rate in a planting. The size of good-
quality clones depends on the species. For good survival in a cottonwood
or sycamore planting, clones about twenty inches long and between half and
one inch in diameter are recommended’3 . For hybrid poplars , clones four
to five inches long and half an inch in diameter can be successfully used ,
although clones about eight or ten inches long are preferred ’.

For best survival results , clones for most species are planted ver-
tically in the ground with an inch or two remaining exposed above the
groun d sur face. However , hi gh survival is reported for sycamore plantings
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if clones about twenty inches long are buried horizontally an inch or

two below the surface of the ground-- ”furrow plan ting ” is the name

given to this pl anting procedure~~.

Clones require a dormant period prior to being planted . For this

• reason , they are generally collected in the late fall or early winter

and are stored in the dark in a moist , but not soaked , condition for

* 
three or four months at between about forty and fifty degrees Fahrenheit.

- Failure to fol low this maturin g procedure may l ead to poor clone vitality

and survival . Clones are generally planted in the spring while the ground

is still moist near the surface.
a. .

• Clones for reestablishment of stands in an Energy Plantation should
be produced on the plantation itself to assure thorough adaptation of

plantings to the local climate , soil and other c •nditions. The length
-
~~ and diameter requirements for clones of the species involved must there- - •

fore be taken into consideration when planning the operation of the planta-
tion . •

IV.A.8. Plant and Stump Survival Under Multi ple Harvesting Conditions.
One of the features of the Energy Plantation concept is that five or six ,

or more , harvests will be taken from each planting , thereby reducing

I 
the overall cost of pl anting and minimizing the danger of soil erosion
by wind or rain. One of the reasons, among others (see Appendix B,

• Section V), that certain deciduous tree species are eminently suitabl e for
pl antation culture is their trait of resprouting vigorously and repeatedly
from their stumps after harvesting .

y
Equation C-l for the harvestable yield from a planting, as it is

written on page C-7, assumes that the number of living plants Nn at the
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time of the first harvest in the n-th year is known . The main thrust of
the preceding discussion of plant survival has been to devise and describe
means for estimating N~. But after the first harvest , there will be Mn 

*

• stumps remaining in the ground , most of which will resprout and provide 1

the next harvest. The question now arises about how many stumps will
survive to the second , and each of the subsequent harvests. This question
is the subject of this section .

A study for sycamore21 and another for silver maple’~ indicate that
the number of surviving stumps continues to decline after the first har-
vest at a rate predictable from the same value for a in equation C-2 as
is appropriate for estimating survival to the first harvest , if the age n
years of the stand is measured from the time the stand was ori ginally
planted .

On the other hand , the yields per acre from second and subsequent

:1 
harvests up to a total of five or six harvests per planting -—no data
on yield for more than six harvests are known to exist--are generally
significantly higher than from the first for all deciduous species for
which data are available. This higher yield from second and subsequent
harvests than from the first can be explained by the observed fact that
on the first and subsequent regrowths from the stump , several stems sprout
from each stump having a total weight at harvest greater than the weight
at harvest of the single stem which grew from the stump before the first
harvest. But a study on sycamore 2 9 shows that the weights from the
second and subsequent harvests from a stand are essentially identical--

:1

*The subscript on N indicates which harvest in the sequence of
harvests from a plkting is being considered . The symbolic desig-
nation of the plants surviving to the second harvest is N~ , the third
is N , and so forth. 2n3 • 

*
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• • the variation between harvests being about five percent. If

- 
it is assumed that the number of living stumps continues to decline from
harvest to harvest , the implication in the light of the findings in
reference 29 is either that a larger number of stems having a greater
total harvestable weight sprout from each living stump after each
harvest than from the immediately prior harvest , or that those stems
which sprout must have more total harvestable plant material in them
than did the stems from the previous harvest. Either of these possi-

* 

bilities , or a combination of them , would have to occur if harvestable
weight is to remain essentially constant through a succession of
harvests from the same planting whil e the number of living stumps
continues to decline , there is no evidence available to support
either assumption.

The rate of survival of stumps after each of a series of harvests
is , therefore, uncertain in the light of the conflicting results reported
in references 14, 19 and 21. It has been decided for evaluation purposes
to rely on the evidence that the harvestable yield per acre tends to re-

• main constant from the second through at least the fifth harvest , and
* thereby to bypass the uncertainty about stump survival during the period

• 
* while these harvests are reaped . • 

-

IV.A.9. Conclusions. The analysis of the data bearing on the survival

* of deciduous woody species leads to the fol l owing conclusions:

H 1. The number of surviving plants at year n is given by 
•

Nn 
= N0 10

-an (C- 2)-
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where Nn = 43, 560/A = number of pl ants per acre at plan ti ng time ,
A = area per plant at planting time , square feet per plan t,

n = years elapsed since pl anting time , and
a = decay parame ter.

2. For a given species which is well adapted to a particular plantation
site , the decay parameter is a function of the area per plant at

planting time :

a aA B (C-3)

where a an d B are constants. Because B is always negative in
equation C-3, the fraction of the plants which surv i ve always in-
creases as the spacing between plants is increased . In fact ,
equation C-3 is a mathematical statement of the concept of thinning
to improve yields of forests . Equation C—3 is valid over the
range of planting densities from one plant per square foot to one
per twenty square feet for all deciduous species for which data
are available and up to one per several hundred square feet for

: 1 a few species. Thus, the equation is valid over a far wider range
of planting densities than will be of interest for Energy Plantations.
That range is from four to about twelve square feet per plant.

3. The values of the constants a and B in equation C-3 are specific
to deciduous tree species and to varieties within a species. Esti-

mated va lues of the cons tan ts a and ~ are listed in Table C-Il for •

the species for which enough data are available for meaningful re-
gression analysis. 

L

C-45

* •



• -~~~~~~ 
~—*-—--— -- . -- ~~~~~~~~~~~~~

4. 
- For a given species or variety , the values of the constants a and

B depend on the cultural treatment applied to the plantation. In
particular , weed control during early growth improves plant survival 

*

very significantly and is therefore a necessary operation for
worthwhile plantation performance.

5. App lication of fertilizer at planting time may have an adverse effect
on the plant survival rate. However, it will be assumed that, pro-
vided the right type of fertilizer and application schedule are
used , any adverse effect on plant survival rate is more than offset
by increased yield from the surviving plants. That assumption is

• well substantiated by data.

• 
• 6. Thus , equations C-2 and C-3 can be used to determine the survival

rates of a given species or variety grown wi th specified cultural
treatments at a wide range of planting densities. When yield data 

- 

— 
-

for a species are given without survival data , equations C—2 and
C-3 can be used to reduce the gross yield data per acre to the
yield per plant required for equation C-i . Also , in view of the
similarity of the a-versus-A relationship (see Figure C-VIII) for
a substantial number of deciduous species , it is suggested that
when values of a and ~ are not available for a particular species ,
values of a and ~ for a species having similar growing habits be

• I used to estimate the survival rate of the species for which survival

* data are not available.

7. Adequate moisture and good planting stock are a prerequisite for 
*

good pl ant survival and the establishment of a plantation. These
factors may be controlled by choosing the time of planting and Se- *

lecting the planting material carefully.
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8. I t i s reasona bl e to assume tha t the number of l i v ing stumps rema ins
essentially constant for at least five harvests subsequent to the

first from a planting .

IV.B. Yields From Deciduous Species in Plantations.

IV.B .1. Introduction and Summary Conclusions. The total yield of a
plantation at a certain age is expressed as the product of the number of
surviving plants and the yield per plant (equation C-i). Analysis of

the data available on the harvestable yield per plant shows that the yields

can be expressed in terms of two constants--K1, a growth parameter and ‘4 .
K2, a limiting factor--or in terms of one of these constants and a corn-
bination of tne two, such as K1/2K2. Correlations have been established

between the constants K1, K2 and K1/2K2 and the planting area per plant A ,

• which are valid in the range of planting densities of interest for Energy
Plantations. The infl uence of several factors, such as species , culti-
vation and fertilization on the constants has also been elucidated for a
number of cases.

Being able to represent widely different growth data in a systematic
way by a small number of characteristic constants, as well as being able

to generate correlations between the characteristic constants and para-
meters of importance in an Energy Plantation , such as the planting density ,
provides an important tool for use in the design of Energy Plantations.

An approximate method for extrapolating yields from one location to
another on the basis of cliniatological differences between the sites has
a l so been der ived .
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IV.B.2. Method. The growth rate per plant per year g at year n
is assumed to be

-K2n
2

g = K1ne (C-4)

where g is the growth rate per plant per year at year n expressed
as pounds (oven-dry basis) per plant per year;

n is the age of the plant material ;
K1 is a growth parameter having the dimensior~s pounds (oven-dry

basis) per year squared ; and
K2 is a growth-limiting factor having the dimension s per year

squared .

• The curve represented by equation C-4 is bell-shaped when plotted against
the age n of the plant material . The maximum value of the growth rate g
is given by 

- 

- -I
= K1 (2eK2Y~

”2 (C-5)

H . at the age

H max 2 -

In the early years of plant-material growth, when K2n
2 is small enough to

- Kn 2 . .make e 2 abou t equal to one , g is about equal to K1 n and K1 is the
slope of the growth curve when n is small. The constant K1 is in the
na ture of an accelera tion , whereas K2 is a rate limiting factor.
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The yield per pl ant 
~n 

cumu lated at year n , is given by

y
~ 

= f g(x) dx (C-i)
0

K - Kn 2
= 

(2i~ 
) [~ - e 

2 
]
oven_dry pounds per plant (C-8)

When n is large in comparison wi th K2
112, y~ tends towards the asymptotic

va lue (K 1/2K2).

Experimental yield data are generally reported as accumulated tons
per acre, on an oven-dry basis or on some other one such as green weight
as harvested . For consistency and to avoid error and confusion , only
oven-dry weights will be used for the weight yield of plant material per
plant.

It should be noted that equations having mathematical forms similar
to thosein equations C-4 and C-8 have been used by others to describe
the height and wood volume as a function of age in forestry yield studies5.

IV.B.3. Computer Solutions for K1 and K.~ In the computer program ,
the following notational substitutions are made:

k1 (computer notation ) = K2 (equation notation)
k2 (computer notation) = 1(1/21(2 (equa tion notation)

and equation C-8 in computer notation becomes

-k n 2 
-

*

y~ = k2 (1 
- e 1 (C-9)

The constan ts k 1 an d k2 are determined from two experimental points ,
~y1, n1 ) and (y2, n2), by solving
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1 n 1 2  I I
~~ ~~~~~

- J in ~l - y 1/k2 ) = in ~1 - y 2/k.2 3 (C-b )

for k2 first.

Equation C—lO only has a solution if

y
2

I — i  > — (C- l i )y
1

Then , solve for k1, through

k
1 

= - (~-~) in 
fi 

- ~
‘i ) (C-12)

As will appear later , in a number of cases, condition C-il is not
satisfied , that is ,equation C-lO appears not to have a real solution.
This situation occurs when using yield data in equation C-lO from the
first year or so of plant-material growth , that is when growth is ~~- 

- •

essentially unhindered by the presence of nearby plants. Under these
circumstances, the only real solution for K in equation C-8 is zero.
Mathematically, this situation corresponds to the case where K2n in
equation C-8 is small enough in the periods represented by the v~lues
of n being considered that in the series expansion of (1 - e~~2~

l 
) the

v3lue of is essentially equal to

K
= (C- l3)

During this early period of plant-material growth, the harvestable yield
increases para bol icall y with n an d is, for all practical purposes, a
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function of only K1 and n. If all the growth data available are within
the range of n in which equation C-l3 is a good representation of the
data , there is no way for estimating a value of K2 from the data.

IV .B.4. Average or “Best Fit ” Solutions for K1 an d K2. The values ob-
tained for K1 and K2 through the computer program when condition C-li
is satisfied depend on the pair of experimental points chosen for cal-
culat ing k2 in equation C-lO. Because of experimental and other non-
systematic errors in the values , the estimated values for K1 and K2
may depend on which pair of data points are chosen for use in equation
C-1O , when there are ~ufficient data available to allow more than one
choice of data pairs.

• 

- 

The yield data from reference 17 for hybrid poplar clone 49 have
been used to calculate values for K1, 

~2 
and K1/2K2 by the computer

procedure summarized in equations C-9 through C-l2 for each pair of
data points which can be formed from the data in the reference, which

H meet the requiremerts of equation C-l i . The resulting estimates of
H the K factors for each pair of data points are shown in Table C-IV ,

along with their arithmetic averages. It will be noted that there
is variation in the estimates of each of the K factors. -

•

In the lower part of Table C-IV the yields of pl ant matter har-
vested are backcalculated using each of the groups of K-factor esti-
mates in turn for each of the years for which yield data are available
(each year up to the fourth year), and the backcalculated estimates are
compared with the actually measured yields. It will be seen that:

. the backcalculated yield estimates for the harvest at the
end of the first year after planting are far higher than
the actually measured yields; and
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• the estimates based on the average values for K1 an d K2 (the
right-hand column in the table) are closer to , and in fact

* almost on top of the actual harvest yields in the second ,

third and fourth years than are any of the estimates made
for years not used in estimating the K values (the fourth
year in the first column of estimates, the third in the

second , and the first in the third).

Results similar to those summari zed in Table C-IV are obtained when the
procedure used for the table is appl ied to other sets of actual yield 

*

data .

In the light of the findings exemplified by Tabl e C-IV , the follow-
ing method has been adopted for estimating K1, K2 and K1/2K2 from yield

data :

• work only with harvest yields expressed in oven-dry pounds
per plant - where the harvest yield data are expressed as a -

•

- 
- green weight , convert them to an estimated oven-dry weight

• using the conversion factors given in reference 30;

• convert harvest yields into yields per plant either from - -

actua l plant surviva l data at harvest time provided by
the data source or on the basis of estimates calculated by the
methods summarized in section IV.A.9 of this appendix;

• calcu late va l ues of K1 an d K2, using equations C-lO and C-12 ,
for all pairs of harvests which satisfy the requirements of
equation C-li , an d av era ge the values of K1 and ~2 

SO calcu-
lated--these average estimates of K1 and K, are accepted as the

C.

- - best estimates of the K factors which can be calculated from
the yiel d data available for a particular species-site combination .
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• IV.B.5. Data Analyzed. The available experimental data on the weight

of harvestable material per plant from deciduous species have been
analyzed by the procedure described at the end of the preceding section.
Harvestabl e material is defined as the ent ire struc ture of plan t over
a few inches above ground level . In other- words, after harvestin g, the
stump which remains at the planting site will be only a few inches high.

The results of this analysis for first harvests from plantings of
several species at various sites, planting densities and age at first
harvest are shown in Table C-V. The column “Average Over” in the table
indicates the number of combinations of pairs of plant age at harvest
time available for use (that is , they meet the requirement of equation
C-il) in making estimates of K parameters.

It is probabl e that the estimates of the K parameters for first
harvests from sycamore plantings shown in the table are less reliable

- 

• than those for most other species-planting density combinations shown

because only one pair of plant-age-at-harvest-time data for each of 
•

five of the six sycamore plantings meets the requirements of equation
C-il , and cou ld therefore be used for estimati ng K parame ters . The
pairs of plant—age—at-harvest-time data which could not be used for
estimating K values because they do not meet the requirements of equa-
tion C-il are examples of combinations of planting density and age of
the planting at first harvest during which plant growth apparently is
essentially unhindered by the planting density , and hence the appro-
pr iate valu e for K2 i s zero . Un der these c i rcums tances, values for K1
can be estimated approximately by equation C-13. Values for sycamore
estimated on this basis are shown in Table C-VI. The agreement between
the averages of the estimated values of K1 shown in Table C-VI and those
in Table C-V (when it was possible to make an estimate based on equations
C-lO and C-12) is not particularly good. But the agreement is better,
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al though still not very good, for harvests at younger planting ages than

at older ones. This finding is to be expected, because the infl uenc e of
crowd ing between plan ts ( the K2 parameter) would have begun to make itself
felt by harvest time in the older stands, and equation C-l3 would no longer
be a reliabl e way for estimating K1.

The results of the analysis of experimental data on the weight of
harvestable material per plant for second harvests are sunii~arized in Tables

C-Vu and C-VIII. The estimated K parameters shown in Table C-VU were
calculated using equations C-lU through C-12 with the values of n for the
age in years of the plant material harvested being measured from the time
of the first harvest. Thus , if the second harvest was taken from a parti-
cular planting three years after the first 1 the value used for n in the
equations is three . Just as has already been noted for first harvests ,
there are also cases for second harvests in which the planting density
and years to second harvest are such that growth interference between

• adjacent plants is not encountered , and therefore , the requirements of
equation C-il are not satisfied . Under these circumstances , 

~2 
is zero,

and equation C-13 must be used for estimating the value of Two
such instances are shown in Table C-VIII .

— The estimated values of the K parameters listed in Tables C-V through
C—V II I for the deciduous species , except aspen , red alder and quaking
as pen , are plotted against the planting density per plant in Figures
C-XI I through C-XVII.

IV.B.6. Dependence of the Growth Parameter K1 on Factors Characterizing
a Plantation. Inspection of Figures C-XII through C-XVI I indicates that
the valu e of the parame ter K 1 depends on the plan ti ng area per pl an t, the

• species , the harvest and possibly other factors. These relationships are
exam i r~ed in this section.
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IV.B.6.a. Influence of Planting Area per Plant. It is apparent from Figure
C-XIII for cottonwood , Figure C-XIV for hybrid poplars and Figure C-XV

- - 
- for sycamore for first harvests from a planting that the growth parameter

- 
K 1 generally increases as the planting area per plant is increased . The
same general trend is also evident for second harvests as exemplified in
Figure C-XI I for black cottonwood , Figure C-XVI for unfertilized sycamore

- 
and Figure C-XVJ I for fertilized sycamore.

-

- 
It is obvious that K1 cannot increase indefinitely as the planting area
per plant is increased , because if it were to, a single isolated plant
in a very large area would grow at a near infinite rate. It is common —

- 
knowledge that such does not occur. In fact, examination of Figure C-X III

- 
for cottonwood suggests that the rate of increase in the value for K1

• tapers off as the planting area per plant becomes large--for instance ,
when it  is greater than about 150 square feet. It is reasonable to
assume tnat K1 reaches an asymptotic value as the planting area is in-
creased , in which case the data for K1 in Figure C-XIII can be represented
by

K1 
= x 1 (1 - e~~2

A ) (C-l4)

This equation follows the shape of the esf’imates for K1 shown in Figure - *

- - C-XIII , because if A 1 and A 2 are truly constants , and if the value of
A 2 is less than one , then:

• when the planting area per plant A is small , K1 will be a
linear function of A; and

• when A is large , K1 will equal the constant x~.

Using the values for K1 in Figure C-XIII at thirty-six and 288 square
feet, equation C-14 becomes —

K1 
= 17.4859 (1 - e 0 . 0 0 8 3 8 9 5 A ) (C-15) 

*
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TABLE C—VT

ESTIMATED VALUES OF K 1 CALCULATED FROM EQUATION C-13
FOR FI RST HARVE STS FROM SYCAMORE GROWN IN BOTTOMLAND IN THE GEORGIA PIEDMONT -

~

Planting Estimated Values of K1 Based on Average -

Cultural Density Harvests at Indicated Planting Age of
Treatment Ft2 per Plant 1 Year 2 Years 3 Years 4 Years Values Ref.

Cult. & Fert. 4 0.42202 0 55158 - 0.66020 0.52978 23
23 -

8 0.35630 0.94922 - 0.87338 0.65358 23
0 43546a 23 

-

16 0.38256 0.75666 - 1.41946 0.73530 23 -
23 -

-

24 O 56658 1.01982 - 1.33322 0.84322 23 1
0 45326a 23 -

~

,,1,
Cult. & Fert. 4 - 1.06258 0.84412 - 0 95335 21

- 

- 

8 - 0.76906 1.02473 - 0.89689 21 
-

16 - 1.35016 2.05598 - 1.70307 21

24 - 1.67182 2.58962 - 2.13072 21

Cultivated 4 - 0.65462 0.55098 - 0.60280 26
8 - 0.52260 2.05794 - L29027 26 

-

16 - 0.33852 0.62676 - 0.48264 26
24 - 0.55362 1.18572 - 0.86967 26

Footnote: a - values from a second site .
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This equation represents the two other values for l(
~ 

In Figure C-X 1II to
• within less than five percent error. A functional dependence between

K1 and the planting area per plant A of the form of equation C-l4 is
probably a good approximation.

However, in many cases--see, for instance , the data for hybrid poplar
in Figure C-XIV—--the range of values of A for which K1 estimates are
available is too narrow to permit determination of the constants 5’.~~ and
A 2 in equation C-14. These cases are those for which x2A i s small
enough for the exponential term in equation C-14 to have a strong in-
fluence on K1. However , by taking the logarithm of equation C-l4 and 

*

expanding the exponential as a series in (x2A), log 
~ 

can be expressed
as:

H -x 2A1og K1 = 1og X1 + 1og (~~-e )

~~l.og x 1 + log (x2A) + log (l -~~-~~~)+ 

= log A 1 + log (A 2A) 
- 

(C-l6)

Equation C-16 suggests that for low enough values of A for x2A to be
small with respect to one, a linear relationship between K1 an d A ex i sts
on a log-log plot. This is i ndeed what the experimental data suggest in
Figure C-X II and in figures C-XIV through C-XVII for first and second
harvests.

In light of the finding , the dependence between K1 and A can be repre-
sented approximately as:

K = ~1A~2 (C—l7)

— 
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which is the equivalent of

log K1 
= log ~~ + 

~ 2 log A ~C-l8)

for the relatively small values of A of interest for Energy Plantations.
Comparing equation C-l6 with equation C-18, it is apparent that

log ~ log x 1+ log A 2 (C—19)
and 

~“ 2 1 (C-20)

The relations C-19 and C-20 will not be strictly true because
higher order corrective terms , such as log (1 - A 2 A/2), have been
ignored in equation C-l6.

The approximation represented by equation C-l7 has been tested for
• cottonwood (data in Figure C-XIII) and for low values of A (up to

about thirty square feet per plant). It is found to represent the
values given by equation C-l5 to within less than two percent.

Relations of the form of equation C— iT, therefore, will be used to
represent the K1 versus A dependence.

Regression analyses on the basis of equation C-l7 have been made
between the values of A and K1 shown in tables C-V . C-VI and C-Vu
for all species except the pines , aspen and red alder. These plant-

- 
1 ings were excluded from consideration for various reasons , including,

in some cases the species being of no interest for Energy Plantations ,
the planting density being far higher than is practical for fuel pro-
duction and no record of the number of plants surviving at harvest
time . The regression values for 

~ 
and 

~ 2 and their respective standard
deviations are shown in tables C-IX and C-X for first and second harvests ,
respectively. It will be seen that the standard deviation for the
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two ~i
1 s reflecting first harvests are smaller in relation to their

respective means than is the case for second harvests. Standard
deviations are about fifteen percent or less of the means for first
harvests and are up to twice this fraction of the means for second
harvests . The fact that more values of K1 are available for many of the
species listed in Table C-IX (first harvests) than for those in Tabl e
C-X (second harvests) may account in part at least for the difference
in the value of the standard deviations in relation to their respective
means - *

Regression lines based on the estimates in Tables C-IX and C—X are
plotted in Figure C-XVIII. These lines are probably realistic for
planting areas per plant up to about twenty-four square feet, which
means that they are probably valid for the range of interest for
Energy Plantations (from about four to about nine square feet per
plant).

Examination of the estimates in Tables C-IX and C-X and Figure C—XVIII
suggests the followi ng:

• within the range of uncertainty indicated by the standard
deviation estimates shown -in Tables C-IX and C-X , the linear
dependence between K1 and A on a log-log plot (the equiva- 

- 
—

lent of equation C-17) appears to be well established for firs t
and second harvests in the planting density range between
about one and twenty-four square feet per plant;

• the regression lines for first harvests all seem to have
similar slopes which are not quite as steep as those for
second harvests, and the slopes for second harvests are
also quite similar to one another; and 1 

-

• for a given planting area per plant , the absol ute values of
K1 seem to depend on species.

4
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The unifo rmity of the slopes for first harvests and for second harvests
• revealed in Figure C-XVIII is significant. The slope of the regression

lines measures the influence of spacing or crowding between plants on
their rate of growth. It is remarkable that this effect is apparently
so similar for first harvests from the species represented in the figure ,
and also for second harvests. It is to be noted that spacing has a stronger
influence on yields from second than from first harvests--a not unexpected
finding , because deciduous species generate several sprouts from their
stumps after harvest and , consequently, being bushier than they were
prior to the first harvest, fill the space between plants more quickly,
thereby interfering with one another sooner than is likely before the
first harvest.

1V.8.6.b. Dependence of the Growth Parameter on Species and Varieties.
It is apparent from Figure C—XV III for any given planting density that
the growth parameter K1 varies significantly from species to species. For

- 
- instance , for first harvests at a planting density of about 6.5 square

feet per plant ) which is in the middle of the range of interest for Energy
Plantations , the values of K1 for the species shown in the figure are in
the following order:

all hybrid poplars 0.52
hybrid poplar clone NE-388 0.64
cottonwood (P. deltoides) 1.33
fertilized sycamore 1.95

J
For second harves ts, the estimates of K1 for the species in the figure
are :

hybrid poplar clone NE-388 3.99
fertilized sycamore 2.26
black cottonwood 1.40
unfertilized sycamore 1.354-- -
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TABLE C— IX

ESTIMATES OF THE CONSTANT S p~ AND P2 IN EQUATION C-l7
FOR FIR ST HARVESTS FROM A VARIETY OF DECID UOUS SPE CIE S GROWN

ON SEVERA L SITE S WITH VARIO US CULTURAL TREATMENT S

Species Footnotes Equations Estimates 0-f p
~~ 

Estimates of P7
for

K1 Estimate Mean Standard Mean Standard
Va l ue Dev iation Value Dev iation

Cottonwood
(P. deLto~Lde,-a) 1 C-12 0.34478 0.01066 0.72124 0.00716

Hybrid Poplars:
NE 388 2 C-12 0.14537 0.00006 0.67621 0.00047
NE 388 3 C-12 0.18504 0.02445 0.69247 0.11835 —

NE 388 4 C-12 0.16257 0.01696 0.73294 0.10623
- i 49 5 C-12 0.14976 0.00990 0.39786 0.05931

252 6 C-12 0.14716 0.00604 0.78659 0.03684
All clones 7 C-12 0.15608 0.01572 0 64032 0.09601

Sycamore:
Fertilized 8 C-l2 0 52137 0.07027 0.70469 0.06749
Low-yield
Plantings 9 C-12 0.39554 ? 0 A3458 ?
Reference 21 10 C-13 0.41465 0.16498 0.49420 0.15832
Reference 23 11 C-l3 0.37983 0.01971 0.24782 0.02116

Footnotes : Source Site Reference

1 Table C-V Mississi ppi 10
2 Table C-V Musser Farm, Pa. 1
3 Table C-V Stone Valley , Pa. 17
4 Table C-V See footnotes 2 & 3 1 and 17 *

5 Table C-V Stone Valley , Pa. 1 7
6 Table C-V Stone Valley , Pa. 17
7 Table C-V All sites 1 and 17
8 Table C-V Georgia and Mississippi 21 and 31
9 Table C-V Georgia 23 and 26

10 Table C-Vt Georgia Piedmont
bottomi and 21

11 Table C-Vt Georgia Piedmont
bottomland 23

C-77 -. .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ - - -



___  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - - .-

~
,- -  -f- - 

~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~ 
,~
__

L~~

These differences in the parameters K1 may be due to several factors
among which are the following:

. inherent differences in growth rate between species (the
larger K1 is , the greater the growth rate--see equation
C-8);

• differences in growi ng conditions (soil and climate ) between
the sites represented by the data in Tables C-IX and C-X;

• differences in the degree to which the various species in
Tables C-IX and C-X are adapted to their respective growth
sites; and

• effect of using fertilizer.

Estimates have been made of the growth parameter K1 as a function of plant-
ing density for the various hybrid poplar stands in Tables C-tX and C-X.
The estimates , calculated from the appropriate ii values in the tables , -

are shown in Figure C-XIX. Note there are differences tn the growth
parameter K1 (and hence also in the growth rate per plant) for the - 

-

three varieties grown at Stone Valley , Pennsylvania , even though they
were all grown simul taneously. These differences may be due to experi-
mental variation , inherent differences between varieties , or to differ-

- : ences in the degrees of adaptation to the site . The difference in the
parame ter K1 for clone NE 388 grown at two sites (Musser Farm and Stone
Val ley) could be due to experimental error, differences in the degree
of adaptation to the sites , or differences arising fro~ variations in

-
~~ the l ocal conditions (soil and climate ) between the sites. Experimental

error can be ruled out as an important cause for variation , because
the estimates of the growth parameter K1 are based on plantings at
severa l planting densities (see Table C-I) and on several harvests (see
“Average Over” column in Tables C-V and C-VII). Unfortunately, there
are insufficient data to separate and appraise the other effects.
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TABLE C-X

ESTIMATE S OF THE CON STANTS ~ AND p
~~ 

IN EQUATION C-17
FOR SECONV HARVESTS FROM A VARIETY OF DECID UOUS SPECIE S GROWN

AT SEVERAL SITES WITH VARIOUS CULTURAL TREATMENTS

Species Footnotes Equations Estimates of p
~~ 

Estimates ofj~for
K1 Estimate Mean Standard Mean Standard

Value Deviation Value Deviation

Black Cottonwood 1 C-12 0.23383 0.07349 0.95461 0.17284
4.

— Hybrid Poplar
NE 388 2 C-l2 0.72162 0.18766 0.91384 0.28743

¶ Sycamore—fert.
-stumps , 1 Yr .old 3 C-12 0.24710 0.06135 1.04597 0.10530

H -stumps , 1 Yr.old 4 C-l2 0.54603 0.18294 0.86093 0.13425
-stumps , 2 Yr . old S C-l2 0.35562 0.12466 0.98757 0.15950
-all stumps 6 C-l2 0.36048 0.08565 0.97335 0.10102

Sycamore-Unfert.
-stumps , 1 Yr .old 7 C—l2 0.32236 ? 0.84781 ?
-stumps , 1 Yr .old 8 C-12 0.35431 0.07916 0.66557 0.09493 ‘

~~ 
-

-all 1-Yr. old • - 2

stumps 9 C-l2 0.30812 0.12109 0.78887 0.15460
-stumps 1 & 2 Yr. -

old 10 C-12 0.02945 ? 1.11832 ? 

Footnotes: Source Site Reference

1 Table C-Vt ! Mt. Vernon , Wash. 19
2 Table C-Vt! Musser Farm, Pa. 1
3 Table C-VII Georgia Piedmont bottomland 23
4 Table C-Vt! Georgia Piedmont bottomland 21
5 Table C-Vt ! Georgia Piedmont upland 29
6 Table C-Vt! See footnotes 3, 4, & 5 21 , 23 & 29
7 Table C-VU Georgia - Skull Shoals 26
8 Table C-Vt ! Georgia - Falling Creek 26
9 Table C-Vt ! See footnotes 7 and 8 26
10 Table C-Vt! Georgia Piedmont bottomland 32
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Comparison of the growth parameters K1 for second harvests from fertilized
and unfertilized sycamore (lines B and E in Figure C-XVIII) grown in bottom-
land in the Georgia Piedmont suggests that fertilization could be respon-

‘ sible for a substantial part of the difference between the values in K1
for first harvests for sycamore (fertilized-line C) and the two hybrid
poplar entries (lines G and H), neither of which were fertilized .

Significant differences in the growth rate of cottonwood varieties grown
in the midsouth have been reported3~. The data from this source have
not been considered in the analysis of the parameter K1 in Tables C-V
through C-X and in Figures C-XII through C—XV III , because they are not
complete enough for inclusion. They do, however , support the conclusion
with respect to hybrid poplars , to wit that there are differences in
growth rate under the same growing conditions (common site , for instance)
between varieties within a species.

While pines are of no interest for Energy Plantations , it is worth not-
ing that experiments conducted in Florida 35 indicate breeding and select-
ing particular strains of slash pine may signifi cantly improve growth
rates and yields in pine plantations. This observation is further ~ub-
stantiation of the conclusion reached at the end of the preceding para-
graph .

A note can be made at this point about the relative growth rates of
deciduous species versus conifers . As can be seen in Table C-V , the
growth parameters K1 for slash and Choctawhatchee pines (fertilized and
unfertilized ) grown at a planting density of eighty square feet per tree I
are much smaller than that for Eastern cottonwood grown at seventy-two
square feet per plant.
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FIGURE C—XVIII

REGRESSION LINES CALCULATED USING EQUATION C-i?
AND p VALUES SHOWN IN TABLES C-IX AND C-X
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Table References by Table Footnote Number
LINE SPECIES FIRST HARVESTS SECOND HARVESTS ‘

— - 

. 
- ThBI~E C—tX TABLE C— x

A Hybrid poplar - NE-388 - 
- - 2

B Sycamore - fertill2ed - 
- 6

C Sycamore - fertilized 8 * 
‘

* 0 Black cottonwood - 

- 1
E Sycamore - unfertilized - 9
F Cottonwood I - 

-
G Hybrid Poplar - NE— 388 4 -

H Hybrid Poplar - all clones 7 
- - . 
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By extrapolating the values of K1 for sycamore arid poplar to eighty square
feet per plant , it is also -found that the growth rates for these species
are significantly higher than for conifers . Thus , one of the important
differences between conifers and the deciduous species considered for
Energy Plantations is that the latter are much faster growers, thereby
resulting in higher yields on short harvest schedules. Another reason
for which conifers are not attractive for Energy Plantations is that
conifers (with the exception of pond pine 36) do not resprout from their
stumps as the deciduous species of interest do. These are two of the
reasons why con ifers are not con sidered for Ener gy Plantations (see also
Appendix B, Section V).

It is also to be noticed from Figures C-XVI II and C-XIX that for the
- - species for which first and second-harvest data are available , the growth

parame ter K 1 for second harvests is larger than that for the first. The
ratio of the growth parameter K1 between secon d an d fi rs t harves ts can
be expressed as a function of planting area per plant. On the basis of
the regression constants shown in Tables C-IX and C-X , these relation-
ships for hybrid poplar clone NE-388 (cultivated but unfertilized ) grown
at Musser Farm from one to three-year-old stumps for the second harvest
and for fertilized sycamore (footnote 4 in Table C-X and 8 in table C-IX)
regrown from one-year-old stumps are, respectively:

(V  ‘i

‘ 1’2
(K ) 

= 4.96402A°.23763 (C- 21) ~ ;~

1 1

: 1  
~‘~1~2

= 1.O473OA°•’562~ (C-22)-
~ 1’l
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FIGURE C-XIX

ESTIM A TED VALUE S OF THE GROWTH PARAMETER
FOR VARIOUS HYBRID POPLAR STANDS
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These equations are plotted on Figure C-XX . The fact that second
growth rates are higher than the first is not surprising as on second
growth each stump develops several sprouts and , as a consequen ce,
cons idera ble bushiness. For instance , Bowersox ’ reports that at four
square feet per plant , on second growth each stump produces on the
average six sprouts from one-year-old stumps. In the case of sycamore,
Kormanik et aL2’ report 1.5 to 3 sprouts per stump on regrowth at
four to sixteen square feet planting densities from three-year-old
stumps. It is seen from Figure C-XX that the ratios of the 

~~~~~~~ 

for
second to first harvests are approximately equal to the number of sprouts
per stump on second growth. The larger rela ti ve increas e in second
growth recorded for hybrid poplar as opposed to sycamore could be due to
differences in the inherent growth habits of the species , or to the
fact that fertilizer was used in the sycamore plantings. The data are
not sufficient to clarify this point.

The preceding analysis of the dependence of the growth parameter K1
on species and varieties leads to the following conclusions :

• the growth parameter varies between species and between - :

varieties within species ;

• the growth parameter seems to be affected by site condi-
tions , cul tural trea tments and use of fer tili zer ;

• the growth parameter is larger for regrowth from stumps
-
~~ than for growth before the first harvest from a planting ,

and the ratio between the second and first-harvest growth
rates may be approximately proportional to the number of
sprou ts produced per stump on regrowth , and the num ber of a

sprou ts produced may also be an inheren t charac ter istic of
species ;

• the growth rates for conifers are inherently substantially
— lower th an for deciduous species of interest for Energy 

- 

-

Plan tations; -

-~~-
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• the slope of the relationship between the growth parameter K.~
and planting area per plant (equation C-17) appears to be re-

• marka bly cons tan t for a var iety of spec ies an d var ieties (see
Figures C-XVUI and C-XIX) for growth before the first harvest,

and steeper , but again remarkably constant, for regrowth from
stumps (see Figure C-XVIII), which means that in the absence
of growth data for a specific species of interest, the char-
acteristic slopes shown in Figure C-XV IIII can be used as a
fairly reliable approximation to the effect of planting area
on growth rate; and ,

• however, because of the paucity of growth data available for
deciduous species grown on short harvest schedules , rough
estimates for the relationship between K1 and planting area
per plant for some species or varieties adapted to the site
for which specific growth data are not available can be made
by assuming the general applicability of:

- the’ l ine for “all stands ” in Figure C-XIX for first
harvests from hybrid poplars; and

- the “average” of lines D and E in Figure C-XVI II for -~~

second harvests from all species grown with cultiva-
tion but without fertilizer .

- 4
IV .B.6.c. Dependence of Growth Rate on Cultural Treatment. It has been
shown in section IV .A .5 of this appendix that survival of plants in a
pl antation is strongly dependent on the cultural treatment at the site
before and ,for a while ,after planting . The harvestable yield y,, of
plant material per plant is similarly dependent on cultural treatment--a
point well illustra ted by the data in Figure C-XXI for sycamore grown in

- 
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FIGURE C-XXI

HEIGHT OF THREE-YEAR-OLD SYCAMORE AS A FUNCTION
OF CULTURAL TREATMENT , FERTILIZATION AND SITE INDEX
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Bainbridge , Georgia by International Paper Company 16 ’22 . These data
show the influence of each of four cultural programs on the height

attained by three-year-old sycamore grown on land having three different
site indices on the pine scale, with and without fertilization . The
cultural treatments are the following :

“Burn” “Chop ” “Mow ” “Di Sc ”
- Before planting :

Shear X X X X
Burn X X X X
Drum chop - twice X

- Root-rake X
D isc X

Following planting :
Mow between plants X
Disc between plants X

The intensity of cultural treatment is least for “burn ” and greatest for
“disc ” .

The most striking feature of Figure C-XXI is the relatively huge impact
treatment after planting (the “mow ” and “disc ” programs ) has on the height

-
~~ of the three-year-old sycamore. The major effect of mowing and disking

after planting is to keep weeds and other tramp vegetation from shading
the young sycamore, although disking obviously must have other beneficial
effects also.

Comparison of the results for “burn ” and “chop” show that more intense
site preparation prior to planting is also beneficial - But simultaneous

C-88 
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1
reference to Table C—XI and Fi gure C-XXI suggests root-raking (a step
in the “mow ” sequence in Figure C-XXI) before planting has only a relatively

small effect compared wi th mowing or disking after planting . The same
conclusion appears justified with respect to the relative benefit
between disking before and after planting.

Results similar to those sun~narized in Figure C-XX I are reported by
In terna ti ona l Paper Company’6’22 for sweetgum at Bainbridge and for
sycamore and sweetgum at the other sites (see page C-32) in the paper
company ’s experimental program . Comparable experiments in Kansas ’’
on cottonwood , sycamore, Russian olive , hackberry and green ash show
that in all cases weed control through cultivation gives better growth

5 

per plant than does either mowing or chemical weed control .

— 
The same remarks which were made about the effect of chemical weed-con-
trol agents on plant surv i val (see page C-36) also apply to plant growth
rate.

No quantitative data have been found for assessing the effect of a
- I cover crop used for weed control on the growth rate of deciduous species.

Experiments along these lines are underway in Georgia on sycamore26 , but
no results have been reported yet. Data have been reported , however , on - - i
the infl uence of a cover crop on the growth rate of slash pine 35 ’36 ’37 .
The data indicate that in most cases for unfertilized sites, the use of
a cover crop resulted in a loss of about ten percent of the yield achieved
when disking is used for weed control . On fertilized sites, use of a
cover crop for weed control increased the yield by about six percent over
that achieved when disking was used for weed control . It should be
stressed that these conclusions are not general and were found to
vary between strains of slash pine .

- 
-
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The data available on the effect of cultural treatment on growth rate
l eads to the following conclusions :

• site preparation prior to planting, which includes removing
plant material over a few inches above ground level , fol lowed
by disking contributes to a higher growth rate of the planted
species;

• weed control after pl anting and until the planted species is
well established contributes markedly to the growth rate of
the planted species ; and

• disking appears to be the best means for weed control , al-

• though use of a cover crop may be another effective means.

IV .B.6.d. Influence of Fertilization on Growth Rate. There are no
definitive results showing the maximum benefits of various fertilization
treatments on the growth rate of deciduous tree species grown on short
harvest schedules . In a few cases, fertilization has been shown to be
beneficial to growth and yield of species of interest for Energy Planta-
tions. The amount of dry plant material produced by sixty-four sycamores
produced from a mixture of four clone types grown from April to October
wi th application of a Hoagland nutrient solution , as a function of the
concentration of the nutrient solution is shown in Figure C—XX II. It
will be seen that the amount of pl ant matter produced increases at first
with solution concentration and then seems to decrease 38 . The respons e
of sycamore to fertilization is also indicated in Table C-VU , where it
is seen that all the growth parameters 

~l 
for fertilized experiments are

lar ger than those for unfer ti l ized exper imen ts. The same trend is appar en t - 
-
~~~~

in Figure C-XVIII. It has been reported that the growth rate of black
cottonwood responds to fertilization 25 . In this case, application of
16-16- 6 fertilizer increased the yields from the first harvest from a two-
year-old planting and from a second harvest two years later by between

* - - 

- 

thirty and forty percent. -: 

-
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TABLE C-XI

-

- 

EFFECT OF SITE PREPARATION PRIOR TO PLANTING ON GROW TH OF PINES
- IN SANDY SOILS I N THE CAROLINAS , FLORIDA AND GEOR G IA

FIFTEEN YEARS AFTER PLANTI NG

Site Preparation Procedure Harvestable Weight
per Tree

Oven-Dry Pounds

No preparation 4.2 a

Burning only 5.6
Burn and root-rake 9.6
Burn and B.S.W.’ twice 16.4

- 
Burn and B.S.W.’ once 23.8
Burn , root-rake and disc 27.6
Burn and chop once 39.8

I 
Burn and chop twice 55.9

Source: Reference 7 from which the tree hei ghts and breast-high diameters
- given have been converted into oven-dry weights by the relation :

H weight 0.1018 D2 H -

*

where 0 ‘is the diameter in inches of the tree trunk at breast height ,
and 1-1 is the tree height in feet.

1 

Note 1: A land-clearing machine having a sharp blade mounted like a bulldozer
blade which shears stems protruding above the ground .
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The heights of three-year-old sycamore and sweetgum grown without
fertilization and wi th application of four hundred pounds per acre
of 10-20-10 fertilizer in plots having three different site indices
are shown in Figure C-XXIII. The plots were given the “disc ” (see
page C-.88) cultural treatment. The data in this figure indicate , at
least for the specific fertilization schedule followed , that:

• growth of sycamore responds noticeably to fertilize r at the
sites having indices of eighty and ninety , but not signi-
ficantly at the site where the i ndex is one hundred --in
fact, fertilizer as used in these experiments ’6’22 caused
all three sites to be about equally productive for sycamore;

• growth of sweetgum was significantly increased by fertilizer
at the site having an i ndex of eighty ,but statistically in-
significant effects (according to references 16 and 22) were
produced by fertilizer at the sites having indices of ninety
and one hundred ; and

• the response to fertilization depends on the species--the
reponse of sycamore is larger than that of sweetgum--compara-
tive tests for loblolly pine (not shown in Figure C-XXIII ,
bu t see referenc e 16 ) show no effect from fer ti l izer.

Howeve r, the effect of fertilizer is more complicated than these results
suggest. For instance , the response of sycamore to fertilizer at a given
site ‘index was statistically significant at only two of the localities (see
page C-32) at which these experiments were ~arried out

16 ’22 . The reason
for the lack of response at many of the sites is unknown . It may , however , *

be that the factor limiting growth is something other than nutrient avail -
ability provided by the fertilizer. It might be moisture , for example.

C-92
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FIGURE C-XXI I

PLANT MATERIAL PRODUCTION FROM CERTAIN SYCAMORE STRAINS GROWN -

W I T H  APPLICATION OF HOAGLAND NUTRI ENT SOLUTIONS OF V A R I O U S  CONCENTRA T IONS

* 
- (Source: Reference 38)
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Application of treated city sewage to tree plantations has also been
shown to result in improved yields as compared to the yields at un-
fertilized sites27. This finding is of particular interest for planta-
tions from which the plant material is to be used for making synthetic
natural gas by anaerobic fermentation. It indicates that the sludge
produced from the fermentation probably has great value as a fertilizer
at no cost other than the cost of returning it to the plantation and
spreading it on the land .

IV.B.7. Dependence of the Limiting Factor K2 on Factors Characterizing
a Plantation.

IV .B.7.a. Infl uence of Planting Area Per Plant. It is apparent in Figures \
C-XI II (cottonwood) and C-XIV (hybrid poplars ) that for first harvests , the
limiting factor K2 appears to decrease with increasing planting area per
plant. A similar trend seems to be noticeable for second harvests from
bl ack cottonwood (Figure C-XII), hybrid poplar (Figure C-XIV), unfertilized
sycamore grown at Skull Shoals and Falling Creek , Georgia (Figure C-XVI),
and fertilized sycamore (the crosses in Figure C-XVIII).

The limiting factor K2,which has the dimension reciprocal years squared ,
is a measure of the rate at which the growth of an individual plant slows
down because of interference from adjacent plants. Thus , it is expected
that as the planting area per plant is increased , the value of 1(2 should
decrease. There appear to be some cases, however , where the reverse
seems to occur--that is,as planting area is increased , K2 also increases.
Examples of this relationship between planting area and K2 are first
harvests from hybrid poplar clone 252 (Figure C-XIV), first harvests
from fertilized sycamore grown in Mississippi (Figure C-XV), and second
harvests from fertilized sycamore (Figure C-XVII).
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FIGURE C-XXII I

INFLUENCE OF FERTILIZER ON THE HEIGHT OF THREE-YEAR- OLD SYCAMORE
AND SWEETGUM GROWN WITH “DISC ”CULTURAL TREATMENT

AT BAINBRIDGE , GEORGIA

H 
c ? 8 .

6 :
Leqend :
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0 Sycamore , Unfert i l ized
• Sycamore , Fer t i l i zed
o Sweetgum , Unferti l ized -

U Sweetgum , Fertilized

2 Fertilized = 400 lbs per acre of
10-20-10 fertflizer. -

I I
0

80 90 100 110

Site I ndex - Pine Scale

Source: References 16 and 22.
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Al though any tendency for 1(2 to increase with planting area per plant is
unexpected , it is not inconceivable. For instance , if the growth para-
meter K1 increases very sharply wi th the planting area per plant , the
plant may encounter interference from its neighbors sooner as planting
area is increased , and therefore, K2 must also increase wi th planting
area if it is to measure the rate at which the interference develops.
However, as noted on page C-58, the growth parameter 

~l 
cannot increase

indefinitely with increasing planting area per plant , and nor can the
factor K2. Therefore, in these cases where the data indicate that
increases with planting area , it is expected that as planting area is
increased beyond some certain value , K2 will begin to increase less
rapidly wi th further increases in the planting area . Unfortunately, the
range of values of planting area for which data are available for comput-
ing K2 does not extend far enough to reach the point where the slope of
the curve of K2 as function of planting area begins to decline. There
will be some difficulty , therefore, in some cases in interpreting and
using the relationship between ‘~2 

and the planting area per plant.

Because there is some evidence that the limiting factor K2 may be
correlated with the planting area per plant A by a straight line on
log-log graph paper (see Figures C-XII through C-XVII) for a number of
combinations of species and planting site , an approximation to the
dependency between these factors has the fol lowing form : -

~~~~

H K2 
= ~1A 112 (C—23) I J

where °i and 
~~ 2 are cons tants.

Regression analyses on the basis of equation C-23 have been made between
the values of A and K2 shown in Table C-V for first harvests and Table
C-VI I for second harvests. The results of these analyses are shown in
Tabl es C-XII and C-XII1 , respectively.
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TABLE C-XI I -

ESTIMATES OF THE CONSTANTS fli AND ~l2 IN EQUATION C-23
FOR FIRST HARVESTS FROM A VARIETY OF DECIDUOUS SPECIES

b GROWN AT SEVERAL SITES WITH VARIOUS CULTURAL TREATMENTS

Species Footnotes Estimates of fli Estimates of n~Mean Standard Mean Standard
Value Deviation Value Deviation

Cottonwood 1 (0.00469) (0.00233) (+0.19069) (0.11096 )
(P . d c t t o idc~ ) 2 0.04157 0.08644 -0.34881 0.31540

Hybrid Poplars
NE- 388 3 0.03462 0.00439 -0.22994 0.14140
NE-388 4 0.05771 0.01517 -0.20036 0.23348
All NE-388 5 0.04387 0.01014 -0.11357 0.22099
49 6 0.06589 0.00538 -0.28030 0.07326
252 7 (0.05023) (0.01056) (+0.05915) (0.18737)
All clones 8 0.05009 0.00661 -0.09181 0.12177

Sycamore:
Reference 31 9 (0.00593) (0.00278) (+0.68567) (0.20992)
All plantings 10 0.07244 0.13028 —0.40257 0.070324

Footnotes Source Site Reference

1* Table C-V Mississippi 10
2* H ~1 10
3 Musser Farm. Pa. i
4 H Stone Valley, Pa. 17

• 5 See footnotes 3 & 4 1 and 17
6 Stone Valley , Pa. 17
7 II ii ii ii 

17
8 See footnotes 5, 6, & 7 1 and 17
9 Mississippi 31
10 “ Georgia and Mississippi 21 , 23, 26 and 38

*see also text , page C-98. 
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In Table C-XII for first harvests , the values in parenthesis for cottonwood ,
• poplar and sycamore correspond to regression li nes for K2 having positive

slopes. The values of the n ’s in these cases are doubtful . The doubtful
values for cottonwood were obtained using the three points for the smaller
pl anting areas per plant used to obtain the K1 regression line for cotton-
wood. The other set of values for cottonwood was obtai ned using all avail-
able data points .

It is apparent from Table C-XIII that two of the sycamore cases display
K2-versus-A lines with positive slopes. The values shown for fertilized
sycamore - all stumps result from regression analysis of all the data for
fertilized sycamore. This case also displays a positive slope . The only
potentially useful K2-versus-A line for sycamore-fertilized is that for
two-year-old stumps (reference 29).

It should also be noted that in most cases the standard deviations for the
r estimates are very large--amounting in some instances to more than one
hundred percent of the n values.

• The regression lines for the limiting factor K2 defined in Tables C-XII
• 

. 
and C-XIII are shown in Figure C-XXIV. The line for black cottonwood is
not shown because the natural habitat for this species is outside the
localities likely to be of interest for plantations at troop training
centers.

The ratios of the values of the limiting factor K2 for second and first
harvests for hybrid poplars clone NE-388 and fertilized sycamore are
given , respectively, by:

• (K2)2
_____ = 9.81 59 A-°.’8853 (C-24)
‘ 2’l
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TABLE C-XIII

• ESTIMATES OF THE CONSTANTS r~ AND ~~ IN EQUATION C-23
FOR SECOND HARVEST FROM A VARIETY OF DECIDUOUS SPECIES GROWN

AT SITES WITH VARIOUS CULTURAL TREATMENTS

Species Footnotes Estimates of r~j Estimates of n~
Mean Standard Mean Standard
Value Deviation Value Deviation

Black Cottonwood 1 0.06755 0.04008 -0.08194 0.31460

Hybrid Poplar
NE-388 2 0.43082 0.02511 -0.30210 0.06510

Sycamore-fertilized :
-stumps 1 year old 3 (0.11938) (0.11919) (+0.37622) (0.35909)
-stumps 1 year old 4 (0.07992) (0.02264) (+0.37122 ) (0.11406)
-stumps 2 years old 5 0.22952 0.04925 -0.17427 0.09882
—a ll stumps 6 (0.10678) (0.04532) (+0.30050) (0.17380)

• Sycamore—unfertilized :
-stumps 1 year old 7 0.47207 ? -0.28971 ?
—stumps 1 year old 8 0.35710 0.21174 -0.54831 0.24109
-all 1 -year-old stumps 9 0.28285 0.31107 —0.28924 0.38303

Footnotes Source Site Reference

Table C-VU Mt. Vernon , Wash. 19
2 Musser Farm , Pa.
3 Georgia Piedmont Bottomland 23
4 .‘ Georgia Piedmont Bottomland 21
5 N Georgia Piedmont Upland 29
6 See footnotes 3, 4, & 5 21 , 23 & 29
7 Georgia - Skull shoals 26
8 N Georgia - Falling Creek 26 - •

9 0 See footnotes 7 and 8 26

~ 

•- • •  - 



— L.. ~~~~~~~~~~~~~~~~~~~~~~ 
. ...—_

~
_-—— .—— —

(K)2 2 = 3.16841 A 0 .2283 
• (C-25)

~ 2~l

Equation C-24 for hybrid poplar clone NE-388 is computed from the estimates
of r~ and 

~z 
in Table C-X III (footnote 2) and those in Table C-XI I (footnote

5). Equation C-25 for fertilized sycamore is computed from the values for

ni and ~2 
for two-year-old stumps in Table C-X III (footnote 5) and those

for all plantings in Table C-XII (footnote 10).

The fact that K2 is larger for the second harvest than for the first is
not surprising. After the first harvest , each stump grows several sprouts
which occupy the space allotted to each plant sooner when each plant has
only one stem than prior to the first harvest.

The preceding analysis of the dependence of the limiting factor on the
planting area per plant A can be summarized as follows :

• there appears to be a linear dependence between the limiting
factor K2 and the planting area per plant A on a log-log plot
at low values of A for first and second harvests ;

- ‘ • the correlation between K2 and A is not as well established as
is the case for K1 and A--in fact, in some cases, the expected

• decrease of with increasing A is reversed; and

• the K2 values for the second harvest are l arger than those
for the first, as is to be expected from the fact that plants
occupy their assigned spaces more quickly after the first
harvest than they do prior to it.

I
IV.B.7.b. Dependence of the Limiting Factor K2 on Species and Varieties.
It is apparent from Figure C-XX IV that , for a given planting area, the

C-100
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FIGURE C-XX EV

REGRESSION LINES CALIICLATED USING EQUATION C-23
AND THE VALUES SHOWN IN TABLES C-XII and C-X III
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A = Hybrid pop1ar-NE-3C~3, second harvest, Tabl e C-XIII , footnote 2.

B = ~1ybrid poplar-all clones , first harvest , Tabl e C-XII , footnote 8.
C = Hybrid poplar-all NE-388, first harvest , Table C-XII , footnote 5.

0 = Sycamore-all plantings ,. first harvest , Table C-XII , footnote 10.
E Cottonwood (P .  deLto~Lde~ ) ,  first harvest, Table C-XII , footnote 2.
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values of K2 differ significantly from species to species.

Although the correlation between K2 and A is not as strongly established
as is the case for K1 and A , it may be concluded , at least tentatively,
that prior to the first harvest , hybrid poplar tends to occupy the
ground faster than does cottonwood (P. deLtoA4e4) for all values of
A , and faster than does sycamore for planting areas larger than four to
eight square feet per plant depending on the hybrid poplar clone involved .
On second growth , hybrid poplar appears to occupy the ground much faster
than sycamore. Other factors, however, could be involved in this corn-
parison.

Extrapolating the value of K2 for all hybrid poplar clones (Table C-XII ,
footnote 8) to eight square feet planting area per plant and comparing
this value with those for pines shown in Table C-V indicates that hybrid
poplars would occupy the ground in about five years while the pines
listed in the table would require from eight to ten years to occupy it.
This comparison is made on the basis of first—growth data for hybrid

I poplar. Thus , again , conifers appear at a disadvantage for plantations
as compared with fast-growing deciduous species.

IV.B.7.c. Dependence of the Limiting Factor K.) on Fertilization. The
data giving values of K2 for fertilized and unfertilized sites are rather
limited --but see sycamore and slash pine in Table C-V , for first harvests ,
sycamore in Tables C-Vu and C-VIII for second harvests. In most cases,
the values of K2 for a given area per plant are smaller for the unferti-
lized cases , which means it takes more time for unfertilized plants to •

H occupy the ground . This is consistent with the data concerning the in-

crease in the rate of growth K~ with fertilization (see section IV .B.6.d).

C-l02
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IV.B.8. Dependence of the Asymptotic Yield K1 /2K2 on Factors Charac-

terizing a Plantation.

IV .B.8.a. Dependence on Planting Area per Plant. It is apparent from -:

Figure C-XII for bl ack cottonwood, Figure C-XIII for cottonwood , Figure

C-XIV for hybrid poplars , Figure C-XVI for unfertilized sycamore and

from Figure C-XVII for fertilized sycamore that the asymptotic yield per

p lant K1/2K2 increases as the planting area per plant A increases . Among

the data availa ble, there is only one case where there is no clear relation-

ship between K1 /2K 2 and A--that is ,for first harvests from sycamore (Figure

C-XV). The asymptotic yield per plant is the maximum yield achievable

by a particular species under gi ven condi tions (planting area , cultural
treatment and so forth) when n in equation C-8 approaches infinity . It

is not surprising that as A is increased , K1 /2K2 also increases because
more sun , nutrients , and water are availabl e to each plant.

As is the case for K1, the increase in K1 /2K2 with increasing A cannot

• go on indefinitely, because if it could, a completely isolated plant

would cont inue to grow without letup. it is well known tha t such is not
the case. Therefore , it is to be expected that K1 /2K2 will depend on

A in much the same way as K1 does (see equation C-14). The linear depen-

dence between K1 /2K2 and A on a log—log scale is an approximation valid

for low values of A as is the case for K1.

Regression analyses have been made between the values of K1 /2K 2 and A
shown in Tables C-V and C-VU using an equation of the following form

= 
~~~~ A12 (C-26)

C-l03
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The results of these analyses are shown in Tables C-XIV and C-XV , respec-
tively. For first and second harvests , the standard deviations o’ y and y

1 2
• for hybrid poplars are of the order of fifteen to twenty percent of the

value of these parameters. For first harvests for cottonwood (P. de~UoA,.deh )
the data are spread widely (see Figure C-XIII), which is reflected by an
abnormally high value of y (compared with y for poplar and sycamore). The

1 1
standard deviation on y is also very high. A somewhat similar situation
is seen for first hQ vests from fertilized sycamore--high standard deviations
on y and y

1 2

The regression lines represented by severa l of paired values of y and ‘
~
‘

are plotted in Figure C-XXV . It should be seen that there are significant
differences between species.

The last set of data in Table C-XIV--cottonwood and hybrid poplars-unferti-
lized--is based on a regression analysis of the hybrid poplar and eastern
cottonwood data from Table C-V . The data points used and the resulting

regression line are plotted on Figure C-XXVI . As was pointed out earlier ,

the regression analysis of the cottonwood data led to rather high values

for the ~“s at low values of A-see Table C-XIV and Figure C-XXV . This could

be due to the fact that the data availab le are rather scattered and valid

for relatively high values of A . These factors could l ead to a large uncer-

tainty on the value of K1 /2K2 on extrapolation to the values of A of
interest for Energy Plantations. As is apparent in Figure C-XXV I, however,

the data for hybrid poplar (at low values of A) and for cottonwood (at
high values of A) appear to be reasonably well in line ; therefore , a re-
gression line generated on the basis of both sets of data would be a better

and more reliable approximation for K1 /2K2 at intermediate values of A
(eight to twenty square feet per plant ) than a line based on either the

• 1
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TABLE C-XIV

ESTIMATES OF THE CONSTANTS y~ AND y~ IN EQUATION C-26
FOR FIRST HARVESTS FROM A VARIETY OF DECIDUOUS SPECIES GROWN

AT SEVERAL SITES WITH VARIOUS CULTURA L TREATMENTS

Species Footnotes
Mean Standard Mean Standard
Value Deviation Value Deviation

Cottonwood 1 (36.73500) (17.01633) (0.53079) (0.10387)
(P. de to~de~

} 2 6.43751 9.54787 0.96128 0.25287

Hybrid Poplars :
NE 388 3 

- 

2.09933 0.26520 0.90615 0.14080
NE 188 4 1.60321 0.33236 0.89283 0.18487
All NE -388 5 1.85213 0.27255 0.84651 0.14141
49 6 3.58977 0.50158 0.67816 0.12508
252 7 1.46481 0.36109 0.72743 0.21920
A ll Clones 8 1.55815 0.24168 0.73212 0.14303

I
Sycamore-fertilized 9 2.56559 4.99478 1.16038 0.73967

Cottonwood and Hybrid . -

poplar-unfertilized 10 0.98358 0.14905 1.30558 0.06785

Footnotes Source Site Reference
1 Table C-V Mississipp i 10
2 H Mississippi 10
3 “ Musser Farm, Pa. 1
4 Stone Valley , Pa. Il
5 “ See footnotes 3 and 4 1 and 17
6 “ Stone Val ley , Pa. 17
7 ‘ Stone Valley, Pa. 17
8 “ See footnotes 5, 6 , and 7 1 and 17

• 9 Georgia and Mississi ppi 21, 23, 26 & 31
10 Mi ssissi pp i and Pennsylvania 1, 10 & 17

- 
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FIGURE C-XXV

REGREssIo n LI~:ES CALCULA 1ED USING EQIJATIO N C-26
AND THE ~ VAL LES SH0~m IN TABLES C - X L V  A~ D C - XV
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FIGURE C-XXV

REGRESSION LINES CALCULATED USING EQUATION C-26
AND THE y VALUES SHOWN IN TABLES C-XIV AND C-XV

LEGEND

A = Cottonwood (P. deLto.Lde.~), first harvestTable C-XIV , footnote 2.

B = Sycamore - fertilized , first harvest,
Table C-XIV , footnote 9.

C = Black cottonwood, second harvest,
Table C-XV , footnote 1.

0 = Hybrid poplar clone NE-388, second harvest ,
• Table C-XV , footnote 2.

• E = Hybrid poplar , all NE-388, first harvest ,
Table C-XIV , footnote 5.

F = Sycamore - fertilized , second harvest ,
Tabl e C-XV , footnote 4.

G = Hybrid poplar , all clones , first harvest ,
Table C-XIV , footnote 8.

H = Sycamore - unfertilized , second harvest ,
Tabl e C-XV , footnote 10.
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poplar or cottonwood data alone. The result of the regression analysis
is the “cottonwood and hybrid poplar - unfertilized” line plotted on
Figure C-XXVI.

It is apparent that individual K1 /2K2 values for aspen and sycamore , both
unfertilized , are reasonably close to the cottonwood - hybrid poplar line
shown in Figure C-XXV I , thus l ending support to the general validity of
this line . The Choctawhatchee pine point at eighty square feet is signi-
f icantly below the cottonwood - hybrid poplar line. This is not surpris-
ing because the sandhi ll site in Georgia in which these pines were grown

- I is nowhere near as productive as the sites in Mississippi and Pennsyl-
vania on which the cottonwood and hybrid poplar were grown .

Thus , it is suggested that for varieties for which a K1 /K2-versus-A

correlation for first growth is not available (lack of data or doubtful

- 
- 

data), the unfertilized cotconwood - hybrid poplar relation shown in
- 

1 Figure C-XXVI be used , providing the growing conditions are reasonably

good and the variety considered is adapted to the growing conditions .

Not enough data are available at present to establish a corresponding
general curve for fertilized stands.

The regression lines for second harvests (see Table C-XV) are also plotted
on Figure C-XXI I I .  There are si gnificant differences between species
which w i l l  be discussed later. Following the same procedure as in the

•i e of first harvests , a “genera l unfertilized ” line has been generated

~~ the basis of the data points for hybrid poplar , black cottonwood and
unfertilized sycamore . In the case of sycamore, the data ~~i nts for the
Skull Shoals site were not included , because this site suffers from lack
of moisture during part of the growing season , and thus , i ts growth

C-108
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• TABLE C-XV

ESTIMATES OF THE CONSTANTS y
~ 

AND y, IN EQUATION C-26

FOR SECONV HARVESTS FROM A VARIETY OF DECIDUOUS SPECIES
GROWN AT SE V ERAL SITE S W ITH VA R IOU S CULTURAL TREATMENTS

Species Footnotes Estimate of y~ Estima tes of 12
Mean Standard Mean Standard
Val ue Deviation Value Deviation

Black Cottonwood 1 1.73073 0.44386 1.03655 0.14177
Hybrid Poplar
NE-388 2 - 0.83722 0.16777 1.21622 0. 22247

• Sycamore-fertilized :
—stumps 1 year old 3 1.28845 0.17049 0.49293 0.05383
—stumps 1 year old 4 3.41624 1.55537 0.48972 0.17986
—al l one-year-old stumps 5 2.09800 1.67990 0.49133 0.29913
—Stumps 2 years old 6 0.77471 0.10153 1.16185 0.06064
-all stumps 7 1.93316 1.22055 0.57486 0.25085

Sycamore-unfertilize l
-stumps 1 year old 8 0.34143 1.13752 ?
—stumps 1 year old 9 0.49609 0.17256 1.21388 0.14617
—all 1 -year-old stumps 10 0.54467 0.32871 1.07812 0.23051

Black Cottonwood , Hybrid
Poplar & Sycarnore-Unfer- 11 1.09849 0.27967 1.01450 0.14192ti1~zed

Footnotes Source Site Reference
1 Table C-Vt ! Mt. Vernon , Wash. 19
2 “ Musser Farm, Pa. 1
3 Georgia Piedmont Bottcmland 23
4 “ Georgia Piedmont Bottomland 23
5 “ See footnotes 3 & 4 21 & 23 ‘
6 “ Georgia Piedmont Bottomland 29
7 “ See footnotes 5 & 6 21 , 23 & 29
8 “ Georgia - Skull Shoals 26
9 “ Georgia - Falling Creek 26
10 “ See footnotes 8 & 9 26
11 “ Georgia, Pennsylvania & Wash. 1 , 19, 26 & 32
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potential is not in line with the other sites considered26 . The data

points and resulting regression line are plotted on Figure C—XXVII. An
individual point for red alder (0.4 square feet per plant - Table C-Vu )
is also shown . Although this point corresponds to a plant ing area wel l

F out of the range of planting areas for the other data , it is not too far
from the general line .

Thus , as is the case for first growth , it is suggested that in the case
of species for which a K1 /2K2-versus-A correlation is not available for
second harvests under unfertilized conditions , the “general unfertilized ”
relation in Figure C-XXV II be used provided the growing conditions are
good and the species is well adapted to these conditions.

The preceding discussion indicates that:

• within the limits of uncertainty mentioned , the linear de-
pendence of K1/2K2 on A on a log-log plot aç.~pears well estab- 

•

lished for first and second harvests at planting areas per
plant of interest for Energy Plantations;

. the slope of the K1 /2K2-versus-A relationshi p for first harvests

varies widely between species , and because of the large uncer-
tainty in the values for y~ and Y2 ’  it is impossible to make any
generalizations; 

.

• the slopes of the K1 /2K2-versus-A relationship for second har-
vests for unfertilized stands are very similar for the species

considered , while the slope for the only fertilized case is

1 
significantly different;

• for first and second harvests under unfertilized conditions ,
general K1 /2K2 lines applicable to a wide variety of species
may be defined ; and -f

• for a given planting density , the absolute value of K1/2K2
• for first and second harvests depends on the species .

C-lb
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FIGURE C -X X V I

R E G R E S S I O N  LINE FOR UIRSST HARV LS1S CALCULATE D USING EQUATIO N C -26

AND TH E y VALUES FOR UNFERTI L IZED COTTONWOOD AN D HYCRID POPLAR
FROM _TABL E C-X IV ,  FOOTNOTE 10
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• IV .B.8.b. Dependence on Species and Varieties. The asymptotic yield
K1/2K2 for a specific species grown at a given site is a measure of
the potential of the site for the species. It reflects also the inter—
dependence between the soil and the species; that is , a species completely
unadapted to a particular soil (or climate) will have a low asymptotic yield ,

and vice versa . To a certain extent, the asymptotic yields used here are

similar to the site indices commonly used in forestry to describe the over-
all productivity of a particular site .

The differences in asymptotic yields observed on Figure C-XXV may be
due to one or more of severa l factors :

• inherent differences between species ,

• differences in growing conditions (soil , climate),

• differences in adaptability of the plants to the local growing
conditions , and

• influence of fertilizer or other factors. 
1:1

The K
1 /2K2 regression lines from Tables C-XIV and C-XV for the various

clones of hybrid poplar are all shown in Figure XXV III . The differences in

asymptot i c yields between the clones 49, 252 and 388 grown at the same
site (Stone Valley ) during the same period can be due to inherent differences

between clones or the difference in the adaptability of the clones to the local grow-
ing conditions. The difference between clone 388 grown at two different
sites (Stone Valley and Musser Farm , both in Central Pennsylvania ) could be •

due to differences in l ocal soil and/or climate or differences of adapta-

bility of clone 388 to the two sites considered. It should be stressed ,

however , that the slopes of the two K1 2K2-versus-A lines for clone 388 are
essentially equal . By the same token , the slopes for clones 49 and 252
are very similar but different from that of clone 388 grown at the same
location.

C- l12



- - -  -.
~~~--~~~~ - 

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

FIGURE C-XXV II

R E G R E S S I O N  LINE FOR ~~COHV HARVESTS USUl; EDUATION C-26
A ND THE ALUES SHOWN IN F I G U R E  ç-xv , FOOTNOTE 11
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As has been mentioned earlier , the eastern cottonwood line for first
harvests (see Table C—XIV and Figure C-XXV) is significantly higher
than those for hybrid poplar first harvests. It is probable that this - •

effect is related to the extrapolation procedure rather than to a true
difference between poplar and cottonwood (see page C-l04).

The first harvest line for fertilized sycamore is also higher than those
for hybrid poplar. The original data (see Fi gure C-XV) are very scattered ,
and the regression line in Fi gure C-XXV is at best a crude approximation
(notice the standard deviations on y

~ 
and 12 in Table C-XIV). It is

thus impossible at this stage to decide whether the higher value of
K1 /2K2 for sycamore than for poplar is due to fertilization in the case
of sycamore , inherent growth habits of the species or even if it is
truly significant. In fact , as is shown in Figure C-XXVI , the first-
harvest point for unfertilized sycamore agrees very well with the

genera l K1/2K2-versus-A relationship for unfertilized species. Going
back to Table C—V , i t i s apparent that even the K1 /2K2 values for ferti-

lized plots from references 21 and 23 would agree very well with the

• general line in Figure C-XXV I . It is thus felt that the very high

values for the fertilized sycamore line is probably due to the unsua lly

high values of the K1/2K2 factor for the data in reference 31. It is
probably more reliable , therefore, to use the genera l unfertilized line
for sycamore than the line plotted in Figure C-XXVI .

The regression lines for unfertilized second harvests in Figure C-XXV
- for sycamore, poplar 388 and black cottonwood displ ay significant differ-
• ences between species. It is not clear whether these differences are

due to differences in growing habits , adaptability to the soil and climate
or to soil and climate themselves . As has been shown by Figure C-XXV II , ,. 

•-

the available second-harvest data may be represented by a “general un-
fertilized” line with a good approximation.
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FIGURE C-XXV II !

ESTIMATED VALUES OF THE ASYMPTOTIC YIELD PER PLANT
FOR VARIOUS HYBRID POPLAR STANDS IN PENNSYLVANIA
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It is apparent from Tables C-XIV and C-XV that the “genera l unfertilized ”

lines for first and second harvests have very sim ilar intersections at

the origin , ~y 1  and similar slopes . A regression analysis has been made

for all the data from first and second harvests taken from unfert ilized

sites--that is the data in references 1 , 10, 17 , 19 , 26 (Falling Creek

only) and 32 in Tables C-V and C—VU . The resulting val ues for the
y ’S and their standard deviation are:

= 0.95815, standard deviation: 0.13036, -
~

12 = 1.26494, standard deviation: 0.06446, and :1
K
2~~ 

= 0.958l5.A’~
2649

~ (C-27)
• 2 •

Considering that several varieties grown at widely di fferent locations

(different soil and climate ) under first and subsequent harvest conditions
are represented in the data, the similarity of the regression l ines in - 

-

F igures C-XXVI and C—XXVII is remarkable. Such similarity is , however ,
to be expected . If K1/2K2 truly represents the growth potential of a
species at a particular planting density on a given site , this potential
should be the same no matter which harvest is involved , provided con- - —

ditions such as soil nutrients and moisture have not changed . The essential
difference between first growth and subsequent regrowth after harvests is that

S in the latter case, the growth potential is reached sooner because of the
simultaneous contributions of several sprouts from a given stump to
plant material generation . This is reflected , as already noted , by
larger values for the growth parameter K

1 after 
the first harvest than

before it. ~

C-ll6



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The data for first and second harvests from hybrid poplar NE-388 (see
Figures C-XXV and C-XXVIII), however, do not seem to support the reason-
ing in the preceding paragraph . The line for second harvests crosses
the line for first harvests at a value for A between about eight and
nine square feet per plant , the line for second harvests being below that
for first harvests for values A less than about eight square feet. The
reason for this behavior is not clear . It may , however, be due to the
fact that many of the first harvests in the data were taken when the
plants were only a year old , that is before their root structure had
developed to the point where it could sustain fully the vigorous regrowth
characteristic for second and subsequent harvests. This possibility is
supported by the fact that as planting density decreased (higher va l ues
for A), the value for K1/2K2 gained and finally overtook the corres-
ponding value for first harvests, if this analysis is actually correct,
it would be expected that K1 /2K2 after the second harvest would conform
to the reasoning in the preceding paragraph . Experimental data are not
available for checking this point.

Two approaches are suggested for cases similar to those just discussed
for certain hybrid poplars . The first is to use the K1 /2K2 versus A
relationship calculated from the first harvest data . The second is to use
a regression line calculated from the data for first and second harvests,
which in the case of the hybrid poplar NE-388 data in references 1 and
17 would be:

= 1.32574, standard deviation : 0.40203,

12 = 1.06119 , standard deviation : 0.33389,
• and K1

2 = 1.32574 A’.°6119 (C-28)

The data for the fertilized sycamore--see Figure C-XXV--do not seem to
support completely the idea of a single K1/2K2-versus-A relationship for
first and second harvests. The regression lines for various fertilized

C-Hi
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sycamore plantings calculated from the estimates shown in Table C-XV are
plotted in Figure C-XXIX. The two isolated points are values of K1/2K2
for first harvests shown in Table C-V. The point A is from the same
stand as the regression line F for second harvests , and the point E is
from the stand for which the second-harvest regression line is line C.
While the agreement between first and second harvest data is very good
in the case of point E and line C, there appears to be no correlation
between the corresponding data in the case of point A and line F. No
data for first harvests are available , unfortunately, for line B. The
argument about the equivalence of the growth potential K1/2K2 for first
and subsequent harvests advanced in the case of unfertilized experiments
should be equally valid , and more so, in the case of fertilized experiments.

- - In the latter case, use of fertilizers between successive harvests
should maintain the growth potential of a site at the same level

• irrespective of the number of harvests taken. For lack of further data ,
it will be accepted that under fertilized conditions , the asymptotic
yields K /2K for first and subsequent harvests are equal. This assump-
tion is also supported by the evidence concerning the influence of
fertilizer (section IV.3.6 .d .) which indicates that fertil ization

:1 brings the growth potential of sites having various site indices up
to the equivalent of an index of 100 or better.

The differences between the line B and the lines C and F and the overall
average (line 0) are significant but unexplained.

The discussion of the dependence of the asymptotic yield per plant K1 /2K2 on
species and varieties indicates that:

• there appear to be differences in the K1 /2K2 versus A relation-
ships between species and varieties;

• the same K1 12K2-versus-A relationship appears to apply for the
first and subsequent harvests from a particular species or
variety at a given site and cultural treatment program--for un-
fertilized sites , and despite the variation in the K1/2K2-versus-

C-1l8
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FIGURE C-XXIX

ESTIMATED VALUES OF THE ASYMPTOTIC YIELD PER PLANT

FOR VARIO US FERTILIZED SYCAMORE STANDS

C

J J ~ •A ‘

B 

~ I I 1

I 

E 

F

E 1.0 - -
>
~

< 0 1 L I li l il t  1 1 1 1 1 1 1 1
1 10 100

P l a n t i n g  Area per Plant - Square Feet
LEGEND:

A = Value of K1 
/2K2 

for a first harvest , Figure C-V , reference 23.

B = Regression line calculated from second harvest, -y est imates in Ta b le
C-XV , footnote 6.

C = Regress i on line calculated from secon d harvest ,-y estima tes in Table C-XV ,
footnote 4 (reference 2l)--compare with E.

0 = Regress ion li ne ca lcula ted from second harves t,1 estimates for all s’umps
in Table C-XV , f- otnote 7.

E = V a l u e  of K 1/2K 2 fo r  a f i rs t harves t, Figure C-V , re ference 21 .

F = Regression line calculated from second harvest ,1 estimates in Table C-.XV ,
IlL footnote 3 (reference 23)--conipare with A. 
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A relationship between species , the relationships for
a wide variety of species are fairly closely represented by a
single genera l relationship which approxima te the specific
relationships for individual species and variet ie.~ (Figure
C-XXVI);

• • the data suggest , and it is accepted that a genera l relation-
ship exists also for representing approximately the relation-
ships between K1/2K2 and A for first and second harvests from
a wide variety of species and varieties grown in well ferti-
lized sites .

IV.B.8 .c. Dependence of Asymptotic Yields K1 /2K,) on Fertilization. It

has been concluded in section IV.B.6.d .that the rate of growth of indivi-
dual plants and their harvestable yields are generally favorably influenced

by fertilization. The same is expected to be true for the asymptotic
yields. That it is , is illustrated in Fi gure C-XXV by comparing the re-

gression lines (lines F and H, fertilized and unfertilized , respectively)
for sycamore21 ’26 . Both stands were grown at the same site , and it is
clear that at planting areas per plant up to about fifteen square feet

per plant ,fertilization is beneficial . The fact that the lines intersect
at about twenty square feet per plant is unexplained . The influence of
fertilization has also been discussed in connection with Figure C-XX III
when it was observed that the effect of ferti l ization may depend on species
and certainly depends on the natural productivity of the site--use of

-
~~~ fertilizer has less beneficial effect on sites with high site indices .

It can be conclu ded that fertilization will increase the asymptotic yield

per plan t K1/2K2, but the level of improvement is related to species ,

site index , and eventually in the last analysis to such other factors as

the  mo i s tu r e  supply during the growing season.
I -
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IV.B.9. Dependence of Yield on Climate and Other Factors.

PJ .B.9.a. Introduction. Al though quite a number of measurements of

yields from fast-growing deciduous tree species planted at high densities

and harvested on short cycles have been made in the United States, no
data along these lines appear to have been generated in the locale of

Fort Leonard Wood . Data for sycamore have been collected at sites in

Georg ia about one hundred mil es to the northeast and south of Fort
Benning, but few data for other species of greater interest for Energy

Plantations seem to have been collected in the “greater” Fort Benning

region. There is need , therefore , for extra polat i ng or “handicapp ing” ‘ 
-

yield data for a given species from the locality where the measurements

were made to sites of interest , such as Forts Benning, Leonard Wood

• and elsewhere .

The harvestable yield from a given species at a particular site depends
— on a number of factors which can be grouped into two general categories:

• those factors which can be controlled or modified at reasonable
cost , and

• those which are either physically uncontrolla ble or cannot be
controlled or modified at reasonable cost .

Among the controllable factors is the choice of species. The plantation

designer is free to choose from among a number of deciduous species those
j which can reasonably be expected to survive and grow wel l in the soil and

climate at the site of interest. The availability of nutrients and the

soil pH at the site can often be controlled at tolerable cost, although

to do so may be neconomical for some sites. -•

— Among the uncontrollable factors are the climate itsel f and particularly:

—  

C-l2l
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• the duration of the frost-free period each year ,

• the profile and absolute levels of ambient temperatures , and

• insolation and regularity of soaking rains during the growing
season.

Other factors uncontrollable on a scale comensurate with the needs of

E 
Energy Plantations are the nature of the soil and its texture (sandiness ,
rockiness and clay components) at the surface and a few feet down . The
amount of moisture held in the soil is another relatively uncontrollable
factor. Predicting the effect of these and other uncontrollable factors
on the harvestable yield from fast-growing deciduous species is the
purpose of the in~nediate1y ensuing analysis.

IV.B.9.b. Climate -Yield Relationships. An expression relating the
amount of harvestable plant material generated during a growi ng season
to fundamental parameters such as the rate of photosynthesis , the duration
of the growing season and the insolation rate and temperature profile
during the growing season is developed in this section . The validity of

the expression will be tested in the next following section.

Various model s have been proposed for predicting growth rates39’~°””’
42
~ ’3 .

The present analysis draws on aspects of these.

The basic equation used for estimating the yield of plant material above

the ground 
~~~~ 

at time t is

= 
~t-l 

+ k (t) P (t) (c-29)

where

the plant material above the ground , pounds per plant at time t,

C-l22
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P(t) = the total amount of photosynthesized material per plant during

the time interval (t-l ) to t.

k(t) = the fraction of the photosynthetized material contrib uting to

the accumulation of plant materia l above ground per plant.

Equations similar to C-29 may be written for other parts of the plant

such as its roots and leaves.

To obtain the yield accumulation during a growing season , equation C-29

must be integrated over time for the whole season. In the first approxi-

ma tion considered here , the integration will be done stepwise for one-month
perio d s , using average monthly climate data for each month in the growing

season . ‘ 

•1

The amount of plant material generated by photosynthesis during a one-
month  period , P(t), may be expressed as

:1 P(t) = R Le (C 30)

- -: where R = the rate of photosynthesis , milligrams of carbon dioxide assim -
ilated per month per unit surface of effective leaf area,

Le = the effective leaf area per plant , square decimeters ,
Le EL ,
L = total leaf area per plant , and

= the fraction of the total leaf area which received enough
light to contribute significantly to the photosynthesis
process.

The total leaf area per plant L may be expressed as a function of the total
dry weight of plant material above ground , that is the stem and branches
but excluding the leaves,through:

L = y y (C-31 )
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A correlation such as C-3l between leaf area and the dry weight of plant
material (excluding the leaves) per plant above ground has been found to
hold for several hybrid poplars t’°””~.

Equations C-30 and C-3l lead to:

P(t) = RLe RcL = EYRYt,i (C—32)
= ctRYt_i

where ~ equals cy. Equation C-32 indicates that the amount of plant
material generated photosynthetically during a given period is proportiona l
to the amount of dry plant material present at the end of the previous
period .

Thus , from equations C-29 and C-32, the yield y.~ at the end of the ~
th

month of a growing season is

y. = 

~i-l + ctkR~y~~1 (1 + ctkR1 ) y~~1 (C-33)

where R
~ 

is the rate of photosynthesis during the ~th month of the
growing season.

• It can readily be seen from equation C-33, that the cumulated yield y at
• ‘ the end of a growing season comprising n monthl y periods is

y (1 + c~kRn ) (1 + 

~
1kRn_ i )~~•(l 

+ c~kR 1 )y0 (C-34)

where y0 is the amount of dry plan t material above ground at the onset of
the growing season .

The photosynthetic rate in a given month may be approximated by

C-l24
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• R. = (15.22 h.) 2 - e 
h1 e. d . f 

mg CO2 ~ (C-35)
1 1 1 

~~dm
Z - month~~

where h
~ 

= the average number of hours of sunshine per day during the

1th month of the growing season ,
= the average daily insolation during the ~th month , expressed

in Langley per day (1 Btu per day per ft2 = 3.7 Langleys per day =

3.7 Cal per cm2 per day)--Langleys are used because most
insolation data are given in these units (reference 45,
for instance),
a temperature weight - factor equal to 1 - 0.0016 (T - 65)2__

this factor is a parabolic function of temperature having
a maximum value of one at 65° Fahrenheit , and zero at 400

• and 90° Fahrenheit , respectively. The factor e takes into
account the fact that , all other conditions being the same,
the rate of photosynthesis for most deciduous species in-
creases from about zero at 400 Fahrenheit to a maximum at
about 65° Fahrenheit , and then decreases as the temperature
increases further to about zero at about 900 Fahrenheit.
This behavior is a general characteristic of C3 plants which
“shut-off” their synthesis mechanism as the temperature
reaches about 900 Fahrenheit 5,

d
~ 

= the number of days during which photosynthesis is expected
to occur in a month in the growing season. In spring,
the last date of frost is taken as the start of the growing
season. The number of growing days during that first month
is thus taken to be the number of days between the last frost
and the end of the month . The same principle , but reversed ,

• is applied to the last month of the growing season. Al so ,

days with temperatures above 90°F are discounted as little 
- -

or no photosynthesis is expected to occur under these con- 
•

ditions. Thus , - :
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d1 = (number of days in month i) - (number of days with
T < 32°F) - (number of days with T > 90°F)

Expression C-35 is valid 40 for the Populus clone W-5. Similar reations
can be established for other varieties.

The effective leaf area Le is given by

= cL = c-yy (C-36 )

where y = 0.41 dm2 per g of dry plant material , excluding leaves ,
above ground-—this value for y was determined for aspen

• suckers in Minnesota~’6.
= fraction of leaves effective in the photosynthesis process;
two values are adopted--c equals one for one and two-year-
old plants for which probably all the leaves are active , and
0.2 for three and four-year-old plants for which the canopy
is closed and the “inside ” leaves receive very littl e useful
light , thus reducing their effectiveness for photosynthesis
to almost n3thing.

Thus
Le = 0.41 y dm2 for one and two-year-old plants , and (C-37)
Le = 0.082 y dm2 for three and four-year-old plants (C-38)

The fraction k of photosynthetically produced material contributing to
the plant material above the ground (stem and branches, but not leaves)
depends on the species considered . The value

Ic = 0.5 (C-39)

has been adopted on the basis of data for various clones of hybrid poplar
grown in Pennsylvania ’7.

~~~~~~
t____ 
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Thus, on the basis of equations C-30, C-33, C-35 and C-39:
— O .0 5 0 0 8j .

y. = y. 
- 

~ 
l+( 

°~~ )O.5Xl0 3 (ls.22h 1 )[l - e h 1 
] 

e~d. 
} 

(C-40)
1 1 0.082 1

or

= 
~
‘-

~ 
- 1 (i + 2.05x10 4 x R

~ ) 
for plants one and two years old (C-4l)

and

= 
- 1 (l + 4.lxlO 5 x R

~) 
for plants three and four years old (C-42)

IV .B.9.c Test of The Climate-Yield Relationship . To establish that the
climate-yield relations C-41 and C-42 are useful and reliable tools for

predicting yields at a given site on the basis of data generated at other
sites , the relations must be tested at two levels. First , the relations
must adequately predict the growth of a given species during a growing
season at a given site . Second , they must predict the ratio of the yields
of a given species grown at two different sites.

Yield at a Given Site. A site in centra l Pennsylvania near State College
for which a significant amount of data is available for severa l hybrid
poplars 1 ’’7 has been chosen for partially testing relations C-41 and C-42.
Yields were estimated from equations C-4l and C-42 following the steps
defined in equations C-29 and C—34 . The results , gi ven in Table C-XVI , are

• expressed as ratios of the amount of dry plant-material above the ground

per plant 
~‘n at the end of the season to the amount at the beginning of the

season , and are , therefore, a measure of the increase in plant material per
plant per year.

C-l27
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The calculated yield ratios from Table C-XVI are compared in Table C-XVI I
with those from actual data for hybrid poplars NE-388 and 49 grown in
central Pennsylvania 1 ’’7’ The estimated yield ratios shown in the right-
hand column of Table C-XVI I were chosen from the two ratios estima ted in
Table C-XVI according to the followi ng considerations:

• equations C-41 and C-42 do not take explicit account of
planting density ; therefore,

• for first harvests taken in the second growing season or
earl ier , yield ratios based or. equation C-4l have been
selected ,

• for first harvests taken after the end of the second growing
season, yield ratios based on equation C-4l have been used ,

• for all second harvests irrespective of the number of seasons
since the first harvests , yield ratios based on equation C-4l s ’

have been used .

The reasonableness of this procedure for choosing which equation to use
is borne out by comparison of the actual and estimated yield ratios shown
i n Table C-XVI I. - -~

Examination of the actual and estimated yield ratios in Table C-XVII ~~
• 

-

reveals that:

• actual yield ratios prior to the first harvest are usually
much larger for two-year-old plants than for three-year-old
or older plants--a finding which supports the idea of dif- - 

-

ferent effective leaf areas as a function of plant age--the
difference in effective leaf area assumed is reflected in the
difference between equations C-41 (two-year-old or young plants)
and C-42 (three-year-old or older plants);

C-128
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• actual yield ratios for two-year-old plants prior to the first
harvest generall y increase sharply with increasing planting area

per plant--a finding supporting the conclusion that, as planting

density increases , interference between plants because of mutual
shading from the sun becomes an increasingly significant limi-

tation on the growth rate;

• as the age of the plant prior to first harvest increases , the
actual yield ratios decline , but the ratio at a particular age
over two is almost independent of planting density and whether
the plants are from clone NE-388 or clone 49--this regularity
of behavior may reflect the paramount importance of shading
between adjacent plants as a limiting factor on the rate of
growth per plant;

• as the age of the plant material increases after the first
harvest , the actual yield ratios tend to decline , but the
pattern is not as clear-cut as it is for growth prior to
the first harvest;

• the averages of actual yield ratios at a given planting density
between the begining and end of a single growing season for the
third through the fifth growing season (through the fourth in the
case of poplars from clone 49) are very close to the ratios esti-
mated from equa tion C-42; and

• the avera ges of all the actual yield ratios at a given planting

density between the beginning and end of a single growing season

are very close to, but in every instance slightly below , the
ratios estima ted from equation C-42.

These observations based on the comparison between actual and estimated
yield ratios shown in T~b1e C-XV it suggest that , in the absence of some
major growth -limiting factor such as a restricted moisture supply, yield

estimations based on insolation rates, ambient temperatures , the duration

_ _ _ _  
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TABLE C-XVI

ESTIMATED RATIOS BASED ON EQUATIONS C-4 1 AND C-42 OF PLANT MATERIAL
ABOVE GROUND AT END AND BEGINNING OF GROWING SEASON

AT STATE COLLEGE. PENNSYLVANIA

Month 
- 

Factors and Notes

T~ 9.  h1 
days > d 1 I .~ r1 R1 ~t~

’t-l ~t~
’t-l

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

April 49.0 0.59 7.67 - 0 380 - - - -
May 59.5 0.95 8.93 1 25 456 125.8 2988 1.61 1.12

June 68.1 0.98 9.90 5 25 518 140.2 3435 1.70 1.14

July 71.9 0.92 10,29 9 22 511 144.1 2917 1.60 1.12

August 69.9 0.96 9.10 7 24 444 126.9 2924 1.60 1.12

September 62.8 0.99 7.77 2 28 358 106.9 2963 1.61 1.12

October 52.7 0.76 6.45 - 10 256 85.1 647 1.13 1.03

y~/y0 (note 11):

For one and two-year-old plants 12.75

For three and four-year-old plants 1.85

C-l30 -~~~
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TABLE C-XV I (continued)

ESTIMATED RATIOS BASED ON EQUATIONS C-41 AND C-42 OF PLANT MATERIAL
ABOVE GROUND AT END AND BEGINNIN G OF GROWING SEASON

AT STATE COLLEGE, PENNSYLVANIA

NOTES 
-

(1) Average monthly temperature (‘F) from Monthl y Normals of Temperature ,
Precipitation and Heating and Cooling Degree-Days, 1941-1970, U.S. Dept.
of Con~xnerce

47.

(2) = 1—0.0016 (T~_65)2

(3) Average number of hours of insolation per day from Climatic Atlas of the
United States~

5. -
•

(4) Average number of days with I over 900 Fahrenheit from Climatic Atlas of
the United States”5.

(5) Effective growing days during 1 th month-—dates of last and first frosts
are from reference 45.

(6) Average daily insolation (Langleys per day) from Climatic Atla s of the
United States”5. r -o.o5O88I

~1 
- -

• (7) Average d~ily rate of photosynthesis , r. = 15.22 h
~ L1_e h 1 j  ,

during ~~ month --milligrams of carbon ~ioxide per square 
- 

-

decimeter of leaf area per day .

H (8) Average monthly rate of photosynthesis , R. = r1xe~
xd 1

__mi l1iqrams of carbon
dioxide per decimeter of leaf area per moAth.

• (9) Fractional increase in plant material above ground during the month--y 1/y 1_ 1l+2.05x10 ” P1 . for one and two—year-old plants (equation C-41).

(10) Fractional increase in plant material above ground during the month--
y1/y1 1  = l+4.lxlti5 P1. for three and four-year-old plants (equation C-42).

(11) Ratio of plant material above ground at end and beginning of the growing
season--y~/y0 = (l+akR~) (l+akR~~1 )...(1+akR 1 )--equatjon C-34.

- j

1 I
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of the frost-free period , and hours of sunshine per day , as accounted for
in equations C-4l and C-42 are a reliable indication of the plant -material
production potential from first and second harvests at a particular site .

The information in Table C-XV II and the accompanying discussion are limited

to two hybrid poplars in Pennsyl vania. Similar estimates made for other
species in other locations , namely aspen in Minnesota and Wisconsin and
cottonwood in Mississippi and Kansas (limited data in the latter case) show
that the conclusions reached from Table C-XVII are valid for the other
species—location combinations.

Relative Yields Between Situ. Comparisons between the growth potential

of two different si tes have als~ been made on the basis of equations C—4l

and C-42. Strictly speaking, t~~ce conçarisons should ha ve been made for - 

-
~

the same species or variety at t~..o l ocations. Unfortunately, suff i c ient
data for this purpose for a given species grown at two different locations
are not available. The comparisons have been made , therefore , for similar ,
or thought-to-be similar ,species grown at different locations. These species
and locations are hybrid poplars in centra l Pennsylvania , eastern cottonwood
in Mississippi , Missouri and Sioux cottonwood in Kansas and aspen in Wis-

consin. The limi ted data available with respect to the values for parameters
in equations C-4l and C-42, such as the rate of photosynthesis and the leaf—
area-to -plant -weight ratio (see references 40, 41 , 42 and 46), suggest that
these values should not differ very much between species. Estimations of
the yield ratios 

~n’~n l  analogous to those described in Table C-XVI have

= 
been made for the species and locations mentioned earlier in this paragraph.
The results of these calculations are compared with actual data in Table
C- XV III

C-132
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TABLE C-XV I1

COMPARI SON OF CALCULATED Y IELD RATIOS OVER O~IE SEASON.• TABLE C-XV I WITH ACTUAL RATIOS FOR HYBRID POPLAR

NE-388 AND 49 GROWN IN CENTRAL PENNSYLVANIA

Planting Actual Yield Ratio Estimated
Density Growing For one Average of Yield

Species Ft2/Plant Harvest Season* Season Seasons Ratio

Hybrid poplar
NE-388 1 1st 2nd 5.54 12.75

3rd 2.53 1 ~~ 1.85
1 “ 4th 1.62 1.85

5th 1.27 1.85
2 “ 2nd 7.43 12.75
2 3rd 2.60 1.85
2 ‘ 4th 1.56 1.86 LR5 . —

2 5th 1.42 1.85
4 ‘ 2nd 2.11 12.75 

- 

—
4 3rd 2.75 1.85
4 4th 1.57 1.90 1.85
4 5th 1.38 1.85

2nd 2nd 1.95 1.85
1 “ 3rd 2.39 1.79 1.85
1 “ 4th 1.02 1.85
2 2nd 2.00 1.85
2 3rd 1.64 1.56 1.85
2 “ 4th 1.03 185
4 2nd 2.03 1.85
4 “ 3rd 2.15 1.75 1.85• 4 “ 4th 1.08 1.85

Hybrid poplar
49 1 1st 2nd 9.10 12.75

I 3rd 2.05 1.85
1 “ 4th 1.44 j ~~~~~~~ 1.85
2 2nd 12.67 12.75
2 3rd 2.29 1.85
2 4th 1.51 1.85
3 2nd 14.75 • 12.75
3 3rd 2.55 ) 1.85
3 4th 1.53 ~~~~~~~~ 1.85
4 ‘ 2nd 14.66 12.75

• • 4 3rd 2.80 ‘) ~~~ 
1.85

4 4th 1.56 1.85
5 2nd 19.47 12.75
5 3rd 2.77 2 1 1.85
5 4th 1.53 ) 1.85

. k
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ILL

Comments are appropriate about the comparison between the experi-
mental and estimated ratios shown , respectively, in the fifth and sixth
columns in Table C-XVI I I .  In every case , hybrid poplar grown at Musser
Farm in central Pennsyl vania from clone NE—388 was used as ‘the basis for
comparison. A ratio larger than one in column five or six indicates the
growth potenti al as determined by the climate factors used in equations

C—41 and C-42 is larger at the Pennsy lvania site than at the second site
in the comparison . By this standard , the growth potentials at the Penns,yl-

vania and Mississippi sites are about equal .

In the comparison between the Pennsylvania and Wisconsin sites , the
estimated ratios are of the right magnitude , except for that based on the
fourth growing season. The discrepancy in this latter case may be due

to the fact that the actual Pennsylvania planting was at four square feet

per plant , whereas , the Wisconsin planting was at seven. As previously

noted , at higher planting densities , interference between plants develo ps

sooner as the factor limiting growth rate than it does at lower pl anting
densities. Therefore , the experimental ratio between the two sites for
the fourth season may be unrealistically low . However , the average of the

experimental ratios for the third and fourth growing seasons is 1.07,
which -is very close to the estimated ratio—-naniely~l .ll .

It can be concluded , therefore , that the Pennsylvania and W isconsin sites
are practically equivalent to one another in terms of the effect on growth

potential of the climatic factors accounted for in equations C-41 and C-42.
It cannot be concluded , however , that the harvestable yields from aspen

~~ and the hybrid poplar at their respective sites after a given number of
growing seasons wi l l  be equal. To compa re the absolute yields between
the species at their respective sites , it would be necessary to know the
photosynthetic efficiencies and other growth charact eristics involved in
equations C-4l and C-42 for each of the two species. This information is

_
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TABLE C-XVII

COMPARI SON OF CALCULATED Y IELD RATIOS OVER ONE SEASON
TABLE C-XVI WITH ACTUAL RATIOS FOR HYBRID POPLAR

NE-388 AND 49 GROWN IN CENTRAL PENNSYLVANIA

Planting Actual Yield Ratio Estimated
Density Growing For one Av erage of Yield

Species Ft2/Plant Harvest Season* Seaso n Seasons Rat io

Hybrid poplar ‘

NE—388 1 1st 2nd 5.54 12.75
— 1 “ 3rd 2.53~ 1.85

4th 1.62 1.81 1.85
1 5th 1.27 ) 1.85
2 “ 2nd 7.43 12.75
2 3rd 2.60 1.85
2 4th 1.56 1.86 1.B5
2 ‘ 5th 1.42 1.85
4 “ 2nd 2.11 12.75 •

4 3rd 2.75 1.85
4 “ 4th 1.57 1.90 1.85
4 5th 1.38 1.85
1 2nd 2nd 1.95 1.85

3rd 2.39 1.79 1.85
4th 1.02 1.85

2 “ 2nd 2.00 1.85
2 ‘ 3rd 1.64 1.56 1.85
2 4th 1.03 1.85
4 “ 2nd 2.03 1.85
4 3rd 2.15 1.75 1.85
4 4th 1.08 1.85

Hybrid poplar 
. -49 1 1st 2nd 9.10 12.75

• 1 U 3rd 2.05 1 ~A 1.85
1 4th 1.44 J ‘‘‘S’ 1.85
2 2nd 12.67 12.75
2 3rd 2.29 1 1.85
2 4th 1.51 5 ‘~~~~~‘~ 1.85 -•

3 2nd 14.75 • 12.75
3 

II 3rd 2.55 ) 1.85
3 4th 1.53 5 2.04 1.85
4 II 2nd 14 66 12 75
4 3rd 280 185
4 4th 1 56 2.18 1 85
5 2nd 19.47 12.75

• 5 3rd 2.77 2 15 1.85 -:
5 4th 1.53 ) 1.85

* In the case of second harvests, seasons are counted from the year of the first harvest

C-l33
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Comments are appropriate about the comparison between the experi-
mental and estimated ratios shown , respectively , in the fifth and sixth
col umns in Table C-XV II I .  In every case , hybrid poplar grown at Musser

• 
- 4

Farm in central Pennsylvania from clone NE-388 was used as ~the basis for

comparison. A ratio larger than one in column five or six indicates the
growth potential as determined by the climate factors used in equations

C—41 and C-42 is larger at the Pennsylvania site than at the second site
in the comparison. By this standard , the growth potentials at the Pennsyl-
vania and Mississippi sites are about equal.

In the comparison between the Pennsylvania and Wisconsin sites , the
estimated ratios are of the ri ght magn i tude, except for that based on the
fourth growing season. The discrepancy in this latter case may be due
to the fact that the actual Pennsylvania planting was at four square feet
per plant , whereas, the Wisconsin planting was at seven . As previously
noted , at higher planting densities , interference between plants develops
sooner as the factor limiting growth rate than it does at lower planting
densities. Therefore , the experimental ratio between the two sites for
the fourth season may be unrealistically low . However , the average of the
experimental ratios for the third and fourth growing seasons is 1.07,
which is very close to the estimated ratio--namely,l.11.

It can be concluded , therefore , that the Pennsylvania and Wisconsin sites

are practically equivalent to one another in terms of the effect on growth
potential of the climatic factors accounted for in equations C-4l and C-42.
It cannot be concluded , however , that the harvestable yields from aspen
and the hybrid poplar at their respective sites after a given number of
growing seasons will be equal. To compare the absolute yields between
the species at their respective sites, it would be necessary to know the - •

photosynthetic efficienc ies and other growth characteristics involved in
equations C-4l and C-42 for each of the two species. This information is •

_  
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TABLE C-XV III

• COMPARISONS OF PLANT MATERIAL GROWTH POTENTIAL
AT VARIOUS WIDELY SEPARATED LOCATIONS ON THE BASIS

OF EQUATIONS C-41 AND C-42

(First-Harvest Data)

- Planting
Locations Species Density2 Growing
Compared1 Compared 1 Ft2 per Plant Season Yield katios 3 Yield Ratios-

Central Pennsyl vania Hybrid poplar 4 and 7 2nd 2.29 1.47
and Wisconsin NE-388 and 3rd 1.24 1.11

aspen 4th 0.90 1.11

Central Pennsylvania Hybrid poplar 4 2nd 0.99 0.78
and Mississippi NE-388 and 3rd 0.98 0.97 ~• -

cottonwood 4th 0.99 0.97

Central Pennsylvania Hybrid poplar 4 2nd 2.43 1.20 —~~~~~~~~~~~~~~~

and Kansas NE-388 and 3rd 1.37 1.06
cottonwood 4th 1.00 1.06

- - Footnotes:

1 . Central Pennsylvan ia is Musser Farm - hybrid poplar NE-388 - reference 1.
Wisconsin - dspen - reference 4.

r Mississi ppi - cottonwood (P. deLtc’-tde4 ) - reference 10.
• Kansas - Tuttle and Mi lford - Missouri and Sioux cottonwood - reference 4.

2. Where two planting densities are reported , the first refers to hybrid poplar
and the second to the comparison species.

3. This is the ratio of the experimentall y measured 
~
‘n”~

’n ) for poplar at
central Pennsylvania to the experimentally measured (y ,y l~ 

for the second
species at the second location. n n-

4. This is the ratio of the estimated (y /y ~
) for central Pennsylvania to the

estimated (y /y ~~ for the second 1o~at~othI__equation C-41 was used for the
second growiflg ~e~son estimates , and equation C-42 was used for the third and
fourth season estimates.

•

- - 
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not known to be available for aspen and is only very approximately
• known for the hybrid poplar. In fact, it is likely that the absolute y ields

from aspen would be much l ower than from the poplar , because it is known

that aspen grows more slowly than the poplar does in the first few - •

years after planting. What the comparison between the Pennsylvania and
Wisconsin sites indicates , however , is that if a species sui.ted to the
Wisconsin site having a juvenile growth rate comparable with that of the
hybrid poplar were to be planted at the Wisconsin site , it would have the
same growing potential and approximately the same harvestable yield
there as the hybrid poplar does at the Pennsyl vania site . A proviso
has to be added to this statement--namely, the conclusion would be true
only providing the soil quality and moisture supply would not be more

restrictive limitations to aspen growth than are the climate conditions
allowed for in equations C-41 and C-42.

The experimental data and estimates are in close agreement for the Pennsyl-
vania and l ower Mississippi River Valley sites. It can be concluded that
the growth potential of the two locations is about equal for species
which have the same inherent growth rates. Approximately the same can be

• I said for the Pennsyl vania and Kansas sites.

Conclusion. The val i dation estimates shown in Tables C-XVII and C—XV III for
equations C-41 and C-42 suggest that the equations are good indications of
the potential of a site for an Energy Plantation providing that the climate
factors in the equations are more restrictive to plant—matter production
than are such other factors as soil quality and soil moisture availability . H

I

IV.B .9.d. Influence of Soil Texture and Available Moisture on Yield. As
mentioned earlier , moisture available to plants during the growing season

• and soil texture are two factors which cannot be adjusted easily on a large
-
• scale.

_  _  
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The amount of water required by a plant to generate a given amount of
dry plant material varies substantially from plant to plant. For instance ,
Assman ~ estimates that about 350 pounds of water are required per pound
of dry plant material produced by oak. For birch , beech and rye, the corres-
ponding ratios are about 300, 170 and 690 pounds of water per pound of dry
plant materia l.

An estimate of the water requirement for hybrid popl ar grown in centra l
Pennsylvania has been made on the basis of plant-matter yield for a year’
and the normal precipitation data during the growing season. It was
estimated that these poplars (clone NE-388) required about 150 to 200 pounds

of water per pound of dry p lant material produced . At a rate of plant-

matter production of eight dry tons per acre per year, this would correspond
to a water requirement of about 2 to 2.8 inches per month during the growing
season .

The total average rainfall per month is not the whole picture , however. The
d istribution of rainfall in important. Several gentle rainfalls totalling

2 inches per month will be more beneficial than one downpour. One of the
reasons for this is that gentle rainfalls have a better chance of soaking
into the ground and being retained as available moisture in the soil than

does a downpour which is likely to deliver water at a faster rate than can

be absorbed by the soil. Consequently, a lar ger fraction of the water

delivered to the soil surface by a down pour is likely to run off the surface
and , therefore , not be absorbed by it than is the case for a more gentle
rain.

There is no general way for treating this problem at present. Each case

will have to be treated separately by taking into account rainfall distri-

bution during the growing season in relation to the soil moisture absorption
and retention characteristics.

r
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IV .B.lO. Conclusions. The analysis of yields per plant from deciduous

species in plantations leads to the following conclusions.

1. The harvestable yield of plant material per plant can be represented

by an equation of the following form :

2K, -K~n

-i” = 
2~~ 

(1 - e ~ 
) (C-8)n 2

where y~ = the average harvestable yield of plant material per

plant at year n in pounds of dry plant material ,
n = the age in years of the harvestable plant material

above ground since planting if there has been no

harvest from the pl anting, or the age of the p lant
material since the imm ediately preceding harvest ,

K1 
= a g rowth parame ter , dry pounds of plant material

per plant per year squared , and
K2 

= a growth-limiting parameter , a pure number per year

squared.

2. The parameters K 1 and K2 a re functions of a number of fac tors ,

including the planting area per pl ant, species , cultural t reat men ts
a t the plan ta t ions , among ot hers .

3. For a par ti cular spec i es grown at a par t icular si te , given at least

two harvested yields at the same planting density, but at different

numbers of years since planting or since the previous ha -vest from

the plan t ing, the parameters I<
~
, K2 and the i r comb i nation K 1 /2K2 can

be estimated from equation C-8.

4. Given values for any two parameters chosen from K1, K2 and K1 /2K2,
yields at numbers of years since planting or since the preceding
harvest for which actual data are not available can be estimated
reliably at the planting density for which the values of K1, K2 and
K1 /2K2 are known from equation C-8.
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5. For planting areas per plant up to about fifteen square feet (the
upper limi t of interest for Energy Plantations), the parameters K1,
K2 and 1(1/21(2 are represented as linear functions of the planting
area per plant on a log-log plot--these correlations allow harvest-
able yields to be estimated for planting densities for which values
of K1, 

~2 
and 1(1/21(2 are not ava i la ble from actual data and , therefore,

remove the pl anting density limi tation in point 4.

6. The relationships between K1 and and planting area per plant are
species-dependent, but the relationship between 1(1/21(2 and planting
area per plant seems to be independent of species for a wide variety
of species of interest for Energy Plantations.

7. An approximate relationship between total insolation and the ambient
temperature profile during the growing seaso n on the one hand and
the ha testab le yield from plantations on the other has been established-

• -it allows fairly reliable estimates to be made of the harvestable yield

from a species at a p1’i~ntation site for which no actual yield data are
available , providing ir~s~olatlon and the temperature profile during the
growing season are the factors which most restrict plant growth at
the pl antation site in question--other factors which at certain sites

• might be more restrictive are precipitation or soil character .

IV .C. Suninary of Correlations Applicable to Deciduous-Species Plantations.
The various correlations established from experimenta l data on the yields
from deciduous-species plantations are summari zed in Table C-XIX.

The factors which have been found to be important for describing the productivity
of a deciduous-species plantation are listed in the first col umn of the table.

-
p
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The correlations which have been developed from experimental data for
relating the factors shown in the first column to variables under the
plantation operator s control are listed in the second column . The
correlations in the second column also involve a number of empirical
parameters which are themselves functions of variables under a plantation
operator ’s control. These second-order dependences are identified in
the third column in the following way, using entries in the first line of
the table as an example:

parameter a is a function of the pl anting area per plant A--
this finding is represented in the third column as

a: A

While the planting area per plant A is the most widely infl uential variabl e
under the plantation operator 1 s control , others which may have substantial
influence on the performance of plantations and , hence , also on the values
for some of the empirical parameters are: T

• the species grown; and
. whether the plant material is the first produced by the plant • -

or whether it is regrowth from stumps remaining from a previous
harvest (“first or stump regrowth” in the table).

The “comments” col umn in cludes two classes of entries. One of these i s
variables for which , while they have a bearing on the performance of plantation s,
the effect is less well defined or less marked than is the effect of the
variables listed in the “variables ” column . The second class of entries is
limitations on the validity of the correlations.

C-142
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The fifth column provides estimates of the order of magnitude of errors
in harvestable yields which may be -Introduced by relying on the correlations
shown in the table. Errors are expressed as the range in percent of the
probable yield which is likely to be achieved in practice. The error

t ranges have been estimated from a comparison of actual yield data with
estimates of the corresponding yields made by backca lculating from the
correlations (see Ta’~ie C-IV for an example). It will be seen that ,
except for the casi~ of the limi ting parameter K2, the error estimates are

generally less than plus or minus fifteen percent. Such an error range

is within the range of fl uctuations from year to year caused by natura l

variations in growing conditions.

4
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V. APPLICATION OF THE DECIDUOUS-SPECIES GROWTH MODEL

The correlations established in section IV of this appendix to describe
harvestable yields in Energy Plantations may be used in several ways.

Examples of these uses pertinent to Energy Plantations at troop train-
ing centers are the subj ec t of this section of the appendix.

V.A. An alysis of L imited Experimental Data.

V.A.l. Introduction and Summary Conclusions. As has been indicated pre-

viously, much of the experimental data available are too limited to be in-
terpreted by the general method s described in section IV . These valuabl e
but limited data in ma ny cases are a single item of data--for instance,
a sing le harvested yield at a particular planting age . The genera l analytical

method developed in section lv for determining the K and other parameters

require at least two harvested yields at the same planting density at two
different planting ages .

General relationshi ps between the significant parameters used to describe

plant growth -- K 1/2K 2,K1 and K2 - and the area A per plant at planting have
been established (see Table C-XIX) . If the initial planting density N0 is - 

-

known for an experimentall y determined harvested yiel d , any of the three

general relationships can be used to estimate one of the parameters, K1/2K2,

~ 
or K2. Using this estimated value for one of the K parameter s and the

experimentally determined yield , a second K parameter can be approximately
estimated , and then with the two K parameters so estima ted the growi ng character-
istics of a plantation site and species can be roughly evaluated . The pre-
ferred procedure for this purpose is the subject of this subsection.

4
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V.A .2. Method. Given one experimenta l yield , ~~ in pounds per acre at a

planting density , A , square feet per p lant , and’growing age , n , years , the
first step is to estimate yn , the oven-dry harvesteçl wieght per livin g p lant .
If the survival rate at year n is not known , the g€nera l expression for Nn
(see Table C-XIX) can be used , and in this case

V= x r dry pound s per living plant (C-43)

-• 

where V harvested weight per acre (dry or green)

r ratio dry weight to green weight
= number of surviving plants at harvest time - if not known

experimentally , N~ = N0 
10 an can be used (see Table C-Il )

Three possible procedures are now open. They are:

1. From K1/2K2 a1A~
2 (equation C-26) determine the value of

K1/2K2 to be used in the case of interest . Then , determine

K2 fr om 
- —

1<~ (i - e K2n
2
) (C-8)

21<2

which by rearran gement becomes:

• K~ = 4- in (1 - y~/K if~ K2 (C-44)
n

The growth characteristics of the system can then be described

by Ki /2K 2 and 1(2 for other harvest schedules.

2 . From K 1 = 1.~1A ’~
2 (equation C-l7), determine the value of 1<

~
for the planting area of interest , Then, using

C-l46
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1<1 - K n 2
= r— (1 - 2 ) (C-8)

-n 2determ i ne K2, through fl 
= l-e K

2 (C-45)1(1

The system is then completely described by the set of parameters

K1 ( from the genera l relation) and K2 (from the experimenta l data ).

3. Using K2 = p ’A~2 . (equation C-23), devise the value of K relevant
to the case studied . Then , K 1 is determined from

K - Kn 2
y = ~ (l—e 2 ) through K 1 = 2K 2y (C~-46)2K 2 

l-e ~~2 K2
Thus giving the two parameters 1(1 and K2 needed to describe the
system .

Because of the approximate nature of each of the general relations for

K 1/2K2, K 1 and K2, the values of the sets of K parameter s obtained by the
three approaches just described will be somewha t different from one another.

As a result , the precision wi th which the experimenta l data are described -

•

will also vary .

A comparison between experimenta l da ta and estima tes made by each of the

procedures just described has been made for two sets of rather extensive

experimenta l data to evaluate the reliability of each of the procedures.

One of the data sets is for first harvests from hybrid poplar from clone

• NE-388 planted at four square feet per plant’ 8 . The other is for sycamore,

again first harvests, planted at four square feet per plant 2 . •

Values for K 1 and K2 for first harvests in years two through five

C- l47 
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were determined from the experimental data usin g the computer method des-
cribed by equations C-9 through C- 12. Then , using the yield per plant for
year two as a hypothetical single experimental item of data ,values for K~
and K2 were calculated by each of the approximate methods just described .

These approximate K values were then used to estimate harvestible yields
in years three through five since planting. These yield estimates were

compared with the experimentally determined yields and the difference —

between them and the experimenta l yields are reported as “errors ” ex-
pressed as a percentage of the experimentally determined yields. The

results of these calculations and their “error s ” are summarized in Table
C-XX . For both cases (poplar and sycamore) the columns headed “based on I •

1<1/21<2” correspond to the first approximate method described , and those
headed by “based on K1 ” correspond to the second and so forth. The under-

• lined values in each column are those obtained directly from the genera l

rela tionships between planting area per plant A and K1, K2 and K1/2K 2 used
in the approximate methods. The values not underlined were obtained from
the hypothetical single data point and a K value determined directly from

one of the general relationships.

For the approximate method s used for the hybrid pop lar , the followin g general

correlations for the K parameters were used :

• approximate method 1: for K1/2K~ - equation C-27

• approxima te method 2: for K, - line H in Figure C-XVI I (the “hybrid

poplar - all clones ” line ), an d

• approximate method 3: for K2 - line B in Figure C-XX IV (the “hy brid

poplar - all clones ” line ).

C-148

HF-.



- —.---•
~
-

~~~~~~
- 
~~~~~~~~ -• - -- - - -

- -

I II II I
— I IO.) U1 C I0) V 0 ‘.0 44) .— 

0)(00  C’) Lt) C) 
- . • ..C C’) ‘S- .— 4.0 ‘ CO SD C’) I C5) 4.) . . . 

~~~ a,> 5) V — C) 
~~ I I I I 5)I U) I ~~V I 4)

I 5)I I .0I 
~~~~~~~~ II ~~~~~~(Y) I (5 I 0.

V c~) — N- I- 0 5$) 
~~ C) Sir— I U)V 4..) .C r C) 0) > 1 5  C) C) CS i C  4, . . 

5- 4’  . . . I Q
N 5) — C) ~~ I (5 C ~~ ~~~

C) 

Si C~ ) Lfl I 4) I -I I (0
LU •~~ 

I V4—.-’ 
~- L ( I  .. 

I dJ $. I (1)
>- 5- cu C I 

~~~~~~ I S..W 0 . 5 )  
~~ C’) 

‘ ‘ S C
LU L.L U 

‘ E X  II • C V V (4) 0) 4.0 
LU ~~ ~~~ ‘.~ I (5

CO 5) 4.) 5) Q) 0 CC C~) CO I 4.) . • . I 
~~

5.. 4- 5.. ~~ -C (‘~ ,
~~ 0) ~~ 4~ ~~) C’) SD I 5)~— 

~
— 0 Q) (5 

~~ . - . 
j~J ~~ ~~ .— I C

Cl) Cl) E . 5) ,
~~ C) ~~ I I I I a,LU LU (5 0 5) 

C 4-) • 0)
>. >. 0 U ) 0~ 

— C>•, —1 
ci) I E~~ In~~~- I 

0I I 
~~— I o~~ I 9-

LU 
I 5-0.V N- r- 

5- C~)  0) C) I V
C) 0 S O N - C O  LU . . . I Q)

C) 
— C’) I ,

~~ C) N- I >
LU 

~~ 4.) •L) C) ci) — C) 
~~ I I I I 5.~~ 

‘ ‘ ~‘ ‘~
C) 

I 
V )~

,< C) ‘~t I I C’)
>~ r~ 

~~ I U) ~~p I Q)
L) ~~ 

‘~~~ >~ I 
I 4’— I I (0

LU 
03 I I E S...

Cl) 0 0) V 0 CO LI) ~
j. 

~
. 0

0) 
~~ 0 N- C’) CO 

CO CO I 4-’ 
- •

< C) 
~~~ (. C C’) C’) C) C’) I • • l U) \J

• 
ci) 4’ - - I 

~~ N- I 5)~~~ C) 
> Q) V C) ~~ I I I I I

LU LU 
C 

‘ “ I ‘ ~~V— 
I — I 5)

C) 
I I -C

LU 
I - - —

~~~~~ I 4—~ 0

-
• >- C) 

I >- Q) I
~~ Cl) 

LI) I 
~~
.. I 5..-

. 
(V) 

5) ‘00. I V 0) N- N- U) (5 I 
~~ 4)~~~ I— 

0 N- C’) U) so t’) I C— I c~ C’) C) C) 
• . U) (5

(/) 
~~ ~~ 4.) . . . 

5- ~~
.. (4) 0) 5)— a) I ci) C) C) ~ ) I ( 5 ( 5  I I I I 

~~ C).
LU 

~
- U) I $ 4’ ‘
Cl) v~ I I C 1 (o S..
LU j 

V Si I > 5)
I— .. 

W E  I 0.
(5 I $ 4’. ICO ~ 0 C’) 

4 5 5 . .  I U (5
CO 0.r- I 

E ~~ I C 5)
Cl) 

V V 0) N. C) - .--- 0) 
~~~

- 
~~~ -r-I S.. a) a) 0 .

~)- C’) N. I . . I (5
U) Cl) U U) — .C j  — N- i U) LU CO SD 0) I 5..C). C (5 

~~~ 4.) . . • I 
— c~ ~~ I W ~~

5) 0) 5) 0 ~~ 4- I I I I V C5- . 5- 
I 

I C( 5 4 )0) 
I I ~~ 41I I C

Cl 5) 
C I 5) (00 .

~~~~ I 4./) 5) I -C —
0. cr—. — I 

~~ I 
~~ C).

41) C) 0 5 -V V N- ~~~ 5- 5) I~~ 0 N- ~~ I 5- 0. N- 0) ~~ I5- 
~C (‘~) C) LI) I . . Si4.) . • I — SD I ~~~~~ 5) C) C) LI) 

I I I 0

C-149 I ‘ -

~~~~

- 

$ _ _



- - 
-
~~~~~~~~~~~~~

- -
~~~~~~~~~~~~ - :~~~~~~~~~~~~~~~~~~- J~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ r 

It is apparent from Table C-XX that the approx imation s based on K,/2K2
(method 1) and K2 (method 3) for the hybrid poplar give very good results.

• 
• The larger error in the case of method 2 (based on K~) is due to the Fact

that the K 1 line for clone NE-388 differs significantly from the “hybr id
poplar - all clones ” line , and use of the latter introduces a substantial

error. The K~ line for hybrid poplar NE-388 (line G in Figure C-XV IlI)

could have been used with better results , but the pur pose of the present
example is to see what error is introduced when broadly genera l relation-

shi ps are used . It is evident that the parameters K2 and K,/2K2, and to
a certain extent I(i also , estimated on the basis of K 1 (method 2) are

significantly different from the corresponding estima tes based on the

genera l relationships for K2 and 1(1/2 1<2 as a function of planting area
per plant A. It is also evident from the “errors ” for hybrid pop lar

-
• 

shown in the l ower part of Table C-XX that the estimates based on methods
one and three are more reliable than those based on method two. Consequently,

• the method two estimates have been om i tted from the average values for the

K factors shown in Table C-XX.

For the approxima te methods used for sycamore , the following general cor-
relations for the K parameters were used :

• approximate method 1: for 1<1/2 1<2 - line F in Figure C-XXV (the
“fertilized-second harvest” line) ,

• approximate method 2: for K, - line C in Figure C-XV III (the
“fert i l ized-first harvest ” line), and

• approximate method 3: for K2 — line 0 in Figure C-XXIV (the
-; “all plantings-first harvest” line).

It is apparent from the table that the values of the K parameters derived
from method three are quite different from those from the other two methods.

C—l50
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TABLE C-XX I

EXPERIMENTAL DATA WHERE ONLY ONE HARVEST YIELD PER PLANTING IS AVAI LABLE

• Planting . Plant surviva l
Spacing Age at Yield to harvest-

Species Location ft x ft Harvest Harvest* o. d. tons/acre percent

Silver Maple Tuttle, 1 x 4 1st 2 5.6 98
Kansas 2 x 4 1st 2 4.9 93

4 x 4  1st 2 2.9 97

1 x 4  2nd 2 8.4 82
2 x 4  2nd 2 9.4 77
4 x 4  2nd 2 8.6 91

Milford , 1 x 4 1st 2 4.4 99
Kansas 2 x 4 1st 2 3.7 100

4 x 4 1st 2 2.6 100

Cottonwood , Tuttle, 1 x 4 1st 2 4.0 85
Missouri Kansas 2 x 4 1st 2 5.4 95

4 x 4  1st 2 4.2 94

Milford , 1 x 4 1st 2 4.6 87
• Kansas 2 x 4 1st 2 3.6 82

4 x 4  1st 2 3 .3  91 
•

Cottonwood , Tuttle, I x 4 1st 2 6.5 98
Sioux Male Kansas 2 x 4 1st 2 5.5 99

4 x 4  1st 2 5.9 100

Milford , 1 x 4 1st 2 7.0 97
Kansas 2 x 4 1st 2 6.8 - - 100

4 x 4  1st 2 5.2 • .
- 100

* Years since planting in the case of first harvests and since the first
harvest  in the case of second harvests .

Source: Reference 4

C-l5l

a ____________________ - •~~~. - - - • •I ~~~~~~~~~ ~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 7~. - - .., ~~~~~~~~~~~~~~ .~. ~~~~~



- 
___ — • -‘— z 

~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
- - .~~~~~~~ _~~~~~ i~~~T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Such is not entirely surprising because , as previously noted, the 1<2 versus
A correlation is rather poor for sycamore. The method three estimates of

L the K parameters have been ommitted from the average values shown in Table

xx.

Thus , when data for only one harvest are available from a planting , it is - •

• suggested tha t the K paramaters be estimated by each of the three approximate

methods , then eliminating from consideration any method which l eads to values

• particularl y different from those from the other two. The averages of the
— unel iminatez~ values should be used .-

V .A.3.  Data Interpreted. An example of using the three approximate method s
for estimating K parameters is the subject of this sub-section. The data are

for harvests taken two years after planting , or two years after the first

harvest in some cases , from plantin gs of silver maple and two varieties of
cottonwood sites in the vicinity of Manhattan , Kansas ’~ .

J

The experimenta l data are given in Table C-XXI.

The procedure for estimating the K values will be developed in detail for the

first harvest taken two years after planting from the silver maple stand at one

foot by four feet spacing at Tuttle . The results from these calculations and

for those from the other stands shown in Table C-XXI are sununarized in Table

C—XX II.

Estimate the yield per living plant at harvest time:

• V / (N x survival rate) (C—47)
n ~

- -
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= 5.6 x 2,000/ (10,890 x 0.98)
= 1.049 dry pound s per plant

Note that the harvest data are given on an oven-dry basis , and there-
• fore no adjustments need be made for moisture content.

Estima te K parameters by approxima te method one:

K 1 1.26 L+ 9 L +

~~ 2 
= 0.95815 A (C-27)

= 0.95815 x 4] .26 14 9 t +

= 5.533 dry pounds per plant

K2 = 
~ 2 ln [1 - ~~/(K1/2K2)] (C- 44)

- -1/4 1 11 1.049
- 

~
1 L

= 0.0526 - -

K , = 5.533 x 2 x 0.0526 = 0.582

Estimate K parameters by approxima te method two :

Correlations between K 1 and the planting area per plant A are the

• starting point for th is method , but correlations are not available

for the cottonwood varieties or silver maple for which harvest data

are available . Therefore , correlat ions for similar species must be

used , as follows :

• for the two cottonwood s - first harvest - line F in Fi gure
C-XV III (the “cottonwood ” line);
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• for silver maple - first harvest - two correlations are used
because no suitabl e gui ding information about silver maple

growth is availabl e -- the correlations are:
—. line F in Figure C-XVIII (the “cottonwood ” line),and

line G in Figure C— XV III (the “hybrid poplar NE-388”
line; and

• for second harvests - assume the ratio of the K, ’s for second
harvests to K,’s for first harvests conforms to equation C-2l .

Thus the estimated values for 1<
~ 

are:
• from line F:

= 0.34478A O , 7 2 12~~+ = 0.937 (C-48)

from line G:

K, = 0.16257A 0 .7329 ’. = 0.449 (C-49)

The values of K2 corresponding to these two estima tes of K, are deter-
mined from:

v it 2~= ~~~ ~~~~~~~ 

,~ n ,~
• n — - -

21<2

and 1<2 corresponding to K1 equal to 0.937 is found to be 0.325, and -j
less than 0.001 for the K1 value of 0.449.

The value for K1/2K2 is 1.442 for the value of K, equal to 0.937, and
the value correspond ing to K~ equa l to 0.449 is very large.

Estimate K parameters by approximate method three :

t Correla tions between K2 and the planting area per plant A are the

C-154 
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starting point for this method , and the same problem arises in this

case as for method two. Consequently the following correlations are

- used for estimating 1(2 :

• for the two cottonwood s - first harvest - line E in Figure c-xxrv

(the cottonwood” line ),

• for silver maple - first harvest - two correlations are used
— 

because no suitabl e guiding i nformation about silver maple
growth is available -- the correlations are:

- 

li ne E in Figure C-XXIV (the “cottonwood ” line), and

• for second harvests - assume the ratio of 1<2 ’ s for second
harvests to 1<2 ’s for first harvests conforms to equation

• C-24.

1 Thus the estimated values for K2 are:
from line E:

1<2 = 0.O4 l57A - 0 .3’.88 1 = 0.0256 (C—50)

from line C:

K,, = 0.04389A- 0
~
’1357 = 0.0375 (C-51 )

-; The values of K 1 corresponding to these two estimates of K2 are determ i ned

from

= 
~~~~ 

(1 - e 
_K 2n2)

- ~~~~
- 

• 
and are found to be 0.5~2 for the K2 value equal to 0.0256,

C-155- 
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and 0.565 for the value equal to 0.0375.

It will be seen from Tabl e C-XXII , and as noted in section V.A .2., that
the three approximate methods do not give similar values for the K para-
meters. The estimates of the K parameters from methods one and three are
fairly similar , but the estimates from method two are generally quite dif-
ferent from those provided by methods one and three. It will also be

noted that the estimates of the parameter K2 derived from approx imate method
two in five of the seven combi nations of species, site, and harvest number
shown in Tabl e C-XXII do not follow the expected trend with planting area
per plant. The expected trend (see section IV .B.7.a.) is a decrease in

H the value of K2 with increasing planting area per plant. The K2 estimates
from methods one and three generally conform to this expectation . The es-

timates for K,/2K2 derived from method two do not fit the general correla-
tion shown in Figure C-XXVI. The estimates be method two lie substantially

below the regression line, whereas the estimates from methods one and three
are astride it. Finall y the val idation results shown in Table C-XX indicate

H that method two is the least reliable of the three approximate methods for
estimating 1( factors.------------~

In the light of these various considerations , the averages of the K para-

meter values derived from method s one and three will be used for planta-

tion planning with respect to silver maple and the two cottonwood varieties
until more extensive harvestible yield data become available for the species.

Despite the decision set forth in the preceding paragraph , there is some
evidence which suggests that evaluation of the merit of the K parameter
estimates derived from each of the approximate methods should be made by
assessing the three parameter estimates derived from a parti cular method
as a group, rather than individually. This point is illustrated in Tabl e -;

C-156



— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~ ____________________

C-XXII. The averages of the K parameter estimates shown in Tabl e C-XX II

from approximate methods one and three are tabulated along with the averages
of the estimates from all three methods. The average values of K1 and K2
based on methods one and three, and on all three methods , have been used
to backcalculate estimated harvest yields per plant for the two-year-old
first harvests and second harvests shown in Table C-XXII. These estima-
ted harvests per plant have been compared with the experimentally determined

values shown in the fifth column from the left in Tabl e C-XXII . The dif-

ferences between the backcalculate estimates and the experimental values

are recorded as percentages of the experimenta l values in the columns

headed “estimate variance ” in Table C-XXII. It will be seen that these

variances are essentially zero -for estimates based on averages of K values

from methods one and three and are not often very consequential for the

estimates based on averages of K values from all three methods. Note also

that the variances for silver maple from estimates made from the cottonwood

and hybrid poplar correlations are approximatel y equal .

A regression analysis of the average K parameter estimates based on methods 
- 

- 

I

one and three shown in Table C-XXII has been made to determ ine appropriate

p. y and ~ values for future use in equations C-l7 , C-23 and C-26 with re-
spect to silver map le and the cottonwood varieties , The mean values for

4 these factors and associated standard derivations are shown in Tabl e C-XXIV .

V.A.4. Conclusions. It is reasonably evident that where only one measured

harvest yiel d is available for a combination of site, species and harvest

number , the approximate methods described in section V.A.2. can be used

in conjunction with K parameter correlations (such as Figures C-XV III and

C-XXIV and equation C-27) wi th some confidence for estimating K parameters. —

Estimated K parameters based on method two appear to be less reliable than

those based on methods one and three or the averages of K paramater estimates
deri ved from them . The approximate methods are effecti ve means for includ ing

C—l57
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isolated measured harvest yields (of which there are many ) from deciduous

species of potential interest for Energy Plantations in the data base

availabl e for plantation design.

V. B. Optimization of Energy Plantations.

V.B.l. Introduction and Summary Conclusions. It is evident from the -

•

analyses in section JV of this appendix that the rate at which harvest-
ible plant material is produced by deciduous species depends on the
planting density and harvest schedule , among other factors. The relation-

ships developed in section IV can be used for selecting the planting density
and harvest schedule which will maximize the sustained harvestible yiel d
from a particular species at a given plantation site.

The average annual sustained yield from a plantation is the sum of the
H yields from each of the harvests taken from a planting divided by the

number of years which elapse between plantings. The yield at each harvest
between plantings from a species at a particular plantation site can be

- I expressed in terms of the planting area per plant A and the years n which
elapse between planting time and the first harvest , and between harvests
after the first one from the planting. The average annual sustained yield
from a s~ocies at a given plantation site is a complex function of A , n ,
and the minber of harvests taken between plantings. Values for these three
variables can be determi ned from the function which maximize the average
annual sustained yield from a species-plantation site combination . A corn-
puter program has been written for thi s purpose .

The values for A , n , and the number of harvests taken between plantings
which lead to the maximum average annua l sustained yield depend on the I •

~~~~~

‘

growi ng habi ts of the species under consideration They depend therefore

IL-
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on the K parameters previous ly described , which ,in  turn ,depend on cultural
trea tments , climate and soil character at the pl antation .

Developing and demonstrating a procedure for maximiz ing the average annual

sustained yield from plantations is the subject of this subsection.

V.8 .2 .  ~-:ethod. The average annual sustained yield V from a planting
in a plantati on from which a succession of harvests have been taken during
a period of zn1 years is given by:

= 1 (y + Y + Y . .) tons per acre-year (C-52)
n 

~n . ~1 fl2

where zn . total number of years elapsed between the time the stand

was planted and the time of the last harvest taken from

the stand before it must be replaced with a new planting ,

= years of growth before the 1 th harvest , and

~
‘n. 

= yield of 1th harvest resulting from a growth period of
~ n~ years - tons/acre.

The yield from each harvest ‘
~
‘r~. 

is given by

j = N 3’n. 
(C-l)

= N ( K l ) ( 1 - e -K 2n i
2
) (C- 53)

where = numbers of living plants at year n1 and
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= yield per living plant at year n.~ -- the va l ues of the
growth parameters K1/2K2 and K2 to be used in equation
C-53 depend on whether the harvest is the first one taken
from the stand or whether it is the second or a later one.

Two assumptions are recalled at this point:

1. The numbers of surviving plants N~ at the second and subsequent
harvests is equal to the number ot

1 
surviving plants afte the

first harvest (see section IV.A ..8.), and therefore:

N = N  = N  (C-54)n1 n2 n 3

2. The harvestibl e yields per plant from second and subsequent har-

vests are equal providing the i ntervals between the harvests
are equal (see section IV.A.8.), and therefore:

y = y jf 
~ = = • •  (C-55)

fl2 fl3 2 3

Accepting these assumptions, equation C-52 becomes:

— N m
¶ = ~~~~ 

~“n 
+ ~ V ) (C-56)fl (~m~1) 1 i=2 n

1
For the particular case in which all second and subsequent harvests are
taken at equal interva l s, n2 years, equation C-56 becomes:

N

-
~~~ = 

(n 1 Tmn 2) ~
‘n 1 

+ mY~~) (c-57)

where m = number of harves ts taken from the sta nd a f ter the first harves t, and - 

- -I -
- - n2 = the interval between harvests after the first harvest.
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~~~~~~~~~~~~~~~~~~ for Opt~imiZ8t3~~- A computer program has been

- -  
written for the optimi zation procedure- 

The program tabulates values of

average annua l sustained yields estimated in accord with equation C-57

The program listing in focal for a Digital Equipment Corporation POP 8/ I

computer is shown in Table C—XXV .

The output from the program is an 
estima te of that combination of pl

anting

density and harvest schedules which 
maximizes the average annual sustained

yield from a particular species. 
The program also identifies any combina-

tions of planting density and harvest 
schedule which can be expected to pro-

duce at least ninety-five percent 
and at least ninety percent of the 

maximum

yield. These outputs have been provided from the program 
because combi na-

tions of planting density and harvest 
schedule may exist which provide sus-

tam ed yields almost as large as the maximum possible yields but at less

cost. For instance some of the 
n8~~o~t_as_gOod ” yields may requ ire a lower

planting density (therefore lower p
lanting cost) or less frequent harvesting

I (hence possibly lower field costs).

The inputs to the program are:

• cut off limits for yields almost as 
good as the maximum sustainabl e

yie’d;

• range of planting areas per plant (the increase of planting density)

to be considered - four, eight s twelve and sixteen square feet 
per

pl ant are usually sufficient for 
identify ing the maximum susta inabl e

yield from a particular species;

• the age of the stand at first 
harvest (usually one, t~~ and 

three

years is sufficient), and the 
interval between harvests after the

first harvest (one, two, three and 
four years are often adequate);
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• factors for describing parameters K2 and K1/2K2 as a function of
planting area per plant A , using for 1(2 :

K = ri1A 02 (C-23)

(in the program ,n1 and n2 for first harvests are KAPPA 1 and

LAMBDA l,respectivel y,and VAPPA 2 ~n1 LAMBDA Z for second
and subsequent harvests,respectively); and

for K1/2K2:

K1/2K2 = 11A12 (C-26)

(in the program Ii and Y2 for first havests are ALPHA 1 and BETA 1 ,

respectively, and ALPHA 2 and BETA 2 for second arid sithsequent
harvests’respectively); and

• the two parameters for defining the decay factor a in equation C-3.

The number of harvests m after the first harvest from a stand has been set
at five in the program because it is kno~m that five harvests subsequent to
the first can be taken without loss of regrowth vigor in a stand. It would
be beneficial in terms of average annual sustained yield and plantation operating - I
cost to set m a littl e over five (seven or eight perhaps), but such has not
been done in the program because no data have been found on the effect on sus-
tained yield of more than five harvests after the first from a stand. -:

V.B.4. Example of Optimization Calculation. A step by step descri ption of
the optimization procedure is given in this subsection . it is based on
hybrid poplar grown from clone NE-388 at Mu~ser Farm i n central Pennsylvan ia:

C-168
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TABLE C-XXV

PROGRAM LISTING FOR DETERMINING AVERAGE ANNUAL SUSTAI NED YIELD S
ON THE BASIS OF EQUATION C_56*

C-8K FOCAL @1969
01.01 A ! “1ST LEVEL BELOW OPTIMUM” L(O)
OL 02- A ! “2ND LEVEL BELOW OPTIMUM” L(l)
01 03 A I “NO OF AREAS-PER-TREE’S” NA
01 05 A ‘ “NO OF YEAR-OF-FIRST-CUT’S” Ni
01 07 A I “NO OF YEARS-PER-SUB -CUT’S” NS
01 .09 A ! “ALPHA 1” Al; A “BETA 1” Bi
01 11 A I “ALPHA 2” A2; A “BETA 2” B2
01.13 A ! “KAPPA 1” Ki; A “LAMBDA 1” Ll
01.15 A 1 “KAPPA 2” 1(2; A “LAMBDA 2” L2• 01.20 S YT O.; S CN -1
01.22 S PU O.; S PV O.; S PW O.
01.25 0 17
02.01 F 1A 1 ,NA; S PA PU+IA*4.; 0 18
03.01 I (CN)4.01 ,4.O1 ,6.O1
04.01 S CN=CN+1
04.02 T !“SOLUTIONS GREATER THAN” ,%6.02,L(CN),” OF THE OPTIMUM”
04.03 GOTO 1.22

• 06.01 GOTO 1.09
07.01 QUIT
17.01 T !“ AREA PER TREE FIRST CUT SUB. CUTS
17.02 T “AVG. ANN . YIELD”
18.01 S PG=FLOG(PA )
18.02 S DP=O.07767*FEXP(_O.390084*PG)

.~~~ 18.03 019
19.01 F 1 1 l ,Ni; S P1=PV+I1; 0 20
20.01 S ST=(43560./PA)*FEXP(_DP*P1*2.30259)
20.02 S Y1=A1*FEXP(B1*PG)*(1._ FEXP(_K1 *FEXP(L1*PG)*Plt2))
20 03 0 21
21.01 F 1S 1 ,NS; S PS=PW+IS; 0 22
22.04 5 ZQ=ST/(P1+5.*PS)
22.06 S YS=A2*FEXP(B2*PG)*(l._FEXP(_K2*FEXP(L2*PG)*PSt2))
22.07 S Y=ZQ*(Y1+5.*YS)/2000.
22 10 I (CN)22.11; GOTO 22.40
22.11 D 23
22.12 I (Y—YT)22 20,22.20,22.3o
22.20 RETURN
22.30 T 1” NEW OPTIMUM FOUND “ ,!
22.31 S YT=Y
22. 32 RETURN
22.40 I (Y_L(CN)*YT)22.20
22.41 0 23
22.42 RETURN
23.01 T !%7,PA ,%11 ,P1 ,%9,PS ,~’13 O2,Y
*The program is written in FOCAL for a Dig ital Equipment Corp. POP--B/I computer.
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The input data and their sources are:

• number of surviving plants at the time of first harvest is based on
equations C-3 and C-2 -- for equation C-3, the values of ~ and ~
are those shown for hybrid poplars in Tabl e C—I T -- introduction of
these specific values for ~ and s into the computer program involves
a change in the setting in line 18.02 because other more genera l
values for ci and ~ are set in the program as it is shown in Table
C-XXV ;

4 -

• the cutoffs for printing out yields almost as good as the maximum
yield were set at ninety-five and ninety percent of the maximum yield,
respectively;

• five planting areas per plant were chosen , namely,the multiples of
four between four and twenty square feet per plant;

• the ages of the stand at first harvest to be considered in the ~~
- 

-

max im iza tion calcula tion were set at one , two and three years after
planting , and the intervals between harvests after the first harvest
were set at one, two, three and four years;

• factors for describi ng parameters K1/2K2 and K2 were selected as
follows :

for K 1/2K2: this ratio , the as~ iptotic yield per plant , was
assumed to be the same for growth before the first
harves t an d for growth between harves ts after the
first harvest (see page C-116) -- the constants

_ _ _ _ _  
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- - computer program listing) in equation C-26 relating
- the ratio to the planting area per plant A were de-

termined by regression analysis of the estimates of
shown in tables C-V and C-Vu (first and sec-

-

- ond harves ts, respectively) for hybrid poplar NE-388

- 

grown at Musser Farm -- the resu lti ng rela tion sh i p i s:
-

- K1/2K2 = 1.325742 A’- o6119 (C-58)

• and 1.325742 was used for ALPHA and 1.06119 for
-
~ BETA in the computer program; and

for K2: for growth before the first harvest , the values of
- 

- 

r~~ and ~ 2 given in Table C-XI I for hybrid poplar
-~~~ NE-388 grown at Musser Farm were used , and for

- ~- growth between harvests after the first the correspond-
ing values from Tabl e C-XIII were used -- note that
in the computer program 1isting~ci1 is KAPPA and ~~ 2 

- - - - ,
is LAMBDA).

The results of running the computer program with these inputs are summarized

-~~ in Table C-XXVI. The program first prints out the estimated average annual
susta ined yields for all combinations included in the input information of
planting area per plant , planting age at first harvest and intervals between
harvests after the first harvest. In the example being discussed , there are
sixty such combinations, of which the first six are shown in Tabl e C-XXVI .
The hi ghest estimated annual yield is 9.43 dry tons per acre from a planting
at four square feet per plant (about 10,900 plants per acre) with the first
harvest taken when the planting is one year old and the five subsequent har-
vests taken at two-year intervals.

- •
- - The program then prints out all the combinations which are estimated to provide

C-171
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sustained annual yields at least as large as ninety-five percent of the
max imum. In this case, there are none. Finally a listing is printed out of
all the combinations which are estimated to produce yields greater than ninety
percent of the max imum. In thi s case, besides the maximum, there are seven
others, three of which are about 8.8 dry tons per acre per year or about
ninety-three percent of the maximum annual sustained yield. Notice that
these three are rather different combinations of the input data , namely:

Planting Interval between
Planting age at first each of the five
area harvest subsequent harvests

4 1 3
8 1 2 4 -

8 1 3

The form of the results from this example are fairly typical of the results
produced by the computer program for numerous combinations of species and
proposed plantation sites, although the estimated maximum average annual
sustained yield varies considerably among the combinations. Because the —

resul ts from the example being discussed are broadly typical ,they will be
examined further.

The estimated average annual yields from all combinations included in the
inpu t information in which the area at planting, age at first harvest and the

interva l between subsequent harvests are equal are shown in Figure C-XXX .
That is ,n equals n in equation C-57. For convenience , these cases are

1 2
described as “synunetrical harvest cycles” . Estimated annual sustained yields
at a planting area of two square feet per tree have been added to the estimates
in the figure .

The estimates in Figure C-XXX suggest that when n1, the age of the stand at
first harvest,is only one or two years old in synlmetrical harvest cycles, the

C- l72 ~~~
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~ TABLE C-XXVI

- 
ESTIMATES OF THE MAXIMUM AND NEAR MAXIM UM AVERAGE ANNUAL

-

- SUSTAINED YIELD FROM HYBRID POPLAR NE-388 AT MUSSER FARM

- 
- DETERMINED BY THE COMPUTER PROGRAM LISTED IN TABLE C-XXV

Planting Area Harvest Schedule-Years
Per Plant To First Between Average Annual Yield

Square Feet Harvest Harvests Dry Tons Per Acre

Excerpt from computer lis ting of average annual yields from all data computation

4 1 1 6.37
- 4 1 2 9 .43

4 1 3 8 38
4 1 4 7.19

H 4 2 1 5.57
4 2 2 8.52

Computer listing of all annual yields greater than 95% of the maximum 

.~ 3 

Computer listing of all annual yields greater than 90% of the maxim um
- 

4 1 2 9.43
4 1 3 8.80
4 2 2 8.52
8 1 2 8.81
8 1 3 8.78
12 1 3 8.69
16 1 3 8.59
20 1 3 8.49

j
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maximum annual sustained yield is reached at planting densities less than
two square feet per plant. As n1 is increased , the optimum planting area
per plant increases also , being between six and ten square feet per plant
for n 1 equal to three years and twenty to twenty-four square feet for n 1
equal to four Years. These observations and the shapes of the curves in the
figure reflect several trend s arising from the fact that the average annual
yield per acre is the sum of the products of the number of plants per acre
surviving to each harvest and the weight of harvestable material per plant
at each harvest , divided by the total years elapsing while six harvests are
reaped .

When the time to first harvest and between harvests is short (ii and n are
1 2

equal and one or two years), the fraction of the plants per acre surviving
to harvest is large but their individ ual weight of harvesta ble material is

small , and the opportunity for substantial growth between harvests after the
first one is quite limited . Under these circumstances the highest yields

will be achieved at high planting density . Moreover, because the average an-
nual yields decl i ne as planting density declines, the decline in plants per

acre has greater effect on yield per acre than does the increase in harvestable —

ma terial per plant made possible by greater land area per plant.

When the interval between harvests is four years, there is time for substantial
growth between harvests , a factor which  ap parentl y has greater effect  on annual
yield than does the declinin g number of plants per acre as planting density

is decreased . Consequently , average annual yield increases with reduction

J in planting density (or increase in planting area per plant). This trend

wi th changes in planting density is the reverse of the corresponding trend
when the interval between harvests is only one or two years. However , when
the interval is three years ,the opposed effects on yield , a~- planting density

is  decreased , of fewer plants per acre and increased opportunity for substantial

C-174
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FIGURE C-XXX

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELDS FROM HYBRID POPLAR NE-388
GROWN AT MUSSER FARM, CENTRAL PENNSYLVANIA , AS A FUNCTION

OF PLANTING AREA PER PLANT
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production of harvestabl e material per plant between harvests are approximately
in balance ,and yield per acre remains nearl y constant over a wide range of
planting densities.

From a practical point of view , when harvesting machinery is taken into
• consideration , the minimum spacing between plants is about four feet between

rows and one foot between plants along rows , or four square feet per plant.

Thus, the estimated practical maximum average annual sustained yield with
hybrid poplar NE-388 at Musser Farm on a symmetrical harvest cycle is about

8.5 dry tons per acre. Thi s estimated yield is achieved with harvests at

two -year intervals. It is worth noting, however, that about ninety percent

of practical maximum susta ined yiel d can be achiev ed by a three-year harvest

cycle at about eight square feet per plant. Under these circumstances , and

assuming that six harvests can be taken per planting , repianting will be re-

quired only once every eighteen years whereas replanting for the maximum yield -:

of 8.5 dry tons per acre will be required every twelve years. Since, as wi l l
become evident in Appendix F , replanting costs are a substantial fraction of 

- 4
the total cost of producing plant material in an Energy Plantation , the three-
year harvest cycle , despite its moderately l ower average annual susta i ned

yie ld , may l ead to a lower cost for the plant material produced than is pos-

sible at the maximum average annual sustained yield per acre from synrletrical

harvest cycles.

Estimated average annual susta ined yields from various harvest schedules where
and n 2 are not always equal are shown in Figures C-XXXI through C-XXX III .

- These estima tes , like those in Figure C-XXX , are for hybrid poplar NE-388 -
;

grown at Musser Farm , and are from the group of yield estimates partially
summarized in Table C-XXV I . It is apparent in each of these figures that ~~~-: ~~ -

the maximum susta ined annua l yield is achieved at planting areas of four square

- 
- feet per plant and with two-year intervals between harvests. :

- ~: C- 176
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The estimated average annual sustained yields at various intervals between

harvests for hybrid poplar NE-388 at Musser Farm as a function of the age of
•- the stand at first harvest are shown in Figure C—XXXIV. It is eviden t, in

al l  cases shown , that the highest sustained yields are achieved when the
first harvest is taken from one-year-old stands.

The estimated sustained yields shown in Figure C-XXXIV are plotted
as a function of the interval between harvests in Figure C-XXXV . At a plant-

ing area of four square feet per plant , sustained yields pass through a sharp
maximum at two-year intervals between harvests, but the maximum declines as

the age of the stand at first harvest declines. At eight square feet per :- -

plant , the maximum yields are displaced toward three-year intervals between

harvests , but they also decline as the age of the stand at first harvest is
increased .

The estimated average annua l sustained yield is a funct~on of the number of
harvests taken from a stand after the first harvest. Assuming that a few more 

- 

-~

— than five such harvests can be taken from a stand without loss of yield per
harvest , the effect on the average annual sustained yield of varying the

number of harvests after the first one is shown in Figure C-XXXV I. It will

be seen that as the number of harvests is increased , the rate at which the
annual sustained yield increases ,declin es. For instance, at the planting
areas per plant shown in the figure , the average annual sustained yield
increases only about four percent by increasing the number of harvests after
the first one from five to ten. However, if such an increase in harvests
would not cause a loss in yield per harvest (such a loss, if it occurc-ed,

- - 

j would invalidate the estimates shown in the figure), the interval between
replant ing a stand would be increased from eleven years at five harvests after
the first one to twenty-one years at ten harvests after the first. Such a change
in replanting schedule would have a substantial beneficial effect on the cost
of plant material produced in the plantation .
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V.B .~~ Conclusions. The procedure for estimating the planting density and
harvest schedule which maximize the average annual sustained yield from -

‘

deciduous tree species is shown to be workabl e and convenient by its ap- - :

plication to a sample case based on hybrid poplar NE-388 grown at Musser
Farm in central Pennsylvania. Comparison of its predictions wi th actual
experimental data from Musser Farm shows that its prediction s agree fairly
closely with the experimenta l data in reference 1. Moreover the yield -

estimates generated by the procedure conform to the general trends expected
from the anal ysis of deciduous-species growth in section IV of this appen-
dix.
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FIGURE C—XXX II

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELDS FROM HYBRID POPLAR NE-388
- 

- GROWN AT MUSSER FARM CENTRAL PENNSYLVANIA, AS A FUNCTION
OF PLANTING AREA PER PLANT

- Fi rst Harves t Two Years After Planting
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FIGURE C-XXX III

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELDS FROM HYBRID POPLAR NE-388 -

GROWN AT MUSSER FARM, CENTRAL PENNSYLVANIA , AS A FUNCTION
OF PLANTING AREA PER PLANT

First Harvest Three Years After Plant ing
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FIGURE C-XXX IV

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELDS FROM HYBRID POPLAR NE-388
GROWN AT MUSSER FARM, CENTRAL PENNSYLVANIA , AS A FUNCTION

OF STAND AGE AT FIRST HARVEST
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FIGURE C-XXXV

EST HIAT ED AVERAGE ANNUAL SUSTAINED_YIELDS FROM HYBRID POPLAR ME—388
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FIGURE C-XXXV I

ESTIMATED AVERAGE ANN UAL SUSTAINED YIELDS FROM HYBRID POPLAR NE-388
GROWN AT MUSSER FARM, CENTRAL PENNSYLVANIA , AS A FUNCTION

OF THE NUMBER OF HARVESTS AFTER THE FIRST HARVEST
Age of Stand at First Harvest: 1 year

Interval Between Harvests: 2 years

I I I I I

S.-

0)

1 0 -
1 + 5 x :

S..
U

I-
4’
0.

1 + 5 x
U1 — — —
C 9 -o

I—

—

4--

~~0~~

I ,

/
— 

- /
~0
0)

-
c /

/

.1
,; 

7~~

LEGEND:
:1 4’ 

_____ 4 sq. ft. per plant

~ 6 8 sq. ft. per plant

5 I 1 I I I I I I

1 2 3 4 5 6 7 8 9 10 11 12

Number of Harvests After the First Harvest

C-l84



- - ~~~~~ 
- _

~~~~~ 
- - ,

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

VI. SENSITIVITY ANALYSIS - PREFERRED PARAMETERS FOR OPTIMIZATION

VI.A. Introduction and Summary Conclusions. The method for estimating and
optimizing yields from deciduous species grown in plantations described in
section V.B. depends on correlations relating plant growth and survival
rates to the planting area per plant and other fundamental factors. The cor-
relations involve a number of parameters for which values have been estimated
from the data on the growth and surviva l of deciduous tree species in stands
planted by m an. However, because the availabl e data are few and often not
very precise, the parameter estimations must be regarded as approximations
to their true values . Elements of uncertainty are introduced , therefore,

• into the average annua l sustained yield and other projections made from
relationships involving the parameter estimates.

One of the two purposes of thi s section -is to escimate the likely impact of
uncertainties in the parameter estimates on projections based on the para-
meters.

Since there is sometimes a choice of parameters which can be used for making - -
_

a particular projection , the second purpose of this section is to determine
which parameters are to be preferred for making projections when a choice
of parameters is available.

H - It is concluded , on the basis of the analysis in thi s section , that most
projections involving the estimated parameters are unlikely to be more than
twenty percent in error.

VI.B. Sensitivity Analysis. Average annua l sustained yields are estimated
from :
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YN = (n 1 +m n 2) ~ n 1 
+ m Y )  (C-57)

The impact of uncertainty in each of the terms in this equation will be
considered .

Number of plants survivin g at the time of the first harvest - N~ . It is
apparent from equation C-57 that estimated average annual sustaim~ed yields
are directly proportional to the value used for N~ - Va l ues for Nn are
estimated from the general equation for the number’of plants surviv ing at
the time of the 1th harvest:

Nn. = N0 10
-an 1 (C-2)

and a is estimated from

a = cLA~ (C-3)

Therefore, since the number of plants N0 actually planted -in a stand,and
therefore also A , are usually known fairly precisely, and because n~ can - 

-

be defined exactly, any uncertainty in the value of Nn . depends on uncer-
tainties in the values for a and t& for a particular sp~cies-plantation site
combination . Reference to Table C-I! indicates that values for a and ~ vary
among such combinations. It is also seen that the values depend on whether
the plantation site is cultivated and/or also fertilized. At cultivated
sites, the value for a ranges from about 0.03 to 0.11 and is typically
about 0.05 (see Figure C-IX). In sites which are fertilized and cul-
tivated , the value for a, based on very limi ted data , ranges from about
0.20 to 0.25. Values for i~, the slopes of the lines in Figure C-Vu !, are
evidently fairly uniform among species and plantation cultural treatments.
Its value is characteristically about minus 0.5. Therefore, uncertainty in
the value of Mn depends primarily on uncertainty in the value used for the
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factor a An error of plus or minus twenty percent in the value used for
a will introduce an error of less than five percent in the estimate of the
number of plants surviving to age three in cultivated stands, and an error
of less tha n fifteen percent in stands which are cultivated and fertilized .

Number of plants surviving to harvests after the first harvest. It is assumed
in deriving equation C-57 that the number of plants surviving to the first
harvest is main ta ined dur ing subsequen t harves ts. There are no systemat ic
data available for validating thi s assumption . However , people involved in
growing deciduous species in dense plantings from which several harvests
have been taken , as wel l as direct observation of plantings by members
of Interlechnology ’s staff, support the approximate validity of this
assumption . It is concluded , therefQre, that this assumption is unlikely

-to bea major source of error.

-

• 
Effect of stand age at first harvest on the rate of regrowth from stumps. In - -1
equation C-57, it is assumed that the rate of regrowth from stumps after the
first harvest is independent of the age of the plarts at the time of the first
harvest. This assumption implies that if the first harvest is taken at the
end of the first year, for instance, the root system, stump dimensions and - 

—

other aspects of the unharvested parts of the plant which constitute the
base from which regrowth occurs , support plant-material regrowth at the same
rate as the comparabl e parts Of a plant do which had not been harvested for
the first time until it was two or three years old. The data on regrowth :~

after the first harvest from plants up to three years old are confusing on
this point. Some of the data suggest that the rate of regrowth after the
first harvest may depend on the age of the plant at the first harvest.
Others suggest no such dependence. The existence of a relationship between
stump age and rate of regrowth from stumps would not be surprising because 

• -

one-year-old stumps are smaller in diameter and have a smaller root system
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than older stumps and ,thus , are probably less capable of supporting fast
- 

- 

regrowth than are older stumps .

Data for sycamore 2 3 ’26 (Figure C-Vu ) which suggest a possible relation-
ship between the rate of regrowth after the first harvest and the age of
the stand at first harvest have been compared , albeit . with some misgiving
because the data are from a bottcm land and an upland sitE- in Georgia, re-
spectively, operated by different groups. Assuming comparison between the
two sets of data is technically permissible , the wei ght of plant material

produced from the two-year-old stumps after two years of regrowth is esti-
mated to be about fifty percent greater than from the one-year-old stumps ,
also after two years of regrowth.

Limited data on regrowth from cottonwood stands first harvested when they
were two and six years old do not indicate any difference in yiel d after
one year of regrow th from the stumps~8.

As a precaution when making projections of the range in annual average sus-
tained yield expected from particular site-species combinations , yields
from harvest schedules wherein the first harvest is taken from one and from
two-year-old stands will be considered . Analyses similar to the one dis-
cussed in section V.B.3. of this appendix indicate tha t maximum sustained
yields from harvest schedules which include a total of six harvests pe’
planting starting with a first harvest from two—year-old stands are charac-
teristically about ten percent smaller than when the first harvest is from
one-year-old stands.

Number of harvests taken from a stand after the first harvest. Equation
C-57 indicates that the effect of the number of harvests taken from a stand
after the first harvest depends on the relationship between the yield from
the first harvest and the yields from each of the subsequent harvests. If

-
~

~-
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• all the harvest yields were alike , which the experimental data for de-

ciduous spec~~s indicate definitely not to be the case, even if equal
values for n1 and n2 are chosen , the average annual sustained yield
would be unaffected by the total number of harvests taken from a stand .
Therefore, since Energy Plantations would always be operated on a
harvest schedule which approximately maximizes the average annual sus-
tained yield of plant material (that is ,advantage will be taken of the
increased yields from the first few harvests fol lowing the first har-
vest), the number of harvests which can be taken after the first harvest
without impairing the average annual sustained yield is an important
question (see Figure C-XXXV I , for instance).

Data shedding light on this question are few. In one case29, four har-
vests after the first have been taken from sycamore stands,and the yields
from these harvests varied in conformity with reasonable interpretation
of the effect of the l ocal weather during the period of years in which
the harvests were taken. No other quantitative data on this point
have been found , but it is the opinion of those consulted (the authors
of references 1 , 14, 16, 23 and 26, for instance) that at least five
and possibly as many as seven or eight harvests can be taken from a
healthy stand which is wel l adapted to its locale without noticeably
impairing the yield per harvest subsequent to the first harvest. The
selection of five harvests does not appear , therefore, to introduce any
reasonable possibility for an error greater than one or two percent in
the projected average annual sustained yields upon which the conclusions
of this present work are based . As will be shown however in Appendix F,
considerable cost advantage would accrue ‘if as many as seven harvests
after the first can be taken without impairing the yield per harvest after
the fi rst.
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Harvestable Yields per Plant. It has been shown in section IV.B. of

this appendix that the harvestable yield per plant from deciduous species
at planting densities and wi th harvest schedules of interest for Energy
Plantations can be represented by

K1 -K2n
2

Yn = 2r (1 - e ) (C-8)
2

When this equation is used to describe the harvestable yield from the
first harvest, n is the age of the stand at first harvest. When it is
used for harvests subsequent to the first, n is the interval between

the present and the preceding harvest.

It has been shown in section IV.B. of this appendix , on the basis of

experimental data, that the parameters K can be related to the planting
H area A per plant by equations of the following forms:

p
K = p  A~ (c- l7)1

= n A 2  (C-23)

K1 y
A 2  (c-26)

H 2 1

The values of the parameters represented by the ~‘eek letters in the 4
equations for K1 and seem to depend on several factors, among which
are species, cultivation and fertilization at the plantation site, soil
character and climate at the plantation site and on whether the harvest

is the first from the stand or one of the first few subsequent to
the first one. The values, therefore, appear to vary considerably between

C-190
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site and species (see Tables C-IX , C-X , C-X II and C-XIII). Moreover,
the values estimated for these parameters are, at best, only approxi-
mate because they are based on very few data , some of which are for situations
described only in rather genera l terms (for instance , “fertilized” but with-
out any indication of fertilizer material content of the soil at the site
prior to fertilization). Furthermore, many of the data have been col-
lected within the most recent ten years or so and are therefore possibly
affected in an unknown way by variations in the weather during that time .
Until considerably more data have been collected from several plantings
started at various times during two or three decades, the effect of
weather on the parameter estimates cannot be discerned .

However , despite these difficulties with the data , the following tenta-
tive conclusions about the parameters have been reached :

• with respect to p~ 
- for first harvests from stands of

a variety of species ,the value of this parameter appears to
range from about 0.15 to 0.4, and for second and subsequent
harvests,from about 0.25 to about 0.7--errors in the value

H chosen for this parameter reflect themselves directly in
similar fractional errors in estimated yields per plant;

• with respect to 
~ 2 - the values for this parameter appear

to be relatively insensitive to all factors (includ ing species
well adapted to the growing site) except whether the first
or a subsequent harvest is being considered--for first har-
vests its value appears to be about 0.7,and for subsequent
harvests about 0.9 (see Tables C-IX and C-X)--a minus or plus
twenty percent error in selecting this parameter will lead
to an error of between about minus five and plus thirty per-
cent, respectively, in estimated yields per plant for first
harvests , and for harvests after the first ,to an error of
about plus and minus twenty percent;

-
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• with respect to n
~ 

- values of this paramet2r appear to range
from about 0.03 to 0.07 for first harvests and from about 0.2
to 0.5 for subsequent harvests (see tables C-XII and C-XIII)--
a plus or minus twenty percent error in sele~..ting this parameter
will l ead to an error of about plus or minus twenty percent in
estimated yields per plant for first harvests, and for har-
vests after the first ,to an error of about pl us or minus fifteen
percent; and

• with respect to fl2 - values of this parameter appear to range
from about minus 0.1 to minus 0.5 for first and subsequent
harvests--a plus or minus twenty percent error in selecting
this parameter will l ead to an error of about plus or minus
eight percent in estimated yields per plant for first harvests ,
and for harvests after the first ,to an error of about plus or
minus five percent.

Theoretically, the ratio K1/2K2 is not an independent factor if va l ues 
-:

for 
~l 

and K2 are availabl e, and neither is equation C-26 if the para-
meters for equations C-l7 and C-23 are known . However, because of the
uncertainties ir the yield data available, and consequently in the esti-
mates of 

~l 
and 

~2 
and of the parameters in equations C-l7 and C-23, an

independent analysis has been made of the ratio K1/2K2 and the parameters
in equation C-26. The analysis indicates that values for the parameter

~~i 
extend over approximately the same ranges for first and subsequent

harvests from all species for which data are available , the range for :.~

first harvests being from about one to 6.4 and for subsequent harvests
from about 0.3 to 3.4. The ranges in values for Y2 for first and sub-
sequent harvests also seem to be about the same, namely f~om about 0.7
to 1.3 for first harvests and from about 0.5 to 1.2 for subsequent harvests.
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Moreover, there is fairly convincing experimental evidence , partially
supported by theoretical considerations , that the relation between the
ratio K1/2K2 and the planting area A per p lant may be fairly uniform for
first and subsequent harvests for numerous deciduous species grown with
cultivation , but not fertilization , at sites to which the species are
wel l adapted (see section IV.B.8.a.). Some of the experimental data
also suggest that the same may be true for at least several deciduous
species grown at sites which are cultivated and fertilized .

In the light of these tentative findings , the sensitivity analysis has
been limited to consideration of the K1/2K2 ratio itself as a function
of planting area A per plant ,and no consideration is given to the para-
meters in equation C—26. On this basis , errors in ~electing values for
the ratio when it is used with an independentl y determined value of K2
for estimating harvestable yields per plant will lead to similar fractional
errors in the yield estimates. When the ratio is used with an independently
determined value of K1 for estimating harvestable yields per plant , errors
in the estimates for first harvests will be less than five percent and
less than ten percent for subsequent harvests. -

Effect of Errors in Harvestable Yield per Plant on Average Annual Sustained
Yie ld. Because the yield per plant from the first harvest at planting
densities and harvest schedules of practical interest for Energy Plantations
is generally only a tenth to a third of the yield per plant from subsequent
harvests , errors as large as fifty percent in the estimates for the first
harvest when it is followed by five subsequent harvests will lead to
an error of less than five percent in the estimate of the average annual
sustained yield. However , errors in the estimates of yield from harvests
subsequent to the first will reflect themselves as essentiall y the same
fractional error in the average annua l cu~~~ined yie ld.

VI .C. Conclusions and Preferred Choice of Parameters fq~~ ptimization .
The sensi tivity analysis is sumrndrized in Table C— XXV IL where it ~ccomes
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clearly evident that the major sources for error in estimating average
annual sustained yields arise from uncertainties -in the estimates of

• the i.~ parameters in equation C-l7 for estimating K1 for
harvests after the first from a stand ,

• the value for K1/2K2 when used with in equation C-B for
estimating yields per plant from harvests after the first, and

• the parameter n~ in equation C-23 for estimating K2 for har—
vests after the first. 

-

The estimates of the parameters u and B in equation C-3 for estimating
the decay factor for determining plant survival rates in equation C-2
for plantations which are cultivated and fertilized ,appear in the table
to be potential sources of notable uncertainty . However, in actual
plantation practice ,such is not likely to be the case because fertilizing
materials (largely spent sludge from synthetic-natural-gas production
or ash from plant material used as solid fuel ) will be returned to the
land in the plantation after each harvest in order to maintain the pro-
ductivity of the land at a reasonably steady level . As a consequence,
it probably will not be necessary to apply fertilizing materials to newly
planted areas until the young plants have established themselves ,
as for example in the year following the planting.

Because the ratio K 1 /2K2 appears to be widely independent of species
whether first or subsequent harvests are being considered , it is a pre-

• ferred parameter for estimating maximum average annual sustained yields.
The parameter K2 is preferred over K~ for the second parameter because of
the effect, of uncertainties in the values of the ~ parameters in equati on
C-17 for the parameter K1..
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VI I. NUTRIENT BALANCE IN A DECIDUOUS-SPECIES PLANTATION

VII.A. Introduction and Summary Conclusion. Growing plants remove nu-
trients from the soil , and these nutrients are carried away with the
plant material when it is harvested . Thus , unless nutrients are re-
turned to the soil , repeated harvests gradually reduce the nutrient
supply available in the soil for future plant growth . The rate at which
the nutrient supply is depleted varies approximately directly with the
rate at which plant material is grown and harvested . Maintaining the
nutrient supply is , therefore, an important consideration in Energy
Plantation operation. The nutrients of most concern are fixed nitrogen ,
phosphates and potassium salts. The minor nutrients ,which include iron ,
zinc , manganese, iodine , sulphur and a few others ,are generally availabl e
in sufficient amounts in soils so that their regular replenishment is
rarely a matter of continuing concern . —

It is concluded that, if the plant material produced in the plantation
is used for synthetic natural gas, and if the spent sludge from the gas
production facility is returned to the plantation , the nutrient supply
at the plantation will be maintained at a satisfactory l evel . However ,
if the produce of the Energy Plantation is consumed as solid fuel , return-
ing the ash to the plantation will maintain only the phosphate and po-
tassium salt levels at the plantation--the fixed-nitrogen requ i rement :~will have to be met by other means. It is assumed that whatever nutrient
deficiencies may have existed at the plantation site when it began to
be used as an Energy Plantation will have been made up with conventional
fertilizer material at that time .

I
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VI I .B. Nutrient Removal at Harvest. The data availabl e27’49. on
nutrients in plant material harvested from deciduous species grown in
dense plantings are summarized in Tabl e C-XXV III .

It is apparent that the fixed nitrogen removed at harvest, expressed
as pounds of fixed nitrogen per dry ton harvested , is reasonably con-
stant for the five cases grown in Maine , and is essentially independent
of species and age at harvest. The average value of nitrogen removed for
the five Ma i ne cases is identical with that recorded for sycamore grown
in Georgia. In the latter case, the harvested material was generated from 4’

stumps which had already been harvested once. It can thus be stated
with reasonable certainty that about six pounds of fixed nitrogen are
removed from the site at harvest for each dry ton harvested , and that
the removal rate is essentially independent of the species , the planting
density , the l ocation and the age of the plant matter at harvest. The
data for phosphorus and potassium are not as homogeneous as the nitrogen
data , but still strongly suggest that about 0.80 pound of phosphorus and

about 3.25 pounds of pccassium are removed from the site for each oven-
dry ton harvested .

VII.C. Nutrient Balance for Short-Rotation Plantations. The residues
remaining from the harvested plant material after it has been used for
fuel will be returned to the plantation site for convenient disposition
and for its fertilizer value.

If the plant material is used as a solid fuel , substantially all the ash
produced (about twenty pounds per oven-dry ton of plant material burned)
will be recovered either from under the firebox grate or from the preci-
pitator or other particulate~ control device on the firebox stack. The
ash will contain essentially all the phosphate , potassium , and trace
metals carried away from the plantation in the harvested plant material.

C-198
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TABLE C-XXV III

NUTRIENTS IN PLANT MATERIAL HARVESTED FROM DECIDUOUS SPECIES

Pound of Nutrient 
~. 

-

Age at Per Dry Ton Harvested ocation

Species Harvest Nitrogen Phosphorus Potassium Reference
Red Maple 18 8.86 1.27 4.64
Red Maple 30 6.68 1.00 3.79 Maine , Ref-
Quaking Aspen 45 6.72 0.62 3.23 erence 27 .
Paper Birch 39 5.07 0.60 2.54
Paper Birch 29 5.96 0.80 3.76

Average - 6.15 0.86 3.59

sycamore(l) 2 6.16 0.77 2.91 Georgia , Refer- —

ence 49.

(1) Second-harvest data . -:

-
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By returning the ash to the land in the plantation , the level of these
plant nutrients in the land will be main tained , thereby help ing to assure
the continued high productivity of the plantation site . None of the

f ixe d nitrogen carr ied away from the p lantation in the harveste d plant

material is expected to find its way into the ash. In fact , it will

be lost , primarily as elemental nitrogen , in the flue gas from the firebox .

When plant material from Energy Plantations is used as a solid fuel , it

will be necessary to fertilize the plantation site with fixed nitrogen at

a rate of approximately six pounds of nitrogen per dry ton harvested .
If the plant material is used for synthetic-natural -gas production , the
spent sludge taken from the anaerobic digester will contain essentially 

. 
-

all the plant nutrients , i nclu di ng mos t of the fixe d nit rogen , carried
away from the plantation in the harvested plant material . Moreover , in

— preparing the slurry containing the plant material from the Energy Plantation

wh ich is fed to the anaerobic digesters in the SNG production facility , fixed

nitrogen is added to the slurry to adjust the fixed-nitrogen -to-carbon

ratio to that required for good biological digestion . The amount of fixed

nit rogen so requi red i s est imated in Appendix D. But between the amount

added and tha t brought i n with the p lan t material , the spent sludge from
the anaerobic digester returned to the plantation is estimated to con-

tam about eighteen -pounds of fixed nitrogen per ton of plant material pro-
cessed and hence harvested . This amount of fixed nitrogen returned to

the plantation is more than er’ough to meet the nitrogen fertilizer ~-e-

quiremer its.

‘-1
VII.D. Conclus ions. The amounts of plant nutrients , and particularly

• of fixed nitrogen , removed from a plantation site when harvesting plant
matter are directly proportional to the amount of plant matter removed .

The nutrients removed per dry ton of material harvested appe~.r to be

essent iall y constant , irrespective of the species grown , the locat i on
and climate , the age of the plants at harvest , the planting density
and the fact that the plant matter harvested results from first growth
or from a growth subsequent to a first harvest.
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If plant material from the plantation is used directly as a solid fuel ,
the fixed-nitrogen fertilizer requirement at the plantati on will have to
be supplied by fertilizer or other means , but returning the ash produced
by combustion of the plant material to the plantation will satisfy all
the other fertilizer and trace-element requirements.

If the plant material is used for making synthetic natural gas, and if
the spent sludge from the digester is returned to the plantation , no
outside sources of fertilizer will be required at the plantati on .
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VIII. OPTIMIZATION ESTIMATES FOR SPECIFIC SPECIES

VIII .A. Introduction and Summary. It will be shown in Appendices F
and G that the most promising deciduous species for plantations at Forts
Benning and Leonard Wood include hybrid poplars , eastern cottonwood (P.
de to-~de~s), Missour i cottonwood, Sioux male cottonwood, silver maple ,
and sycamore. Other species have been ruled from consideration , because
their inherent growth rates are too slow or because their climate pre-
ferences probably make them unsuitable for the l ocales of Forts Benning
or Leonard Wood. A few species could not be given consideration because
insufficient growth data are available for them . Among the species ruled
out for one or more of these three reasons are aspen , black cottonwood ,
red alder and quaking aspen .

In this subsection of the appendix , estimates are made of the planting
densities and harvest schedules which are expected to produce the highest
sustained annual yields in each of three circumstances at the sites for S
which growth data are available from species believed to be specially
attractive for plantations at Forts Benning and Leonard Wood . These 

- -

‘1highest-y ield estimates~ will be used in Appendices F and G in conjunction
with the procedures described in section IV.B.9. for allowing for the
effect of local climate at Benning and Leonard Wood on the sustained yields

from the preferred species. The three circumstances for which the sus-

. 1 . tam ed yield estimates are made are:

• the highest sustained yield expected from stands in which the
planting area A per plant if four square feet or more ,

• the second highest estimated sustained yields under the cond i-
a tions described in the preceding point , and

• the highest yield expected from stands whose planting area per
plant is four square feet or more and the first harvest is taken
from the stand when it is at least two years old. 
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These three sets of estimates suggest that sustained yields between about
seven and ten dry tons of plant mater ial per acre per year can reasona bly
be expected from the species analyzed , at the sites at which the data
for them was collected. Twelve of the fourteen highest yield estimates
are at planting areas per plant of four square feet with the first harvest
being taken when the stands are one year old.. The other two high estimates
are at a variety of planting areas and harvest schedules.

VIII.B. Optimi zation Calculations for Deciduous Species. The planting
densities and harvest schedules which can be expected to produce each of
the three highest sustained yield estimates were made in accord with the pro-

cedure described in section V.B. The estimates are summarized in Table
C-XXIX. In every case, except the estimates for hybrid poplar from Clone
49, the sustained yield estimates are based on estimates of the parameters
1(1/21(2 and derived as a function of planting area A per plant from
equations C-26 and C-23, respectively, or equations derived from these

- ‘ 1  equations. In the case of poplar from Clone 49, the yield estimates are
based on estimates of the parameters K1/2K2 and K1 as a function of A
based on equations C-26 and C-l7. It was assumed for making the estimates
of K1/2K2 as a function of A in all cases that the same relationship applies
to the first harvest and subsequent harvests (see page C-llO).

More specific comments about the i nput data used for the estimates for
each species follow.

Hybrid Poplar - Clone NE-388 - Musser Farm, Pa.

— 

K112K2 - equation C-28 - Ii = 1.326, ‘r2 = 1.061.
K2 — first harvest - Table C-XI I - = 0.0346, 112 = —0.223 5

-second harvest - Table C-XIII - = 0.431, 
~ 2 -0.302

-
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Hybrid Poplar - Clone NE-388 - Stone Valley, Pa.

I(1/2K2 - Table C-XIV - = 1.603, 12 = 0.893.

K2 - first harvest - Table C-XII - 0.0577, n2 = -0.200.
second harvest - from equation C-24..

Hybrid Poplar - Clone 49 - Stone Valley, Pa.

K1/2K2 - Table C-XIV - = 3.590, 12 = 0.678.
K - first harvest - Table C-IX - = 0•510, l-’ 2 = 0.398

• 1 4
-

second harvest - from equation C—21 .

Hybrid Poplar - Clone 252 - Stone Valley, Pa.

K1 /2K2 - Table C-XIV - = 1.465, ~~~2 = 0.727.
1<2 - first harvest - Table C—X 1I - = 0.502, n2 +0.0592

second harvest - from equation C-24.

Eastern Cottonwood (P. dc~to~Ldc-~~ - Mississ ipp i

K1 /2K2 
- when the value for ~ shown in Table C-XIV (6.438) is
used for estimating K1 /2K2, estimated yields from the species
reach about thirty dry tons per acre-year,which is unrealistic --
two values -for y

~ 
have been chosen :

“high” va l ue - the approximate average of y~ 
(6.438) for

cottonwood and Ii (0.984) fo~’ 
11cottonwood and hybrid poplar-

unfertilized” in Table C-XIV , and
“low ’ value - about equal to the average of the value of 

~
for the four hybrid poplar clones.
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The value for 12 (0.961) is taken from Table C-XIV

— first harvest - Table C-XII - = 0.0416, 
~2 = -0.349

second harvest - value of 
~2 

for first harvests multiplied by
the ratios of K2 for first and second harvests from equation C-24.

Missouri Cottonwood - Tuttle, Kansas

K1/2K2 - Table C-XXIV - = 1.182, 12 = 1.278.
1(2 - first harvest - Tabl e C-XXIV - = 0.0568, n~ 

= -0.331
second harves t - va lue of 

~2 
for first harvests multiplied by

the ratios of for first and second harvests from equation C-24.

Missouri Cottonwood - Milford, Kansas

1(1/21(2 - Table C-XXIV - 1.360, 12 1.190.

- first harvest - Table C-XX IV - = 0.0726, 
~2 -0.488

• second harvest - same procedure as for Tuttle, Kansas

Sioux Male Cottonwood - Tuttle, Kansas

1(1/21(2 - Table C-XXIV - Ii = 1.295, 12 = 1.265. .

K2 
- first harvest - Table C-XXIV - = 0.715, fl2 —0.374
second harvest - same procedure as for Missouri Cottonwood at
Tuttle, Kansas.

Sioux Male Cottonwood - Milford, Kansas

1(1/21(2 - Table C-XX IV - ‘y r = 1.436, 12 = 1.222
K2 - first harvest - Table C-XXIV — ,~~ 0.0952, fl2 -0.491.

-second harvest - same procedure as for Sioux Male Cottonwood
41 
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Silver Maple - Tuttle, Kansas -

1(1/21(2 — Table C-XXIV - regression analysis of the values for first and
second harvests for y

~ 
and 12’ respectively, - = 1.058, 12 =

1 .218.
K2 — first harvest - Table C-XXIV — 0.0956, fl 2 —0.609

second harvest - Table C-XX IV - 0.298, r~~ -0.478

Silver Maple - Milford , Kansas

4 -

1(1/21(2 - Table C—XXIV — 1.419, 12 = 1.124.
K2 - first harvest - Table C-XXIV - = 0.0697, fl 2 = -0.535
- second harvest - assumed values of 

~2 
for first and second harvests

are in the same ratio as the corresponding value for silver maple
at Tuttle , Kansas.

Sycamore

K1/2K2 — two cases are considered:
“high” value — the relationship between K1/2K2 and planting area
A per plant was obtained by regression analysis of all values
shown for the ratio in tables C-V and C—V U  - = 2.563 and 12 = 0.954
and
“low” value - the values for regrowth from fertilized two-year-old
stumps (Table C-X V )  - 0.775 and y~ = 1.162.

-~~

~&~_
— . v-I

- -

-S. 
• - 

•

C-2l0



- first harvest - Table C—X II - “all plantings ” values - n~ 
= 0.0724

and fl2 -0.0403.

second harvest - Table C-XIII - the values for regrowth from fertilized
two-year-old stumps - 0.230 and r~2 -0.174.

The reasons for estimating the “low ” value for K1/2K2 using the second

harvest data from Table C-XV are that the data :

• are the most systematic availabl e for sycamore, and

• are the only set for sycamore which show the expected decline

of 
~2 

with increasing values of planting area A per plant .

VIILC. fliscussion of the Resul ts. Each of the species or varieties con-
sidered in Table C-XXIX displays trends which merit comment. The follow-

ing comments are based on Figures C-XXV II through C-XLI I , which show the
effect of variation in the planting area A per plant on the estimated

average annual sustained yiel ds.

• Hybrid Poplars
Except for the case of clone 49, the optimum planting and harvesting

cycle is four square feet per plant , one year growth before first har- 
- 

-

vest and two years of growth between the subsequent harvests. As is

apparent in Figure C-XXXV II , the yields increase sharply at higher
planting densities--the actual maximum yields being at plan ting

areas less than four square feet per plant , which is the

densest planting wht ch can be conveniently handled by machinery in

the field. For each of the clones , only the harvesting cycle - 

-

leading to the maximum yield is plotted . The predicted maximum yields

are in the range of 7.8 to 9.8 dry tons per acre-year. These values are

C-2ll
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comparable to, but slightly higher than those reported by the author 1- ’ 17

of the data on which the yield estimates are based . This difference
is riot surprising as the optimization assumed identical asymptotic

yield curves (K1/2K2) for first and subsequent harvests,which , as
discussed earlier , is reasonable if fertilization is included in -

~~

the cultural practices. An interesting feature of the results of
Table C-XXIX is that , in some cases, yields comparable to the maximum
yields can be obtained at somewhat lower planting densities. For

example , in the case of NE-388, at six square feet per plant and a 1-2

harvest,the estimated yield is 9.08 dry tons per acre-year compared
with 9.43 at four square feet per plant and a 1-2 harvest cycle ;

this is a reduction of only about four percent in yield for a re-

duction of over thirty percent on the number of plants. A similar
situation is observed for the same clone NE_388 at the other site.

Both alternative points are indicated by open circles on the figure .

The economic implications of these two alternatives will be examined

in appendices F and G.

In most cases , switching from the optimum cycle which has a one year

first growth period , to the highest yield cycle having a two year

first growth period reduced the yields by about ten percent.

• Eastern Cottonwood
The high and low yield curves are plotted in Figure C-XXXVIII for

the corresponding optimum harvest cycles (1-3). The maximum yields
are in the range of 9 to 13.8 dry tons per acre-year. Most of the

reported yields 10 ’27 are closer to the l ower limit. A reduction in

the number of plants by about thirty percent (from four square feet •

to six square feet per plant) leads to a reduction of about eight
percent in the maximum average yields in both the “ l ow ” and “high”
estimates. The six-square-feet points are indicated by open circles
on the figure. The loss in yield caused by making the first harvest
at two years old is of the order of seventeen percent in this case.

11 C-212 - 
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FIGURE C-XXXVII

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELD FROM VARIOUS HYBRID POPLARS
Harvest cycles indicated as x-y - where x is stand age at first

harvest and y is interval between harvests
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• Missouri Cottonwood
The yield curves for the two Kansas locations are plotted on Figure
C-XXXIX. The harvest cycles shown lead to the maximum yields . The
differences in the shapes of the yield-versus-planting-area curves
are related to differences in the values of the parameters used in
the optimization process.

In both cases, however, the maximum yields are approximately the
same and are somewhat larger than those reported by the author of
the data 1- t

~. Again , this is probably due to the fact that fertili-
zation is included in the optimization. The Tuttle site has an opti-
mum yield at fourteen square feet per plant in a 1-3 harvest cycle ,
with an alternative point (indicated by an open circle) at sixteen
square feet on the same harvest schedule with no change in yield.
The best cycle with a first growth period l onger than one year is six-
teen square feet per plant , and a 2-3 harvest cycle (indicated on the
figure by a circled cross). Adopting that cycle indicates a reduction
in yield of about eight percent with respect to the maximum yield.
Because of its high yield at relatively low planting density , Missouri
Cottonwood, provided it displays the growing characteristics of the
Tuttle site at other sites, is a very good candidate for Energy Pianta-
tion.

Missouri Cottonwood at the Mi l ford site behaves similarly to hybrid pop-
lars and eastern cottonwood.

• Sioux Male Cottonwood
The yield curves for the two sites and the optimum cycles are shown in
Figure C-XL. At both sites, the maximum yields are provided by four
square feet per plant and a 1-2 harvest schedule. However, in the
case of the Tuttle site an alternative , second-best choice is at

C-2l4 
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ESTIMATED AVERAGE ANNUAL SUSTAINED YIELD FROH COTTONWOOD (P . 1 - t  
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Harvest cycles indi cated as x-y - where x is stand age at first
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fourteen square feet and a 1-3 harvest cycle (indicated by an open
circle in the figure)--reduction of seventy percent in the number

- 
- of plants and change in the harvest cycle leading to a reduction of

- 

only about one and a half percent in yield. The best cycle wi th a
• two-year (or more) first growth period is fourteen square feet and

a 2-3 harvest cycle (indicated in the figure by a circled cross),
which corresponds to a reduction of only about six percent of the —

maximum yield.

The situation at Milford is similar to that described for hybrid
poplars and eastern cottonwood. -

- • 

At each site, the yields are larger than those reported by the author~’~
of the data , which may be partly due to fertilization .

• Silver Maple

- 
The yield curves for the two Kansas sites follow the same patterns as

- 

- 

those described for the Missouri cottonwood in Figure C-XLI. At the
-
~~ Tuttle site , an alternative planting density wi th essentially the

same yield as the maximum is shown by an open circle , while a possibl e
-

- - cycle wi th a two-year first growth period is shown by a circled cross.

. 
Prospects at the Milford site are similar to those for hybrid poplars 

• -

and eastern cottonwood . The yields are comparable to those reported
by the author 1

~ of the original data for both sites .

• Sycamore
The low and high yield curves are shown in Figure C—XLII. The low
yield curve does not see~n to reach a maximum yield within the range of

- 

values of A considered in the figure , probably because of the scattered 
:~

character of the ori ginal data (see Tables C-V and C-Vu ). The high • -.

yield curve is similar to those for hybrid poplar (although with longer _

~~~~
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FIGURE C-XXXIX

- ESTIMATED AVERAGE ANNUAL SUSTAINED YIELD FROM MISSOURI COTTONWOOD

Harvest cycles indicated as x-y - where x is stand age at first
harvest and y is interval between harvests
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intervals between harvests to reach the maximum yield). An alter-
native choice of planting density is shown by an open circle , while

• a cycle with a two-year first growth period is indicated by a
circled cross. The yield values reported in the literature (References
2, 16, 17 and 18) are genera l ly between the two curves in Figure
C-XLII.

VIII .D. Conclus ions. A number of conclusions may be drawn from the opti-
miza tion calcu lations:

• sustained yields ranging between seven and ten dry tons per
• 4 _I

acre-year may be expected in fertilized plantations from a
number of species and varieties of deciduous trees;

• in most cases, the planting areas which provide the highest
sustained yields are in the range of four to eight square feet
per plant --in a few cases, planting areas as large as sixteen or
eighteen square feet per plant are indicated--such cases may
be related to particular soil-climate-species relationships
which may not be achievable everywhere;

• in most cases, planting areas somewhat l arger than the optimum
planting area give yields which are only marginally smaller than
the optimum yield--the impact on costs of the lower number of
plants and often small reduction in yield for these cases will

:~ be examined in Appendices F and G;

• in all cases,taking the first harvest when the stand is one 
—

year old gives the highest estimated yield;

• the interval between harvests which leads to the maximum sus-
- 

- 
tam ed yield varies between species fro~ two to four years ; ~ J
and

• in some cases, it is possible to take the first harvest when
the stand is two years old without suffering very much of a

• ~~~~~~~~~ yield penalty--this practice should be encouraged whenever the
penalty in yield is small.

H.
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FIGURE C -XL.
ESTIMATED AV ERAGE ANNUAL SUSTAI NED YIELDS FROM SIOUX MALE COTTONWOOD

— Harvest cycles indicated as x-y - where x Is stand age at first

harvest and y is interval between harvests
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FIGURE C-X1I

ESTIMATED AVERAGE ANNUAL SUSTAINED YIELDS FROM SILVER MAPLE
Harvest cycles indicated as x-y - where x is stand age at first

harvest and y is interval between harvests
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FIGURE C-XL I!

ESTIMATED AV ERAGE ANNUAL SUSTAINED YIELDS FRO:i SYCAfl
Harvest cycles indicated as x-y - where x is stand age dt first

harvest and y is interval between harvests
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DEFINITION OF SYMBOLS

A Land area per plant at planting time i n square feet (A is the reci-
- - procal of N0 when the area of an acre is expressed in square feet).

a Decay parameter in equation C-2 havin g the dimension of the reciprocal
of years . - —

Number of days during which photosynthesis is expected to occur
i n a month i n the grow ing season .

g See page C-48.

h~ The average number of hours of sunshine per day during the 1 th month
of the growing season.

I.~ The average daily insolation during the 1 th month expressed in
- t  Langleys .

K1 Growth parameter in equation C-4 expressed in pounds per plant per
year squared .

K2 Growth-limiting parameter in equation C-4 expressed as a pure
number per year squared .

k 1 Computer notation in equations C-9 through C-12 for

k2 Computer notation in equations C-9 through C-12 for I(1 /2K2.
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k(t) The fraction of the plant material photosynthesized which contributes
to the accumulation of plant material above ground per plant.

L Total leaf area per plant .

Le Effective leaf area per plant , square decimeters.

m Number of harvests taken from a stand after the first harvest .

N Number of living plants per acre.

N0 Number of plants originally planted per acre.

Nn Number of plants surviving per acre from the original planting at I

- 
-

year n.

Nn Number of plants surviving per acre from the original planting at -;
1 the year n in which the first harvest is taken .

Number of plants survivin g per acre from the orig inal planting at
2 the time of the second harvest taken n years —

after the first harvest was taken (Nn~ has a comparable meaningfor the third harvest , and Nn~ , for the fourth , and so on .). 
- -

n Age in years of the harvestable plant matter above the ground since
planting if there has been no harvest from the planting, or the age
of the plant matter since the immediately preceding harvest.

P(t) The total amount of plant material photosynthes i zed per plant up to
time t.

R The rate of photosynthesis , milligrams of carbon dioxide assimilated
per month per unit surface of effective leaf area .

Y~ The yield of harvestable plant material per acre at year n in pounds
per acre .

Vn Average annual sustained yield from a planting in a plantation over a
total period of N years - tons of harvested plant material per acre
per year.

y The average harvestable yield of plant material per plant at year nn in dry pounds of plant material.
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The plant material above ground , pounds per plant at time t.

~ A constant in equation C-3 .

A factor in equation C-32.

~ 
The exponent in equation C-3---a pure number .

y A factor in equation C-3l .

11 A constant in equation C-26 .

Y � An exponent in equation C-26.

c The fraction of the total leaf area which receives enough light to
contribute significantly to the photosynthetic process.

n~ A constant in equation C-23.

~2 
An exponent in equation C-23.

— 

ej Temperature wei ght factor equal to 1-0.016 (T-65)2 in equation C-35
where the temperature T is in Fahrenheit degrees.

A 1 A constant in equation C-l4.

A 2 An exponent -in equation C-14.

~~~i 
A constant in equation C-l7.

~2 
An exponent in equation C-17.
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