JOBER

THE FEASIBILITY OF CONVERTING
MARLBORC COLLEGE
TO ENERGY SELF-SUFFICIENCY

USING ALTERNATE SOURCES O ENERGY

AT JAMES STILES (PROJECT DIRECTOR)

HANDA FLEMING

KENNETH MACLEISH

EDWARD RELBAUH

JUHN NEVINS

LEONARD SLOSEY

DOUGLAS SMITH

INGRID WENDT

JOHN HAYES (FACULTY ADVISOR)
FUNDED BY
NATIONAL SCIENCE FOUNDATION

GRANT GY-11443

DECEMBER 3, 197k



1l
T
IV

VI

VII
VIII
LX

w4

K11
K111

TABLE OF CONTENTS

LISTE OF FIGURES AL TABLES . . v v weaesa s i
TR A i e e L e e L L ) iil
IHTHD DUCTIDH- wm m B B @ 4 F R B8 F FERR A A R® R R R R R W . w 1

EHERGI GUHEmuﬁTlUH*+llll++"l-"1l+++lllll|-i-+3

SOLAR ERERGY . . oviinnseis e e i St e
THE MARLBORC COLLEGE FOREST AS
AN ENERCY RESOURCE....... e .. 37
ORCANTE WASTES . o v vs v nnronncsss S ¥ -
ELECTRICAL GENERATION. o' evsvnas | .. B0
WATER POWER. + oo v veun. I | . S . e 7
CONC L USTONHT . ¢« v v v s vnnrnssnmassnsssssssenss LH5
APPENDICES. .. vvvre. Yoratgn (LN Ty e Sk T #0
APPENDIX 13 SOLAR ENERGY . ...:cs:08500 ga
APPENDIX 2: WOOD ENERGY. . :cesviconass 917
AFPENDIX 33 WOOD ENEREY . .. .ccessicers a9
REFERENCES . ¢ ¢ s 55+ T, et P e HERE AR e R 101



I LIST OF FIGURES

1. AVERAGE DAILY RADIATION: MARLBORO, VERMONT...... @
2. SCHEMATIC OF SOLAR-WOOD HEATING SYSTEM...........13
3. FLAT PLATE COLLECTOR DIAGRAM.....:cseauvseeess a st ddy
4. OPTIMIZATICOR OF COLLECTOR TILT ANGLE.............17
5. HEAT LOSS FROM COLLECTOR....vivevvvssvnssrsassesasl?
6. COLLECTOR EFFICIENCIES AT VARIOUS TEMPERATURES...21
7 = 16. SYSTEM CO8TS..i.onsnesans Dn A bR T e
17. MAP OF COLLEGE PROPERTY...ccoavevucsannsnscsnnns 38
18. ANAEROBIC ENERGY SYSTEM SCHEMATIC..... PP &



1.

&l
12.
13.
1.
15.
16.
17,
18,
19.
20,
21.
22,

I LIST OF TABLES
HEATING ENERGY REQUIREMENT OF MARLBORD
mI&Lm’E HAIH :musiilIl-iilllll--!!!!Ifllrlvillllliiitlﬂ
AVERAGE DAILY RADIATION AT MARLBORO, VERMONT........ 16
TOTAL HEAT COLLECTED ON FLAT PLATE COLLECTORS.......20

MATERIAL COSTS FOR SOLAR HEATING
ErsTm EMH’EMS"""""-T--"-"“'#III“I"IIII‘-I‘-B]

PROBABLE COST OF SOLAR COLLECTOR SYSTEM
IF CONSTRUCTED BY MARLBORD COLLEGE....ccvssrivnnssaal?

11.. STAND TABLES...sswswwassnassnsmswnisenisssdd =96
COMPOSITION OF VEEMONT REFUSE... s envevanssvanans i
DIOESTER HBAT LTO8S ivus vin veiiimreasias inianiasinisae by
DIGESTER HBAT BALANCE. .. .civsaancninsanssssssssssa00
CAPITAL COSTS OF THE ANAEROBIC DIGESTION SYSTEM....62

GAS PRODUCTION VALUES....eveesenees R T L e, 1 |
COSTS SUMMARY OF ANAEROBIC DIGESTION SYSTEM........66
MAIN CAMPUS ELECTRICAL DEMAND.....seovvsescnsonens .70
EFFICIENCIES OF VARIOUS ENGINES.....ucvscecsiscsness 72
DUAL-FUEL DIESEL PLANT COSTS...cessessssssssnasnsss 73
YEARLY ELBCTRICAL COBTS .. wisessiuwsnoisnssissnsssnses 75

GOST SUMMARTY .« o o wwassorson s wssnainsssnnsesmsesnssss oDl

i1



iii

II  FOREWARD

For twelve weeks during the summer of 1974, eight students
carried out the research which is summarized in this report.
The study was funded by a grant (CY-11443) from the National
Science Foundation under the Student Originated Studies section
of the Studant Oriented Program.

The idea to atudy whether it is feasible for Marlboro
College to become energy self-sufficient arose during the
junﬂtinn and answer period following a presentation given by

ames Stiles (Project Director) in the Environmental Seminar
course. Following the seminar, a grant proposal was submitted
and approved, and the study was conducted. MNow, as this report
is being written, a new proposal is being submitted to the
Natio Science Foundation. If approved, this grant will
support the construction of a wood-solar heating demonstration
project to be installed on one college dormitory.

What is noteworthy about this study is not the subject
matter of alternate an3r¥{ or #aven the findi that energy
self-sufficiency is feasible, but that these findings are the
result of student-directed research and that the students will
have a major share of the rﬂﬂgﬂnﬂibilit? for the future imple-
mentation of these systems. t is particularly significant that
these findings are not restricted in application to Marlboro
College, for the systems defined in this report are expected to
have wide applicability which will extend to many other institu-
tions and small communities.

The publication of this report is but a first step in the
rocess of converting Marlboro Uollege to energy self-sufficiency.
e systems and ideas contained in this report must be pursued
vifzruualy if alternate energy is to become a reality at the
college. As Frofessor William Heronemus, of the University of
Massachusetts, said at a recent symposium at Marlboro College,
widespread use of alternate energy "is a lead pipe cinch if we
want it to happen...And all that is required is just for enough
people to £ y admit...if it is what we have to have thirty
years from now, if we will get off our backsides and get to work,
it ia what we can have six years from now." Students at Marlborc
College have begun that work.

(Foreward written by John Hayes, Faculty Advisor.)



IIT  INTRODUCTION

The purpose of this study was to determine whether it is
scientifically, technologically, and economically feasible for
Marlboro College to become energy self-sufficient using alternate
sources of energy available on campus.

This is not an adequate definition of the project's scope,
for it does not provide answers to questions such as, "Is the
paper produced elsewhere and brought to the campus a valid source
of enargy? To be self-sufficient, wouldn't the college have to
export energy to society to replace that consumed as imported

paper?™

It was decided that to use any material as an energy source
it has to bs produced on campus or, if produced elsewhere, it
has to ba brought to the campus for reasons other than supplying
energy. In addition, if there were a method of disposal of that
material which was more economical, then it would not be used as
an enargy source.

Having defined valid sources of energy, it was necessary to
determine which types of usage would be investigated for replace-
mant by alternate energy systems, For example, should the fuel
used by college-owned motor vehicles while operating on campus
be provided by an alternate energy system?

It was decided to limit consideration %o supplyirg heat and
alegtricity, as these are the most critical esnergy needs of the
college and represent by far the largest forms of energy consump-—
tion. The go of this projesct, then, was to design the most
economical alternate energy systems which could provide 1008 of
the college's heating and electrical energy demand.

On the campus there are five potential sources of ﬂnargy:
wood, flowing water, organic wastes, sun, and wind. Each o
these sources was investigated to find the most cost-effective
combination. The project participants and their responsibili-
ties for the investigations of these sources were as follows:

James Stiles Project Director; member, energy consar-

vation group.

Nanda Fleming——=—=Chairwoman, mateorology group; biblio-
grapher.

Kenneth MacLeish--Chairman, wind power and electrical
generation group; member, solar power
group.

Edward Nelbach-—=<Chalrman, water power group; member,
organic wastes and electrical genearation

EIoups.



John Nevings——=-===Chairman, Forestry Group; member,
Solar Energy Group; member, Organic
Wwastes Group.

Leonard Slosky—-Chairman, organic wastea group; member,
forestry group.

Douglas Smith————=Chairman, solar power group; member, wind
power and water power Eroups.

Ingrid Wendt—————=Chairwoman, energy conservation group;
aconomist for every group.

We would like to express our appreciation to everyone who
gssisted us in our work. 0Dr. Larry Gay, author of Heating With
Wood, provided invaluable help on wood energy. Robert IE an's
considerable axgeriunna with research projects often allowed us
to avoid potentially serious problems. Rory Goff provided assis-
tance in several areas, most notably with energy conservation
and editing of reports. Dr. James Tober spent many hours helping
with economic theory. Pilet van Loon helped with building speci-
fications and provided records of energy use. Halsey Hicks

inted out several inconsistencies in the arguments. Malcolm

re provided many names and references on alternate energy
research. Dr. John MacArthur, builder of a wind-snergy conver-
sion device and an electric car, provided computer assistance,
checked some of the eguations used, and was generally available
at any time for discussions on both the theoretical and practical
aspects of alternate energy systems. Dr. John Hayes, Faculty
Advisor, devoted many hours to the administration of the project
and was available for consultation at any time. Special thanks
are due Benjamin Hoffman, Chief of Land Management for the State
of Vermont, and Roy Burton, State Forester, for instruction in
the use of the Patunoff Forest Inventory System.

Finally, we would like to thank the many people who provided
us with newspaper clippings, ideas, and advice, and whose interest
in the project gave us much encouragement.



IV  ENERGY CONSERVATION

Introduction

A strong, aggressive program for energy conservation at
Marlboro College can yield substantial results, but reducing
energy consumption is not a direct goal of this project. This
is because reduced energy consumption would have an apgruxinatul?
equivalent effect on the aconomics of both conventional and
alternate energy systems. Consequently, only secondary effort was
placed on research into methods of conserving enargy.

However, thers are saveral reasons for studying energy con-
servation. One, alternate energy systems are characterized by
high capital costs and low opeérating costs whan compared to
conventional systems. Since large amounts of capital are diffi-
cult to obtain, even though alternate energy systems might cost
lass over a twenty year period; a lack of capital might dictate
a continued use of conventional systems. If consarvation reduces
the size of the necessary alternate energy system, it may also
reduce the capital expenditure to a more obtainable size.

Two, the ecologicel impact of removing large amounts of wood
or nhan;ing the land from 1lts natural state can increase in a
way that is out ufugrnpﬂrtiun to the increased amount of wood
used or land changed. That is to say,; removing twice the amount
of wood, for example, may well more than double the impact of
removing the nriﬁlnai amount, possibly to the polint of depleting
the resource. This impact is also rtant because the college
depends on its land as part of its cultural and aesthetic envi-
ronment, as well as a potential source of energy.

Three, if it is assumed that at the present rate of consump-
tion there are one million years of energy resources left on
earth, at the present 5% yearly energy growth rate, that one
million years of energy reserves will be used up in a mere 270
years! It is felt that not only should the college strive to
minimize capital expenditure but it should also strive to reduce
anergy consumption to the lowest possible level.

Most of the literature on energy conservation has been
directed towards residentisl, business, or industrial applications.
Very little research has besn done for institutions such as
Marlboro College so information on energy conservation must be
carefully examined for its applicability to this situation. Gen-
erally, information on industrial conservation measures is not
applicable, but energy conservation techniques for small busi-
nesses and residences are appropriate for the college in many cases.
Most structures on camfu& are constructed just like homes, except
in cases such as the Dining Hall which has a construction typical
af many small businesses. Use patterns at the college differ
from those of elther residences or small businesses, but not seri-
ously, so the differences can reasonably be ignored.



Heat Saving Methods

More than 90% of the college's energy use is for heating,
and a large portion of this is wasted. ¢ single- moat impor-
tant way to reduce this waste is to properly ntain the heating
plants of the buildings.

A furnace that is operating meximally combusts fuel at
about B80% efficiency. Most well-maintained furnaces, such as
most of those at the college, operate at 65-70% efficiency;
howaver, some old and ill-maintsined units operate at an effli-
cliency that varies anywhere {rom 50 to 35% or even less. An
excalIent woy to decresse enargy demand for heating, then, is to
increase combustion efficliency, a doubling of efficiency yielding
a 50% reduction in fuel use. aga lncreases in efficiency can
be accomplished by ¢leaning and adjusting burners, cleaning
filters, raplnuinﬁ worn out components and systems, and performing
other ¢leaning and maintenance of the system.

An obvious way to consarve heat is to lower thermostat sat-
tings. This is true for two reasons: first, conductive heat
logs is dependent on the temperature difference between the inner
and outer surfaces, and when this difference is reduced, conductive
haat loss is reduced at the same rate. For each one degree Fahren-
heit that a thermostat is reduced, an annual saving of 3% can be
expected, most of this by reducing conductive heat loss. Second,
the more inside air is heated, the more heat is lost when it leaks
out, and when cold air leaks in, the more it must be heated to
maintain the thermostat setting.

Building maintenance is equally important for conserving
energy. Closing cracks in walls, arvund windows and doors is per-
haps the most important building improvement to cut heating demand.
Infiltration of cold air and the attendant exfiltration of warm
air normally acecounts for 15 to 30% of a heating bill, and fre-
quently more. It is harnrtant to have some air exchange in a
building, otherwise unpleasant odors can accumulate. owever, in
most old buildings there is much more air exchange than is needed.
Most of the huildinﬁn on campus are relatively old with many of
them predating the founding of the college in 1946.

Another facet of the infiltration-exfiltration problem that
is commonly ignored is the effect of thie air exchange on huildiuf
humidity. When the moist air inside & build is replaced by cold,
dry air from outside, the humidity drops drastically, causing dis-
comfort by drying out mucous membranes and by causing greater body
cooling because of increased perspiration evaporation. Thus,
Ez:it&r comfort can be achieved at a lower temperature in a moist

ding.

Another major source of inefficiency is unequal heat distribu-
tion. If some parts of a huildiﬂf are normally cold, to maintain
comfort levels the rest of the lding is frequently over heated.
As a result, what often happens iz that some rooms are heated to
about 85 degrees all winter long. This problem would be alleviated



by better control of heating, the kind of control that is accom-
plished with electri¢ heat. Electrie heat is not the solution
though, due to the inherent lnefficiency of electrical generation
and transmission. HRather, i the heating system cannot be easily
adjusted, a major effort should be made to reduce heat loss {rom

the coldest rooms. By doing this, the temperature can be lowered

in the rest of the bullding while malntaining a comfortable tempera-
ture in all rooms.

Hatnufittinﬁ insulation can bring additional heating savings
beyond a simple decrease in conductive heat loss through celilings

and walls. The first type of saving is brought about by the in-
croased temperatures of inside surfaces and the attendant reduction
in radiative heat losses from the body. Radiative heat losses

from an object increase to the fourth power cf the change in abso-
lute temperature so when there are substantial temperature differ-
ances between two surfaces, radiation losses can become significant
as In the case of losses through a single sheet of window glass.

Whan tha outside temperature is O degrees Fahrenheit, the inside
surface of the glass is approximately 19 degrees. Installing a
simple insulating shutter over such a window can raise the inside
temperature to almost 60 degrees in a 70 degree room. This means
that in practical terms it would be possible to lsave the huildiz%

at a lower temperature and yet maintain an identical level of comfort.

The second indirect effect of increased insulation is related
to the heat that is supplied by solar insolation, body heat of
people in the building, waste electrical heat, and other sources.
These sources supply a base load of heat independent of the furnace.
About 10% of the Eeat in most of the college dormitories is genera-
ted in this way. However, il the overall amount of heat supplied
in these dormitories were decreased by 30%, for example, the real
drop in demand on the furnace would be greater.

100% = percentage of heat presently used
90% = percentage of heat supplied by furnace at present
30% = percentage of heat that can be conserved

[90 - 30])/[100 - 30] = percentage of heat supplied by
ggrnaca after conservation

- Biiﬁ
S0, no longer is the furnace supplying 90% of all heat going into
the dormitory, but rather 85.7%
Electricity Saving Methods
Electricity use will probably prove more difficult Lo reduce

than heating demand. Lights can be used less and only where needed,
walls can be painted white to increase reflectance, and appliance
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use can be reduced, but these will likely yield only small energy
savings. A pUEEihiﬂ drawback to this conservation is the fact

that all electricity ultimately degrades into heat. But conserving
electricity even durirg the heating season is still worthwhile
despite the fact that the degraded electricity supplies heat since
electricity is a higher grade of energy than heat and its production
is inefficient. Thus, there are more efficlent and less costly
methods of providing heat.

There are some instances where conserving electricity can be
particularly worthwhile. For example, a clothes dryer uses about
2 KWH for one load, very little of which is recovered since the
heated air cycled through the dryer is exhausted outside., During
much of the year, clothes can be dried cutside, saving a consider~
able amount of energy, and during the other months of the year,
dryers could be used only for full lnads, yielding a further saving.
It is possible that from this ons source alone, a 5% electrical
enargy saving could be realized.

The last energy conservation method tu be considered in this
report is the installation of energy conserving devices such as
self-extinguishing light switches, fluorescent light fixtures, and
low volume shower heads, The economic feasibility of these devices
can be determined by comparing the costs of the devices installed
with the amount of energy, and therefore money, that will be saved
by employing them. Take as an example the self-extinguishing light
switch. If the value of the energy saved is greater than or equal
to the installation cost, then that switch should be installed:

$9.95 = cost of switch
$5.00 = installation cost
$0.037 = cost of 1 KWH in 1974

If there are three 150 W light bulbs (a total of 450 W) on one
switch, the bresk even point is reached when

$9.95 + $5.00 = $0.037/KWH x 0.45 KW x N hr
N = E"}D hr

So, if on the average day the switch saves three hours of
ngarntian, it will take 300 days, or about ten months, to repay
the original investment. This would certainly be worthwhile, since
such a8 switch will last many years beyond the initial ten months.

Conclusions

This report contains several relatively uncommon ideas for
energy conservation, and, for the most part, it is a brief summary
of other more complete works which are listed in the bibliography.
It was intended to be no more than a summary since a complete
description of energy conservation methods is beyond the scope of



this report. But it is recommended, for reasons listed in this
section, that a thoro study of energy conservation for specific
buildings at Marlboro College be undertaken before installation of
any alternate snergy systems.

It is felt that a 30% reduction in heat energy and a 20%
raduction in electrical energy might be realized. Any reduction
in energy usage will be the result of not only a concerted effort
to add insulation,to better maintain buildings, and =0 forth, but
also a vigorous campaign to develop an energy-conserving conscious-
ness among the members of the college community.



Vv  SOLAR ENERGY

Introduction

Typically, a report on solar energy will begin with statements
such as: "The solar radiation falling upon the 385 acres n“ffd by
Marlboro College in the course of a year is roughly 6.5 x 10 BTH1
The energy uuﬂﬁ by the college in one year for heating is 1.6 x 10 0
BTU. Placing these two [igures in a ratio, the heating requiremsnt
is 0.25% of the available solar energy." All of the preceding
statements are true, but this simple ratio may be misleading,
because even though a large amount of radiation is received,; it is
very diffuse. This section will deal specifically with the
problems involved in capturing this diffuse radiation.

Sunlight can be converted to several different forms of energy.
The first part of this section will present the various possibili-
ties for using solar energy. The mnatifrnmiuing system will be
examined in detail for esconomic feasibility in the second part.

Available Energy from the Sun

Marlboro College is on the eastern side of the Green Mountains
at an elevation of 1600 to 1700 feet above sea level on a south-
facing hillside. The climate is typical for northeastern states
with warm, humid summers followed by cold, relatively long winters.

Unfortunately, there are no weather stations nearer than
Albany, New York, taking complete weather observations. Even at
Albany there is no instrumentation to provide direct measurement
of solar radiation. Values for solar radiation were, howevar,
obtained from two separate sources. The first source was a sat of
maps published by Iven Bennett (1) showing the mean monthly radia-
tion for the Unjted States. The values were converted to the
units of BTU/ft</day. The second set of values were derived from
a method developed by 5.J. Reddy (2). This formula (Equation 1 in
Appendix 1) takes into account hours of sunshine, number of rainy
days per month, mean humidity, and radiation outside the atmosphere.

The results from both of these sources are shown in Figure 1.
The average values are also given in tabular form. These values
will be used throughout the rest of this section. In the future
more information regarding soclar radiation will be available as
both the University of Massachusetts at Amherst and Williams
College in Williamstown, Massachusetts, now have instrumentation
for recording solar radiation. The data from these sources will
be compared with the estimates used in this report.

Marlboro College Energy Requirement

An assessment of the energy used in any system must be
arformed before an alternative energy supply can be designed.
Bha college uses energy primarily in two forms, electricity and

fuel oil. Electrical energy consumption will be evaluated in
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the section on wind energy. Fuel oil is the primary source of
low grade heat for most college buildings as only three relatively
small structures are heated with electrical resistance heaters.

Data were gathered on fuel oll deliveries for the year 1973.
For the months of December, Jamuary, and February, the amount of
fuel oil delivered was also obtained for the last ten years as
these are the most critical months for comparison with available
solar insolation. The chemical energy of oil is 147,500 BTU/gal.
The efficiency of the oil burners at the college is estimated to
be 65%. The data (Table 1) for the central cam are presented.
This includes the main campus exclusive of the Persons Auditorium
and the builldings further east.

It should be noted that the oll supply figures reflect only
the deliveries made to the bulldings which do not correspond to
the oil consumed in a given month. Unfortunately, there was not
enough time to make a more thorough assessment of the heating
requirement.

Table 1. Heating Energy Reguirement of Marlboro College Main
Campus (determined by fuel oil deliveries)

Energy Use/Month | Energy Use/Month ; Energy Use/Day

Month 100% Efficiency 65% Efficiency | 65% Efficiency
January® 2160w» 1L10%= ST ek
February® 1940 1260 45.1
March® 1850 1540 0.1
April 1440 93k 31.1
May 938 610 19.7
June 935 608 20.2
July - I - -
August - , - -
September 518 - 367 11.2
October | 794 : 516 16.6
November | 1760 | 1140 38.1
December® . 1550 | 1280 L1.2

w# Values in millions of BTU.
* Usage averaged over ten year period.
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Review of Utilization Systems

Direct Electrical Conversion

Two devices are avallable for the direct conversion of sun-
1light into electricity, the photovoltaic cell (sclar cell) and
the thermoelectric device. ch operates on a different principle
but achieves basically the same result. Sunlight falling upon
these devices causes a voltage potential resulting in a flow of
electrons through a closed circuit. Currently, both devices
operate at about ten percent efficiency or less and are prohibitively
expensive.

The high cost of direct conversion devices is directly
attributable to the tedious marufacturing techniques for single
silicon crystals or complicated procedures used vacuum
deposition of cadmium sulfide. Recently, Tyco Industries has
developed a method of producing silicon crystal ribbons which
may greatly reduce the cost of solar cells. Other research is
being undertaken in simplifying vacuum depoaition techniquea for
the cadmium sulfide solar cell. However, [ull-scale production
is not expected for five to ten years.

The use of direct conversion devices is quite attractive due
to the simplicity of system daaign and lack of maintenance costs.
Should the price of solar cells be drastically reduced, Marlboro
College d be an ideal location for their inatallation, due to
the requirement of a large land area for generation of significant
amounts of electricity.

In addition to the manufacturing problems of direct energy
conversion, there is a power storage problem for use during
periods of little or no sun. Various aystems have been developed,
or are in the process of being developed, for the storage of
electrical power. Most of the existing systems are only economical
in areas where conventional is not available. Work 1s now
being done on high capacity batteries, fuel-cell systems with
storage in hydrogen, and flywheel storage. These systems are not
axpected to be widely employed in the next several years.

Direct electrical conversion systems are definitely a very
promising technology of the future. When the solar cell becomes
economically competitive, plant size will probably not be an
economic factor, Thus, Marlboro College 1 be in an excellent
position to employ these devices.

Concentrating Heliothermic Collectors

Collectors which concentrate the energy of the sun can be
divided into two classes, those which must track the sun continu-
ously (conical parabolic mirrors) and those which unli need to be
adjusted every two or three days for the changing declination of
the sun (parabolic troughs or cylinders). Both are suitable for
production of high grade heat (300 to 1000 degrees Fahrenheit)
which can be used to produce steam to drive engines which, in turn,
could drive generators to produce electricity.
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Concentrating collectors were rejected as not belng suitable
for the college for a variety of reasons. The production of
electricity in this manner has not been shown to be economically
competitive with conventional sources. As with direct electrical
conversion, there is the problem of storage for use during dark
periods, and the tracking provision increases the cost of the
collectors and requires constant maintenance and adjustment by
plant personnel. One possibility for an inexpensive concentrating
collector is a design being investigated by Roland Winston (3).
This collector, working on the same principle as that of the eye
of the horseshoa crab, combines many advantages of the {lat plate
and concentrating collectors. But, once n, more development
is needed.

Flat Plate Collector Systems

The flat plate collector was determined to be the most
suitable for the college's needs. The heat obtalned {from this
system would yield low-grade heat (100 to 180 degrees Fahrenheit),
and could be easily adapted to the existing heating system. The
entire system would consist of a field of collectors, a thermal
storage system coupled by heat exchangers, a regulating system,
an auxiliary heat source, and the existing hot water circulating
systems in the various buildings. Figure 2 is a diagram of the
system with wood as the auxiliary heat source.

The Flat Plate Collector System
Design of the Collector

The basic design of the collector is seen in Figure 3. The
collector has two transparent covers of a polyvinylfluoride thin
film (Tedlar) manufactured by DuPont Company. Tedlar was chosen over
glass because of its higher transmission of visible 1ight and its
lower cost.

The absorber plate is roll-bond aluminum sheet manufactured
by Olin Brass. This plate has water channels between two bonded
aheets of aluminum. selective black surface will be electro-
chemically deposited upon the panel. The process for applyi
this coating can be found in the KASA Solar Panel Patent Appli-
cation (4). Tests carried out by NASA have shown that the average
values for ahaargtivitr and emissivity of the selective surface
are 0.90 and 0.06. There was some doubt as to whether the
selective surface would be cost-effective in the design of the
solar collector. It will be shown below, however, thag the
salective surface is necessary, given the college's 43" latitudas.

The support members of the collectora will be made of
construction-grade lumber. The back of the collector will be
insulated with 3" of ri%id fiberglass. All of the joints will
be caulked and waterproofed.
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Heat Storage

During periods when the sun is not providing energy to the
collectors (night or overcast days), a storage system will be
employed to provide heat which was collected during sunny periods.
The storage of heat can be im;lemantud in a variety of ways. The
most common method consists of a large tank which can hold encugh
heated water to meat the ener uirement for a given numbar of
days. Crushed rock or gravel often put in or around the tank
to supplement the storage of heat in the water.

#hare space is a problem, eutectic salts are used for heat
storage. A eutectic salt is a material which undergoes a liquid-
solid phase change within the temperature range required for
storage. The phase change requires a much greater amount of energy
for a given change in temperature than does the same substance
without changing phase. For example, it takes approximately B0
calories of energy to raise the temperature of one gram of ice one
degreea at the Btﬂrtingatﬂlpﬂratura of 0° C. After the temperature
change, the ice will va changed phases and will be in its liquid
state. To raise the temperatura of the water one more degree will
will require only one calorie per gram. A eutectic salt suitable
for use in the solar collector storage system should have a melting
point somewhere between 120 and 180° F. Thus, the eutectic salts
require less volume for a given storage capacity than water. Since
the college does not have a space ﬁru lem and since the cost of
sutectic salts is somewhat high, the heat storage will not employ
eutectic salts.

Heat storage will h:ﬂfrimarily in water. The possibility of
using gravel for additio storage is an engineering problem not
dealt with here. It will be assumed that water will be kept in an
underground tank with loose-fill insulation around it. The optimum
time which should be allowed for heat sto e could not be calculated
due to lack of information. Subject to revision, the system will

be designed to hold esnough heat to satisfy one day of heating
requirement in the month of January. This would require a tank of
100,000 gallons capacity.

There is another possibility for heat storage which should be
investigated. It consists of gathering heat in the summer months
and pumping it into a confined aquifer in the undar%gin% bedrock.
The heat would then be used in the winter months, e feasibilit
of this system depends upon the geologic structure of the area (5).
Marlboro College does not have the lacilities to carry out such an
investigation; however, a study in progress of the township of
Marlboro may yield the required information.

Computer Analysis of the Collector System

The analysis was performed using the equations given by Liu
and Jordan [5¥ for intensity of radiation and by Whillier (7) for
gollector performance. All calculations were made specifically
for Marlboro College at a latitude of 42085' and a New England
elimate. However, many of the results are generally applicable for
the New England area.
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The computer used for the calculations was a Hewlett-
Packard Model 98204 with a Math I ROM, a peripheral control ROM
and a plotter.

Optimization of Tilt Angla

Since the tilt of the collector is not greatly dependent on
diffuse radiation, optimization of tilt angle was carried out by
comparing amounts of direct radiation outside the atmosphere
falling upon the surface tilted at different angles for each
month of the year, Equation 2 was used for these calculations.
The results of this analysis are found in Figure 4. An angle
of 60 degrees appears to be the optimum because of the necessity
of collecting s maximum of solar insolation during the winter
months.

Daily Radiation on an Inclined Surface

The radiation on the inclined plane at the surface of the
earth was calculated using Equation 3, derived by Liu and Jordan
(6), for hourly radiation and integrating it from sunrise to
SHnBEEITur the 16th day of esach month. e results are given
in Table 2.

Table 2. Average Mean Daily Radiation on a Surface Tilted
60 Degrees toward the South at Marlboro, Vermont

Haﬂia%iun Radlaﬁion
Month BTU/ft</day Month BTU/ft</day
January 1120 July 1260
Fabruary 1140 August 1270
March 1150 September 1330
April 1090 Octobar 1220
May 1120 Novembar 1040
June 1170 December 1020

Radiation Absorbed by Collector

The equations for the absorbance are taken from the article
by Whillier (7). The tnramntnra involved in this calculation
are the radlation striking the surface (see above), incident angle
of the rays striking the collector, transmission characteristics
of the covers, reflectivity of the covers, first order reflections
between the two covers and between the second cover and the absorb-
er plate, loss through dirt on the covers, and, finally, shading
caused h{ the cover supports. All of these are taken into account
by Equation 4. The results of radiation absorption are combined
with those of thermal loss and are given in Table 3, reported
under Collector Performance.
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Collector Haat Loss

Heat loss equations are also given by Whillier (7). The
parameters are the ambient air temperature, blackbody temperature
of the sky, plate temperature of the collector, temperature of
the covers, wind speed, transmittance of the covers for long
wavelength radiation, the fraction of long wavelength radiation
absorbed at the first cover, emissivity of the cover plate for
long wavelength radiation, heat loss through the back of the
collector, and heat loss through the sides. The calculations
{iuld a value for conductive, convective, and radiative heat

oss from the collector. One deviation from the Whillier
method was made. HRather than assume that the blackbody temper-
ature of the sky is simply 10 degrees lower than ambient temp-
erature, the sky temperature was calculated using Equation 5¢
given by H. Buchberg and J.R. Roulet (8).

The variable parameters for the resulte given in Figure 5
are collector temperature and emissivity in the infra-red
wavelengths for the absorber plate. HNote that the results for
a plate with an emissivity of 0.9 show a much higher heat loss
than for a plate with an emissivity of 0.06 at the corresponding
temparatura.

Collector Performance: Total Heat Collectad

The total heat collected is simply the total heat absorbed
minus the thermal heat loss with a slight modification by the
heat exchanger efficiency (90%). Results for different solar
collector temperatures and emissivities are included in Table 3.

The collector efficlencies can now be calculated. The
efficiency for a given month is equal to total heat collaected
divided by total heat incident at the collector surface. The
afficiency of the collector at various temperatures and emissivities
is presented in Figure 6. It can now be seen that a selective
surface is essential for maintaining suitable efficiency at
this latitude.

Cost Analysis of the Flat Plate Collector System

aystem Costs

For system costs, the present value of capital and operating
costs are computed for 20 years, the minimum expected life of the
solar collector system. In order to remain in a general form, the
results are given for ranges of three different variahlga: size
of the solar plant, cost of the solar plant (dollars/ft<), and
incremental cost uf auxiliary heat above and beyond inflation
(percent increass/year).

Jolar Plant Costs

The major capital costs are for the solar collector panels,
piping, pumps, regulatory eguipment, and heat storage. Present
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Table 3. Total Heat Collected on Flat Plate Collectors Tilted
60 Degrees with an Absorptivity of 0.90 at Marlboro,
Vermont

All Values are Average Radiation Absorbed in ETU}ftzjﬂay

Temperature®: 100 140 140 180 200
Emissivity : 0.06 0.06 0.95 0.06 0.06
January 192 239 28 119 L6
February 375 206 16 73 22
March 382 207 1 69 19
April 378 198 18 59 0
May 429 251 80 98 35
June LEB9 304 132 139 67
July 573 385 226 212 142
August 294 LOL 228 225 154
September 668 L5 251 263 190
October 549 370 164 208 130
November 395 233 38 92 L7
December 368 223 26 95 35

* Temperature of collector surface in degreea Fahrenheit.
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value of all these items is the purchase cost. In the cost
gurves (Fi Kes 7 = 16) the collector costs vary from $1.00
to ilu_ﬂuf%E « The reason for this range is seen in Table 4,
where various estimates of solar heating equipment costs are
listed. The large coat range for solar heating systems is
primarily due to the high potential, but as yet unexplored
market for solar collectors. There is not yet a large-scale
production of solar collector systems.

Alternatively, the college could construct its own solar
collectors due to the inherent simpliclity of equipment design.
Local labor could be used or, possibly, students could be h
on a work-scholarship basis to build the collectors. Referring
to Table L, the most probable costs for solar equipment if
constructed by the college would be the followlng:

Table 5. Probable Cost of Solar Collector System if
Conatructed by Marlboro College

Materials $/It%
Wood (support members) 0.12
Insulation 0.10
Roll-bond absorber plate 1.00
Selective coating 0.35
Tedlar (10 year replacement) 0.33
Total: collector materials 1.90

Other system coats

Piping 0.14
Pumps 0.20
Heat exchangers 0.15
Labor and miscallaneous 1.00
Total: system cost 3.39

Added to the cost of the solar collectors is the capital

22

cost of the heat astorage system. As mentioned before, the system

will have a minimum storage capanit{ of 840,000 1b of water
(100,000 gallons). At $0.05/1b (Tabl

to the cost of the collectors to give the total cost of the
sqlar energy heating system.

e §,), this is $42,000 added



23

I +

™ A

COST/YERR { THOUSANDS OF DOLLARS )
=

I

FIGURE 7.

AUXILIARY HEAT:
1 AUXILIARY COST:
AUXILIARY COST INCREASE: O%/YEAR
ENERGY REDUCTION: O%

b L EbmanHmEHn}Hm
T A 10,000 FT“ SOLAR

COLLECTOR SURFACE
INCREMENRT

SISTEM COSTS

OIL é
$2.73/10" BTU

k\\\

« |
COST/FT- OF ——

SOLAR COLLECTOR
INDICATED

.

|

\

g #

§ o

&

I %

"



24

ST/YERR { THOUSANDS OF DOLLARS?
&

ag o

FIGURE 8. SISTEM COSTS

AUXILIARY HEAT:
AUXILIARY COST:

+ AUXILIARY COST.

ENERGY REDUCTION: O

0IL 6
$3.30/10" BTU
INCREASE: 2%/YEAR

- - W

. B A F 8 @

I\

8@ # 2 o 49 3%

L



25

_”E -+

ST/YERR { THOUSANDS 0OF DOLLARSY
[

FIGURE 9.

AUXILIARY HEAT:
AUXILIARY COST:
98 <+ AUXILIARY COST INCREASE:
ENERGY REDUCTION:

SYSTEM CO3TS

$4.05/10

& gru
L»/YEAR

.‘!'.L\.‘

[ B ] & a

|

A\

| -

ey

2]

)

)



26

{OST/YEAR { THOUSANDS OF DOLLARS)

I

e

—ie

FIGURE 10:

SYSTEM COSTS

AUXILIARY HEAT: OIL 6
AUXILIARY COST: $5.00/10
" AUXILIARY COST INCREASE:
ENERGY REDUCTION: O%

)

Erﬁ

=

BTU
%E \

& & W W W E W W




27

COST/YEARR { THOUSANDS OF DOLLARS)

FIGURE 11.

AUXILIARY
AUXILIARY COST:
T AUXILIARY COST INCREASE:
ENERGY REDUCTION:

$2.73/10

SYSTEM CO3TS

6

J0%

|

BTU

Ok

,\\

¥ ¥ €

% e - % W W

N\

ek
NE
Fafh
H



28

| a

COST/YEAR { THOUSANDS OF COLLARSS

|

.

FIGURE 12.

AUXILIARY HEAT:
AUXTLIARY CO3Ts:

$3.30/10

SYSTEM COSTS

6 gru

FAUXILIARY COST INCREASE: 2%
ENERGY REDUCTION:

30

\
.ﬁ:::\&...

\\

I\

“

sl

nﬂ,



29

COST/YERAR ( THOUSANDS OF DOLLARS?

I

i

|

—
B8 mux.

FIGURE 13.

SISTEM COSTS

AUXILIARY HEAT: OIL &

| AUXILIARY COST: $4.05/10° BTU
AUXILIARY COST INCREASE: 4%

ENERGY REDUCTION: 30%

|
]

l

- L - & *
PEERERERE;

i\

L\

/1

3 4 8

g

Wl

R

mabdr

=
&l



30

COST/YEAR ( THOUSANDS OF DOLLARS>

IBE =+

FIGURE 14. SYSTEM COSTS

AUXILIARY HEAT: OIL 6
AUXILIARY COST: $5.00/10 BTU
+ AUXILIARY COST INCREASE: ©o&
ENERGY REDUCTION: 30%




CNST/YEAR { THOUSANDS DOF DOLLARS)
B H & B &

E
L J

31

ir\-~---+-——F;+———-—+- - k b -

i
e

-

~

a NN
AEALLAAN

™ !-H-?!'!L:-!.-L
T

an, ' | 1 tl 1||I'l 1A AN
It\t\x\nxx

E0 \ \ H TR \u \

1 \\\ \ x~\x

| | NN RN
mww\
EREE LSS

- t.'w

\\xx

L8500 XHVITIXNOV

*NOILONOAYE ZIOHIANS
gooM :LVEH XHYITIXNY
+ it |

$I500 TYIIAYD XMYITIXNY

OT/2E°1%

%0

(o8] Sl 14 -
nLe g

' AN \\\

"¢T FTHNOI4

SLE0D WALELS



E COST,YERR (THOUSHNDS OF DOLLARS)

ﬁhﬁ.._ N

-‘E
]

g B

&

&

B M 5] & & G

— e = - ¥ f — =
+—k%

Fm

.

i

TTTi\\‘\*\
| i '.|'|"‘|'|I-

LA L
Lih&nnuur

lllllllll

1 ”\\\

l
|1wu\\x
|
|

R \\ VLN
\ n\\\\*

A \\\R\

¥0f :INOILONASH ZOWINT |
: 1800 TYIIAYD IMYITIXnV T

OT/ZE° 1%

$LE00 AMYITILIXNOY
SIVEH XHVITIXOY |

aoom

DOE'E5S
nig g

T e |

9T FUNDIL

SIL500 WILELE



33
Table 4. Materisl Costs for Solar Heating System Componants

Flat Plate Collectors (assume twenty year life)

Lockheed-NASA (9) $1.00/Ft%
Eibling (10) (materials only) 1.15 to 1.90/ft°
Boer (11) (with CdS—Cu,$S cells) 2.95/8%
(without cells) 1.80/ft2
Sunworks, Inc. lD.i.Eff‘l;z
Environmental Enargies J.HfotE
PPG Industries 6.00 to T.ﬂﬂﬁftz
Absorber Plate Only
0lin Brass Company $1.56/1t°
Trantor-Platecoil Division 8.10/rt%
Total Flat Plate Collector Systems
Lef (12) $5.95 to 7.90/1t°
Heat Storage {E&n&ibla—HED]
Sandia Labs (13) $0.075/1b
Lockheed-NASA (9) 0.05/BTU
Laf (12) 0.05/1b
Heat Storage (Intrinsic-Salts)
Sandia Labs (13) $0.50 to 1.00/1b
Fluid Transmission, Distribution, and Controls
Sandia Labs (13) iﬂ.lhiffte of heated area
L8f (12): Pipes 100 + 0.10/ft% of collector
Pumps 50 + D,Eﬂffhz of collector
Heat Exchangers 75 + D.lﬁ{ftz of collector
Controls 150
Miscellanecus
Lumber (rough cut) $0.12/bd ft
Insulation (fiberglass): 34" 0.095/7t°
6an 0.175/£t2
Tedlar (DuPont): 400 gauge D.lﬂiﬁffﬁz

100 gauge D.ﬂl]ﬁffti
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Auxiliary System Costs

An auxiliary system is any system which can ﬂuppli heat on
demand. This includes gas, oil, coal, wood, or any other fuel-
fired heating plant. At the college, the present oil heating
system could be used as an auxiliary heat source. The cost of
running the oil system has been calculated and includes only
operating costs. The fact that a major portion of the oil
huatinﬁﬂnyatem will have to be replaced in the next twenty

years has been ignored. But it should be recognized that this
cost would raise the present value cost of the oil heat,
Maintenance costs for all systems (solar, oil, and wood) are
estimated to be equal and have been left out of the calculations.

The present value of future oll payments is calculated by
use of the relation,

_ o . Cllerd{ier] | clierPP(ie1)® | cller)’[1e1)’
o [1+4] [141)° (11

. l::[!.-:-r}lgghlllg (6a)
[1+1]%

Py

C = present cost of oil per year

r = rate of price increase above and beyond inflation
I = rate of inflation

i = interest rate on invested capital

whera,

If it is assumed on the average that the rate of inflation will

be approximately equal to the rate of interest, then the quantities
1+I and 1#i cancel ocut of each term in Equation 6a. This equation
then simplifies to,

= € + C[l+r] + GLl+r}z * G[1+r]3 + e & i.".-[l+r]lg

Y
B (6b)

factoring out the C,

S C[1 + (L4r) + (1er)% & (er)? 4+ oo+ (140)M)
(6e)

Pvuil

The geometric series in the brackets can be reduced to,

(140329 - 1
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This gives, Py H t:[{1+r]Eu - 1] (6d)
oil r

to find the average cost of oil per year, divide by 20,

o[ (14r)?0 - 1
Vo1 (average cost/year) = +;%r ] (6e)

Figures 7 through 14 show the yearly cost of different
solar-oil systems for values of r equal to 0, 2, 4, and 6
percent. Figures 7 through 10 contain curves which do not
take into account any reduction in the college heating
requirement, and Figures 11 through 14 reflect a 30 percent
heating reduction through conservation methods.

In each of these figures, the ordinate 1s the cost per
year of providing 100 percent of the heat with the appropriate
percentages of oil and solar systems as found on the abscissa.
Thare are ten curves in each figure to account for the uncertainty
of solar collector system costs. Ag calculated in Table 5, with
a collector system cost of $3.39/ft<, the predicted cust oI
building the eclar heating system would be just above the "3.00"
curve in each figure. For example, using this assumption, in
Figure 7 the cost of a 70 percent solar-30 percent oil heating
system would be approximately the same as a 100 percent oil
heating system, or $26,000/year. The cost of oil heat was
tnlcul?uedlusing Equation 6e, where C equals the present yearly
cost of oil.

On each of the curves ih Figures 7 through 14, it should
be pointeg out that each of the "tic" marks represents a
10,000 ft* increase in solar collector surface area. Notice
that in Figures 7 “h’“gﬁh 10 to_provide 100 percent solar heat
would require nearly 200,000 ft2 of solar collector surface,
whereas after a 30 percent redyction in heat requirement (Figures
11 through 14) only 130,000 ft* is necessary. As pointed out
sarlier in this section, the amount of collector surface is
subject to some uncertainty due to a lack of adequate solar
insolation data.

The cost of a wood-fueled auxiliary system includes the
initial capital cost of the furnaces plus the present value of
wood for twenty years (see the section on wood energy). The
cost of the furnaces is divided by the twenty years of their
expected lifetime to find a yearly cost. Since the price of
wood consists primarily of labor costs, there should be no
increases above and beyond that of inflation. Figures 15 and
16 show costs for varying wood-solar systems. Once again, a
pogsible 30 percent reduction in energy use is taken into account.
It should be noted in these figures that wood heat is signifi-
cantly cheaper than either oil gr solar heat unless the solar
system costs less than $2.00/1t".
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Conclusions

College—owned land can now supply enough wood to provide
28 percent of present energy needs or 42 percent if that need
is reduced by 310 percent tﬁiuugh conservation. On the assumption
that the college will make that reduction, Figure 16 shows that
the cost for a wood-solar heating system would be $18,000 per
year at a solar system cost of $3.39/ft2 of collector. That
figure can be compared to the cost of oil heat. As an example,
if it is assumed that oil will incresse in price at a rate of
L percent per year (cost per year given on the ordinate of
Fi%ur& 13}, a figure of $27, per year results., Thus, the
solar-wood heating system would save the college 12ﬂ,ﬂﬂﬁ present
value dollars over its 20 gnar expacted minimum life, This
figure would be augmented by any oil heating system replacement
costs during that time period.

Although predictions of future cil prices are just guesses,
the figure of L percent oil price increase per year appears
conservative, at least for now. This figure was chosen bascause
it represents a doubling of the price of oil over the 20 year
time period in question, grﬂhahly not an altogether unreasonable
assumption. But it should be pointed out that the only reason
for providing all of the Figures 7 through 16 is that there is
an uncertailnty over future oil prices. Indeed, that uncertainty
extends also to the availability of that oil. It is well known
that educational institutions such as Marlboro College will
probably be among the first to do without oil should tight
supplies lead to rationing.

Finally, it is recommended that the college carry out further
research in two areas before 1§¥;amanting a l-scale solar-wood
heating system. First, more information needs to be obtained on
the amount of solar insolation available at the college. And
second, a small-scale, wood-solar demonstration project should
be designed and built to gain familiarity with construction and
performance of a wood-solar heating system,
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VI THE MARLBORO COLLEGE FOREST AS
AN ENERGY RESOURCE

The major part of the summer's work was in preparation for
and cnrryin% out an inventory of the forested properties of
Marlboro College.

The Forest Inventory

The attached map (Figure 17) is of the main property, two
smaller pieces separate from the main campus, and the lands ad-
Joining cullﬁﬁt property. The two smaller properties are known
as the Mumford lot adinlning the main property's eastern boundary)
and the Hertzberg lot (approximately § mile to the east of the main
property and on the south side of South Road).

The areas in which the inventory was conducted, hereafter
called compartments, are shaded, and other features and landmarks
of the college properties are indicated. The forest inventory was
adapted from the Forest Inventory Summary System, developed for the
Vermont Department of Forests and Parks, agency of Environmental
Conservation by A. Patunoff, programming consultant for that agency.

Compartments

Compartment 1 is the largest and consists of 108 acres. The
forest vegetation is made up roughly of 65% coniferous and 35%
deciduous trees. The ages of the trees in this compartment are
very mixed, but the trees are generally older than those of either
of the other compartments. Most of them are over 100 years old,
while some of the large sugar maples predate Vermont's accession
to the Union. Compartment 1 was logged during the summer of 1973,
and a total of 186,000 board feet were removed. .

Compartment 2 contains 52 acres and is comprised mainly of
hardwoods, sugar maple being the most common species. The age of
this stand is approximately 60 years.

Compartment 3 consists of only 12 acres. It is 80% white pine,
which are about 40O years old.

Stand Tables

Tables & through 2 (Appendix 2) are the stand tables for each
compartment, Tables 9 through 11 (Appendix 2) present the final
volume figures for each compartment. Virtually all the data con-
tained in the inventory are presented in these six tables. An
explanation of how the tables were constructed will be found in
Appendix 3. It should be noted that the total yleld in each of the
compartments is greater than one cord per acre per year.
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Wood Utilization

Before moving to a discussion of how best to utilize the
forest resources of Marlboro College towards energy self-suffi-
ciency, this use must firast be justified.

It is generally known that conscientious "weeding" of a
forest stimulates growth and improves the general health and vigor
of the trees left standing. The crowns of the desirable trees in
a properly thinned stand are able to expand and fill the gaps laft
by the removal of the weed trees. Thus, the photosynthetic capa-
city of the desirable trees is increased. A delicate balance must
be maintained between the growth of the desirable trees and the
ereation of space in the crown cover. If too much space is main-
tained, sunlight will fall to the forest floor unuaeﬁaby trees, and
growth in the stand then will not be optimal. In fact, in such
cases of over-thinned stands, only little and even negative increases
in growth are realized. In addition, major c 28 in many facets
of the forest ecology occur from large amounts of sunlight falling
to the forest floor.

In thinning programs the stems of the weed trees are often
removed for fuel or pulp wood. Generally, the leaves, smaller
branches, and roots are left in the woods. It is in those parts
of trees that by far the highest percentage of nutrients are
found (14). It is only logical tﬁat thie be the case, since those
are the parts of trees in uhich most of the metabolism takea place.
More nutrients become available to the desirable trees then, th
from decreased competition for existing nutrients and decomposition
of those parts of the weed trees left in the forest. This results
in greater vigor of the thinned stand.

The increased photosynthetic capacity and nutrient avail-
ability work together to produce the higher growth rate observed
in properly thinned atands. In addition, the chance of disease
infection and spread is decreased by the weeding out of sickly trees.

From the preceeding discussion it can be seen that the college
Can axg:ct to harvest a significant amount of wood on a sustained
yield sls, and with proper management it can do so with no damage
and even enrichment of the ecology of its forested properties. It
would be inaccurate to say that the ecology would remain unchanged.
It must be remembered, however, that the college forest was severely
damaged two centuries ago; indeed, the land was completely cleared
and placed under tillage. The cnilege forest has regenerated from
that cleared stage and is at present in a state of successional
flux. With the environmental effects of civiligation as insidious
a5 they are today, there is little doubt that an area &s small as
the college forest will never return to its pre-columbian state.
Thus, it seems we must call our virgin forest a loss and treat our
present forest as the recreational, aesthetlc, and energy-producing
renswable resource it is today.

It should be insisted, however, that whatever forest manage-
ment program the college may adopt, any unique areas of the college



forest should be preserved. The stand of huge sugar maples and
hemlocks in Compartment 1 fits in this category. The total area
of such preserves would not be great enough to significantly reduce
the annual yield of wood.

Categories of Wood Utilization

Two broad categories of wood utilization were investigated:
conventional saw-timber management and fuel-wood management. A
number of icular systems were considered under the latter
category, cluding wood-gas and methane production. At the very
end of the project a very promising system emerged, combining wood
and solar heat into one system, hereafter called the wood-solar
system.

Saw-timber Utilization

Traditionally, forest thinning has been carried out in an
effort to ﬂg:r promising trees into lumber size. Very often
landowners have brought the stems of the weed trees in for fuel
wood. The volume removed in the weed trees, however, rarely
approached the annual sustained yield of the stand. The theory
iz to leave as many good trees as possible for a hypothetical
"timber crop” from which the landowner's heirs may someday reap
great capital banefits.

If those heirs inherited a stand such as Compartment 1, and
decided in 1971 to have it logged as the college did, they would
have received $3800 after it was logged in 1973. That same wood,
burned in a d wood furnace would have yielded roughly as much
heat as 50 llons or $19,200 worth of #2 heating oll at the
presant ¥u ce of $0,38/gal (assuming equal efficiences in burning
the two fuels).

Saw=Timber to Cord-Wood Conversion
186,000 BF/500 BF/cd® = 372cd
Wood to 0il Heat Conversion

(Wood: Eﬂxlﬂﬁ BTU/cd)
(011: 1.47x10” BTU/gal)

6 BTUfcdfl.k?xlﬂﬁ BTU/gal = 50,600gal

50,600gal x $0.38/gal = $19,200

In addition to the wood taken out to the saw mill, most
logging operations leave large amounts of wood to rot in the
forest in the form of tops, not suitable for lumber and contributing
little to the nutrient cycle. Vermont county foresters use as a

172¢d x 20x10

*5tandard conversion factor for board feet to cords, which takes
into account the wood lost during milling.
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rule of thumb the figure of one cord of fuel wood in the tops for
every thousand board feet in the stems (15). The actual figure
depends on the size of the trees in question and runs higher than
one cord per thousand board feet for hardwood trees of the size com-
mon to Compartment 1 (16). So, it is safe to say that at least
186 cords were left behind in the 1973 logging operation. Using
the same values and assumptions as in the previous calculation
that much wood is equivalent in heat value to 25,300 gallons o
E%g ;Egth $5600. This is a total of 75,900 gallons of oil worth

l .

The figure of $18,800 cannot be directly compared with the
$3800 received for the timber for two reasons. First, $28,800
represents the value in oil egquivalents of the wood as heat. But
the cost of cutting, splitting, and stacking the wood must be
subtracted before this figure can be compared to the saw timber
figure., From the calculations carried out later under the Wood
Heat section, it is seen that this cost is $1.32 per million BTU
or $27 per cord. For the 560 cords cut during the logging opera-
tion, this amounts to $15,100. This figure subtracted from EEE.EDQ
leaves a net monetary benefit to the college of $13,700, which is
the figure to be compared to the value of the saw timber.

Second, the timber that was worth $3800 in 1971 would probably
be worth double that today or about $7600. Thus, using the wood as
a fuel would provide the college with approximately $6100 more than
what could be obtained by selling it as saw timber.

There are also ecological objections to the use of the Marlboro
Gollege forest for saw timber. The harvesting methods used in
lo ng operations are contrary to the theory behind the annual
wa type of management program outlined previously. Saw-timber
gperations must necessarily select the largest trees in the stand.
The felling of the large boles does conaiderable damage to the
smaller trees and saplings, the future forest, The heavy equipment
and the heavy saw logs which are drag%;d to the yarding area cause
well-documented damage to the forest floor (17). The skidding
disrupts the forest rloor and soil communities and alters the
nutrient balance by changing the permeability, erosion, and water
holding characteristics of the soil,

Finally, it is most economical to remove a great number of
saw-timber sized trees at one time. Witness the 560 cords removed
as saw logs and left as tops during the logging of Compartment 1
which has at present a nusgginad yield of only 181 curﬂi{ aar. '
Consider then the extent of the damage caused by the felling and
skidding of 186,000 board feet of saw-timber sized trees within a
six week time period.

The preceedi discussion of saw-timber use will, it is hoped,
dispel the se ¥ popular notion that the forest is worth more
to the college if managed for saw timber.
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Wood as Fuel Utilization

Two conversion systems were considered: wood gasification
and the incorporation of wood into a methane generating sewage
treatment system.

Wood Gasification

Wood gasification i1s a destructive distillation process by
which wood is burned in an oxygen-starved atmosphere, producing
a variety of gases and other products of wood combustion. All
the gases, amounting to smoke, are collected and "scrubbed"
{purifiudi; leaving a flammable mixture of approximately 61% CO,
30% H,, and 8% CH,. The wood gas can be stored or used immediately
in mugh tha same ﬁay as natural gas or petroleum, The gas does,
howaver, have less energy on a weight basis than conventional
fogsil fuels.

Using wood gas was eliminated early in the project, primarily
because commercial wood gas plants are no longer available, Nor
could any design or construction information be found on the
college's scale. (There are numerous plans and articles about
small home-made type generators, st ng from the war years.)
There is a general lack of current information of a technical
nature on the wood gasification process; thus, there is need for
axperimentation on this process.

Ansarobic Digestion

Conversion of wood to methane by anaerobiec digestion is
thoroughly covered in the Organic Waste section. Briefly, however,
the scheme would be to introduce wood in some form toc the methane
producing sewage treatment plant to augment methane production in
that system. It is felt that virtuslly all the energy contained in
the wood material could be extracted,.

As the use of wood in sewage plants is a highly unconventional
process, the work on this aspect of the system, like the research
on wood gas, was severely hampered by a lack nf technical data. An
adequate evaluation of the system would depend on a large amount of
experimental work. For instance, it is known that different
species of wood will behave differently in the digester of the
gsewage plant, some not digesting at alI¢ No data could be found,
however, related to the species composition of the college forest.

The system suffers on economic nds as well. For axample,
it seems that wood will require considerable pretreatment of one
sort or another (an undetermined element in itself). One such
Eruceaa would involve reducing the wood to a powder of 30 mesh size.
apital costs of the equipment necesssry to accomplish the pulveri-
zing would exceed $100,000. In addition, the power consumption of
the 50 hp and 75 hp electric motors required by the grinding equip-
ment would be counter-productive in an energy self-sufficient system.



L3

Wood Heat

Harvesting wood for fuel, unlike harvesting for lumber, can
be carried out in complete accordance with the annual weading type
of forest management program, whose merits were presented previously.
This is so primarily because of the freedom there is in selecting
trees to be cut from the stand. The freedom arises from the fact
that a wide range of tree sizes are suitable for fuel wood (roughly
from 4 in to 20 in). Thus, a thinning program can proceed with the
best interests of the forest in mind, i.e., proper ance of
growth and space and removal of sickly trees.

Fuel-wood harvesting will damage the forest far less than
will even the most carefully conducted saw-timbar harvest. As
can be seen in the "present volume" column of the stand tables
(Tables 6-8), for every cumfartmant a larger volume of wood is
found in the form of trees less than saw-timber size (12 inches)
than in those with diameters greater than 12 inches. It is also
among the smaller diameters t the greatest wth rate is
observed, and the most crowding cccurs (18). For these reasons,
if an annusl thinning program is adopted, there will be a propen-
sity toward smaller trees in the harvest. This means that damage
to saplinfﬂ and small trees during felling will be minimized.
Since fuel wood will be needed in lengths of only 4 feet or less,
heavy equipment and skidding of logs will not be necessary, so
damage on the forest floor will also be minimized. Finally, since
fuel-wood harvesting must be carried out on a yearly basis,
thinning will be gradual, an important element in a good thinning

pProgram.
Amount of Wood Available

The details of the entire heating system proposed for Marlboro
Collega by this grn act are presented in the Solar Energy section.
Only that part of the system referred to in that report as the
"auxiliary heating system" will be discussed here. The discussion
will be further confined to the use of wood in supplying the
auxiliary heat.

Of course, any wood-heating system the college may adopt
should be designed such that the annual demand for wood fuel does
not exceed the anmual sustained yield of the college forest., The
Patunoff forest inventory is designed to be accurate to within
20% of the true volume figures. The combined annual yield of the
three compartments as given by the survey, is 250 cords per year.
Thus, the true value lies between 200 and 300 cords per year. It
has been decided to use, in subsequent calculations, the figure of
200 cords per year for the annual harvest, including dead wood.
This figure accounts {or the inaccessabllity of some of the wood
and for any preserves chosen to be set aside.

Coast of Harvest the Wood

Because of insurance problems and the probable inexperience
among student workers, the job of harvesting the fuel wood is
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deemed to be best carried out by prufessionals. One local lumber-
man has expressed willingness to carry out the harvesting with
strict accordance to our management program at a cost of 320 per
cord (in 1974). Under the type of agreement discussed with tEE
lumberman, the $20 per cord figure would only include the felling
and subsequent transport of the wood to an appropriate place on
Campus. e wood would be unsplit and in four foot lengths. The
wood-heating units which are being considered for the wood-solar
system can all consume four foot logs. In order to facilitate
dr{1n5 and handling, however, the larger logs will have to be
split. Power wood splitters are readily available from farm
equipment dealers. A unit capable of dealing with four foot lo
can be purchased for $600. e dealer claims that the unit wil
last 20 years; thus, its capital cost would be $30 per year (in
1974 do ) over the next 20 years. Adding in 1 er year for
maintenance and fuel costs, the final cost for the splitter is
then $90 per year.

The labor cost for the splitting and stacking must also be
gconsidered. With three students working at $2 per hour at a rate
of one cord per hour, the labor cost would be $6 per hour, or
$1200 for the year's 200 cords. Note that this is & maximum
figure as not all the wood will need to be split.

One final cost which might normally be attached to the pro-
duction of wood fuel is the cost of protection and storage for
the wood. One plan is to store the wood under the solar collectors,
so the storage costs would be absorbed by the collector costs.

The estimated final cost to the college for 200 cords of fuel
wood in 1974 dollars is then:

Harvesting and delivery. . . . . . . 34,000
oplitting costs . . « & & & 2 4 & = 20
Splitting-stacking labor costs . . . .1,200

35,290/ year

In the proposed wood-solar system, when the temperature of
the heat storage resevoir falls below a critical level, the auxi-
liary system is called upon to make up the heat deficit. The
deficit could be only slight, on a partly cloudy day for example;
or after an extended period of cluusgnusﬂ it could equal the entire
demand of the campus at that moment.

An auxiliary wood-heating plant, then, must have the following
aspucts:

a. the flaxibility to meet all or any part of the
heating demand of the main campus

b. be able to consume cord wood, chipping on this
scale being uneconomical
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¢. be a water-heating system, in order to be compatible
with the solar aystem

d. be commerically available either as complete
components or through contract

In addition to the above requirements for the wood-heating
plant, the cost of the system including the wood should be com=-
petitive with an oil-fired auxiliary system. This, of course,
1%nnras the value of self-sufficiency itself, which will be high
if' the collesge 15 cut off from fossil fuel supplies.

The Wood Heating Plant
The cost of fuel oil can be computed in the following manner:
$0.40/gal/1.47 x 10° BTU/gal = $2.72/10° B1U
The cost of wood fuel is:
$5290/year/[200 cd/year)(20 x 10° BTU/ed] = $1.32/10° BT

The allowable capital cost for the wood system is equal to the cost
of fuel oil less the cost of wood procurement. That is,

$2.72/10° BTU of #2 oil - $1.32/10° BTU of woed = $1.40/10° BTU

With a usable lifetime of 20 years for the Hund-haat&:f plant,
the maximum allowable capital expense for the plant is eg tnﬁtha
number of million BTU of wood burned in 20 years times $1.4L0/10" BTU.

(200 cd/year)(20 x lﬂEI BTU/ed) (20 raaral[il.hﬂflﬂﬁ BTU)= $112,000

This calculation assumes that the difference in cost between luﬁ BTU

of 0il and wood will remain $1.4L0 (in 1974 dollars).

The only wood-fired heating plants which were found this summer
and which met all the requirements set forth earlier are marketed
by Marco Industriea of Harrisonburg, Virginia. This company has
taken over the production of wood-heating plants of the E?ttﬂuf
design. Their gest boiler, with 350,000 BTU/hr output, sells
for $8880, It would take six such units, with a combined output
of 2.1 x 10~ BTU/hr to covgr the cullugﬂ{ﬂ estimated peak average
heating demand of 1.7 x 10 BTU/hr. Meeting this peak exactly is
not eritical because the furnaces are coupled to the storage system
and the demand can be averaged over several hours. The cost of
the furnaces would be $53,300 which ;tauas the total cost of this
wood system well below the cost for fuel oil procurement alone.

It is beliaved, however, that the Riteway 1s not the best
cord wood combustion design available today and that units of
better dﬂﬂi%ﬂ can be fo at lower cost. There are two main
drawbacks of the Riteway furnace. First, the drafting system
employs two electric blowers which consume energy, agg ngn they
are non-functional due to a power failure, the operating efficiency
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of the furnace is greatly reduced. Second, the cost of the
Riteway is disproportionately high because it is a "dual-fuel"
design, able to switch automatically from wood to fuel o0il, and
to continue to run on oil until the furnace is refilled with
wood. The costly oil-burning provisions are unnecessary in the
wood-solar system.

One very promising alternative to the Riteway furnaces is
to employ evaporators such as are used in maple sugaring. Such
evaporators produce great quantities of low grade heat, which
would fit in nicely with the solar part of the system. They are
also said to be efficient users of wood fuel and are relatively

inexpensive.

In order to use the illustrative graphs to be found in the
Solar Ens section for the consideration of wood-fired auxiliary
heat, the following figures are offered.

If six Riteways were used, their cost per million
BTU would be:

$53,2004112,00C = x/81.40/10° BTU
x = $0.67/10° BTU
Adding their cost to hhaﬁnuat of the wood fuel [ll.jﬂflﬂﬁ BTU),
a cost of about $1.99/10° should be used, (Note that the Riteways
make up the most expensive furnace system considered.)

The other gquantity needed to use the graphs is the percent
of the total heating demand met by the a iary system. That is:

(0il consumption during the 1973-74 heating season
was 91,500 gal) :

91,500 gal x 1.47 x 10° BTU/gal/20 x 10° BTU/cd = 673 cd

200 ¢d)(100) _ 30% of the total heating demand

If the expected fuel savings through the proposed energy
conservation measures are realized (304 savings), the percent of
the heating demand carried by the auxiliary system is:

(200 ed)(100)/471L cd = 42% of the total heating demand

6

These two calculations assume equal efficiencies in burning
the two fuels. Members of an HEF-UﬁEhgrnnt at Williams College
have measured the efficiency of an ey-type space heater at 50%.
There is little doubt then, that a modern wood furnace could match
the 65% estimated average efficiency of the college oil burners.



L7

Conclusions

In the calculations presented in this section, it is shown
that the cost of harvusting. splitting, and stacking 200 cords of
wood for use as a fuel is $1.32/10 U or $5,300 per year. This
represents 42% of the main campus heat energy consumption, if that
consumption is reduced by 30%. At present oil prices, the same
amount of oil would cost $10,300.

But these two figures should not be directly compared for
four reasons. 1) There are capital costs for a wood combustion
system which must be included in the yearly costs. This is figured
to be a maximum of $2,700 per year. But it should be rememlLiered
that the present oil Eaating system is not new and will require
significant replacement costs in the next twenty years. 2) In
order to preserve convenlence when changing from oil to wood
combustion, energy storage must be provided so that the wood
furnaces are not required to provide heat on demand. The capital
costs for the storage system, plumbing, and control units are
included in the cost of using sclar energy (see Solar Energy
section). 3) The costs of fuel oil and wood curement should
be calculated over the twenty year lifetime of the wood furnaces.
Thus, Equation 6a (Solar Energy section) should be used to calcu-
late the present value of future oll and wood payments. While
interest rates and inflation will affect each to the same extent,
the rate of increase in prices above inflation will likely affect
oll alone. This is because the cost of procuring wood is pre-
dominately labor costs and is not expected to increase at a rate
ﬂignificantlr greater than inflation, whereas the cost of oll is
subject to shortages and therefore increased prices above infla-
tion. &) If oil shortages lead to rationing, there is an incalcu-
lable economic advantage to be using a combination of wood and
solar energy for heating.

In the conclusions of the Solar Energy section, it is esti-
mated that a combination wood-solar heating system would save the
college at least 120,000 present value dollars over the expected
20 year lifetime of the system.
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VII ORGANIC WASTES

Introduction

Marlboro College produces 700 pounds per day of refuse and
130 pounds per day of sewage solids. The utilization of these
wastes in an energy self-sufficient system can fill a particularly
tiuuhlaucme niche, that of an energy source for electricity genera-
tion.

Although electricity represents a minor portion of the college's
total energy cnnaumgtiun. it 1is one of the most difficult demands
to ba met with an alternate energy system. But, in an integrated
anaerobic digestion system, methane gas can be produced. This
bio-gas can serve as a source of high grade energy necessary for
electricity production.

Electrical energy self-sufficiency is also of high priority
due to the low efficiency of centralized power plants. Through
the use of an on-site total ene stem, overall efficiency can
be increased from 35% to over 90%. n addition, the use of organic
wastes in a system such as this would provide a long term sclution
to two increasingly costly disposal problems: snlfg waste and
sewage.

Anaerobic digestion is certairly not new (most sewage treat-
ment facilities use anaerobic digestion), but the proposed system
is lnnovative in several important aspects. The digester will
convert the organic rtion of the refuse and the sewage into
mathane gas. ¢ only major by-product, carbon dioxide gas, will
be scrubbed from the bio-gas and will be used to increase the bio-
mass in an algae pond. The algae pond will serve several important
functions in the overall system. irst, the algae produced will
inecrease the ne*t energy output ¢f the system by capturing solar
radiation. Second, the algae, when added to e digeater, will
¥artiu11r offset the inherent nitrogen deficiency of refuse.

hird, the pond will further serve the difficult function of ulti-
mate residual (sludge) receptor, a problem which has not been
solved in sewage treatment facilities.

Further innovations used in this system will include 1) an
insulated digester cylinder to keep heat loss to a minimum,
2) & waste-heat recovery system on the dual-fuel diesel electric
generators, the waste heat from which will provide all heating
necessary for digestor function, and 3) a special sludge mixer
and thickener which eliminates the need for a secondary digestion
system while achieving high system efficiency.
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ORGANIC ENERGY SOURCES

At Marlboro College the existing organic energy resources
are sanitary waste water (does not innluﬁﬂ storm water or rhz%e},
refuse (trash and garbage), and the forest. The forest Hif? only
be briefly considered, as wood energy was treated in the previous
section. Thus, this section will emphasize the other organic
sources of energy.

The average {low of sanitary waste water at the college is
about 9 thousand gallons per day. With a maximum, including
infiltration, of 15 thousand gallons per day. Thus, 15 thousand

allons per day will be used as the maximum design parameter.
ssuming & full time population of 230, and a blological oxygen
demand %ﬁﬂﬂ] production rate of 0.2 pounds/person/day (20), the
total daily BOD is 46 pounds/day. Likewise, the total solids
production from this waste water is 0.55 pounds/person/day (20)
or 126 pounds/day, and the volatile solids production is 0.32
pounds/person/day (20) or 73 pounds/day.

Refuse is produced at the college at a rate of 3.5 cubie
yards/day at a density of 250 pﬂundsﬁcuhiﬂ yard (21), which amounts
to 875 pounds/day. This production is equivalent to 3.8 pounds/
person/day, which is the same value as the average state-wide
Ernduntinn rate in Vermont (22). The composition of Vermont refuse

s presented in Table 12.

Table 12. Composition of Vermont Refuse (22)

Volatile

Pounds %Volatile Solids
Item fdet #Dry Per Day* Solids 1b/day™
Paper L5 L2.7 374 97.0 i62
Glass 5 ? bedy - -
Metal & b 53 = L
Organic 26 7.8 68 91.2 62
Wood 5 b5 39 99.5 39
Other 13 - 114 - =
Total
Grand
Total 87 66 875 B 463

"Values are calculated for Marlboro College.
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Using the figures given above, the estimasted total quantity
of organic energy resources (forest excluded) is 608 Euundsfda
of total HﬂlidﬂE{drT'ﬂﬁight} and 536 pounds/day of volatile solids.

Possible Utilization Technologies

A survey of the literature was conducted to compile a set
of alternative technologies for using the available organic
resources. Three basic utilization categories were identified:
biochemical conversion, thermal oxidation, and reuse-recycling.

Biochemical conversion includes those processes that depend
primarily upon bioclogical activity, which includes anaerobic
digestlon and hydrolysis-fermentation. Anaerobic digestion is the
bacterial decomposition of organic material in the absence of
oxygen, resulting in the production of methane and carbon dioxide.
Hydrolysis-fermentation refers to two techniques for breaking down
organic materials. In the [irst process the organic materials
(usually mostly cellulose) are hydrolyzed to simple sugars. These
sugars are then fermented in the second process to ethyl alcohol (23)
or are used to grow single cell protein (24).

Thermal oxldation includes those processes that rely upon
high temperatures and chemical reactions to convert organic material
to usable energy forms. OUne such process is pyrolysis, the high
temperature oxidaticn of carbon compounds in an oxygen deficient
atmosphare to yleld charcoal, methane, organic acids, amnd other
products (25). Technigues for hydrogasification of organic wastes
inte hydrogen and methans have been patented (26). Wet air
oxidation (27) and burning of the wastes were alsoc considered.

Eliminaticon of Technological Alternatives

Over 300 letters were sent to commercial firms, trade
associations, and individuals in an attempt to locate sources of
packaged systems or the major components of the energy reclamation
systems outlined abova,

Since no commercial systems were found for the hydrolysis-
farmentation of refuse, this alternative was not considered,
although its feasibility cannot be ruled out,

Pyrolysis is technologically more complex than any of the
other alternatives. This complexity requires a syatem which is
more difficult to maintain and which is not practical unless the
end products are significantly superior to those producsd bty
other systems. The products of pyrolysis are methane, charcoal,
and a complex mixture of organiec acids and alcohols. This set of
products may be highly favorable to the chemical industry but
presents problems in energy recovery. The products are of thres
different phases: solid, licuid, and gas. Each must be handled
separately, and each requires separate equipment for burning. Also,
the liquid fraction would be of little value on a small scale due
to the high cost of fractionation prior to use.



o1

Several of the other thermal processes are still being
developed or are in the pilot plant stage. None of these processes
are considered economically feasible at a plant size of less than
one ton/day. The break-even point is believed to be in the size
range of 100 to 500 tons/day.

In the past, wood has served as the feedstock for certain
chemicals such as wood aleohol (methyl aleohol) (28). Wood has
also been gasified and converted to synthetic petroleum for the
internal combustion engine (29). Due to the s arity between
rafuse and wood [refuse being LO percent cellulose {Jﬂgl, an
attempt was made to locate nguipmanb for these processes. However,
after the conclusion of World War II, wood ceased to be a chemical
feedstock. Today, not a single wood chemical plant (except
charcoal production plants) is in operation in the United States.
Wood conversion processes, therefors, were eliminated from consi-
deration even though technological feasibility was not disproved.

A survey of reuse-recycling possibilities was conducted.
For ﬂ:I recycling scheme, separation is necessary, but no eco-
nomical mechanical separation system could be found because of
the low refuse output of the college. There are no markets for
bi-metal cans in New England, and the closest smelter accepting
cans is located in Montreal, Canada.

There are secondary Eapar dealers in the area, but they re-
quire a degree of separation which is economically prohibitive.
And, as a result of the Vermont beverage deposit law, the most
valuable fraction of solid waste——aluminum—has been virtually
eliminated. Thus, the separation problem, the absence of alumi-
num, and the lack of secondary material markets make reuse-recyling
of refuse highly uneconomic.

Anaercbic digestion has been used for over 100 years. Septic
tanks and Imhoft tanks use this process, and anaerobic digestion
is the most widely used method of municipal sewage sludge treat-
ment in the United States today, although for the past 15 {Enrﬂ
aerobic digestion has become more common in new treatment aci-
lities. Thousands of small farms around the world use anaerobic
digestion to treat domestic and animal wastes while providing
methane gas for on-site use (31). Anaercbic digesters are common
throughout India where construction and operational technologies
are minimal.

Research has also shown garbage and organic refuse to be
anaerobically digestible (32). Due to the low level of technology
required, the availability of equipment, and long experience, it
has been concluded that anaerobic digestion has the greatest
probability of proving economically and technologically feasible
on the college's scala.
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System Design

The emphasis in anaerobic digestion has been upon reduction
in volume and stabilization of sludge. Methane gas has been treat-
ed as an incidental by-product. A detailed review of the develop-
ments in anaerobic digestion theory and operation has been presented
elsewhere (33).

Anasrobic digestion is a EEHElEI biochemical process in which
added o ¢ matter is digested in the absence of oxygen by a
mixed culture of bacteria to produce primarily methane and carbon
dioxide. In this proceas, complex or c moleculas are first
hydrolyzed to s er molecules, catalyzed by extra-cellular
engymes secreted E% facultative and strict anaerobic organisms.
The simpler moleculas are then converted to volatile fatty acids,
alcohols, aldehydes, carbon dioxide, hydrogen, and the cell mass
of the acid-forming bacteria. These end products of acidogenesis,
with the exception of carbon dioxide, are used sssubstrates by
the methane-forming organisms to yield primarily methane and more
methanogenic urga:fsms.
This is an integrated waste management and energy production
sistan which is nearly closed, achieving a high degree of regy=
cling. BSolar energy is the prime mover of the system as the sun
is the ultimate source of energy in the production of all organic
matter. Although much of this organic matter flows to the college
from without, an anasrobic digestion scheme will represent a
significant improvement over the wasteful practice of land-filling
organic materials.

System Description (see Figure 18)

Az the raw waste water enters the plant, it is screened to
remove large objects, comminutated (ground) to reduce particle
size, and sent to a primary sedimentation tank where most of the
organic material is removed for later addition to the digester.

It would be economically prohibitive to effect in-plant
mechnical separation of inorganic and organic refuse. Fﬁuﬂ, all
organic refuse must hauflacad in a separate hopper. The storage
time in the hopper should be kept to a minimum to reduce odors

and health prug ems and to maintain a constant flow to the digester.

From aturage the refuse will be shredded to achieve a nominal
particle size of one to three inches, although it is not clear

as to what the optimum sige is. It has been reported that a four-
fold increase in methane srnductinn occurs when 30 mesh particles
are used in place of one inch particles (34). But it has also
been reported that one inch particles are completely broken down
during digestion (27). If particles smaller than one inch prove
to be necessary, the cost of sige reduction equipment will be
greatly increased. A wet size reduction system g::ﬁrnfarahla.
although a dry reduction process could be used if the reduced
refuse is mixed with water effluent from the primary sedimentation
tank to reach four to eight percent solids.
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The organic refuse slurry from the shredder and the raw
sewage sludge from the sedimentation tank are then both fed to
a mixer-thickener where an equal volume of activated sludge from
the digester is pumped. The three sludges are then thoroughly
mixed, flocculated if necessary, and allowed to thicken to eight
percent solids. This thickened nludﬁu mixture is then pumped to
the digester. Water effluent from the mixer-thickener is returned
to thﬂlprimarw'ﬂudlmantabinn tank to increase solids and BOD
removal.

Digester Operation

The digester is a square, right circular cylinder to maintain
& high volume to surface area in order to minimize heat loss. To
further minimize this loss and to provide support so that the walls
do not have to withstand the full outward thrust of the contents,
most of the digester is placed underground.

Twice a day, 1/30 of the contents of the digester will be
removed and processed to remove grit and other non-digestible
material which will be land-filled. One half of the remaining
digestible material will be pumped to the mixer-thickener for
eventual return to the digester. The other half will be sent
to the algae pond for aerobic decomposition and eventual recycling
to the digester in the form of algae bio-mass. These withdrawals
are frequent and of small volume 50 as not to upset the ecological
balance of the digester.

The digester should also be fed often, at least once or
twice a day. Thus, the mixer-thickener will not have to be very
large to accomodate these small volume transfers. The retention
time in the mixer-thickener should be as short as possible since
most gas production occurs in fresh sludge. It may prove advanta-
geous to equip the mixer-thickener with gas recovery equipment if
the gas yield is large.

The digester will be heated by an external heat exchanger
using exhaust heat from a dual-fuel diesel electric generator
(see section on Electrical Generation). Incoming and outgoing
sludge represent the major energy expenditures in heating the
digester. It is important, then, to keep hydraulic f{lows to a
minimum. In order to recover the heat contained in outgoing
sludge, a heat exchanger will be installed to transfer heat to the
organic refuse slurry going to the mixer-thickener.

The digester should also be equipped with a device to remove
any scum or floating material that may accumulate on tha surface
of the sludge.

Gas Removal
The gas produced in the digester will be removed and scrubbed

in an iron sponge to remove hydrogen sulfide which should consti-
tute well less than one percent of the bio-gas because of the high
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proportion of low-sulfur cellulosic wastes being digested. The
remaining bio-gas will be separated into methane and carbon dioxide
fractions. The carbon dioxide will be diffused through the algae
pond in order to increase the growth rate of the algae and to
prevent the pond from freezing in the winter. The methans will

g0 to a short-term, small volume storage vessel to allow for
irregularities in gas production and consumption. The gas will

be used to run a dual-fuel, diesel electric generator. Using a
heat exchanger, engine exhaust can provide of the necessary
heat for the digester and possibly some for building heat (see

the Electrical Generation section). The carbon dioxide produced

in the generator by methane combustion can also be diffused through
the algae pond.

ﬁigaa FPond

The algae pond is similar in design to several other bio-
solar energy systems (35). However, this algae pond will serve
additional functions and, therefore, will have a more complex
mixture of micro-organisms in order to accomplish thess multiple
functions. Other proposed ponds have been intended to treat
waste water by using sewage as & carbon and nutrient source to
provide blo-mass for ingestion or power production.

The function of this algae pond is five-fold:
1) To provide for final disposal of residual solids.

2) To trap mutrients from outgoing sludge and thus
upgrade the quality of the final effluent.

3) To maintain & suitable carbon-nitrogen ratio in
the digester through atmospheric nitrogen fixation.

k) To provide an increased bio-mass for the digester
which will increase gas production.

5) To provide for ultimate hydraulic disposal from
the primary sedimentation tank and the digester.

Without an algae pond, expensive sludge de-watering and
firjr'.'l.ng would be necessary, and sludge removal would become a
significant problem. Refuse is normally nitrogen deficient so
that inorganic¢ nitrate or ammonia c:Tfﬂunds are usually added.

H{ fixing nitrogen, the algae pond 1 greatly reduce if not
eliminate the need for the addition of inorganic nitrogen. The
algae pond can be increased in size in order to generate whataver
amount of methane (bio-mass) that is ultimately desired. It
appears feasible that a combination of algae, or ¢ refuse, and
sewage will produce enough methane to generate 1 percent of the
college's maln campus electrical energy needs.

Presently, at Marlboro College, there is a problem with the
diffusion of waste water into the ground. A long infiltration
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trench is planned (by others) for the future. Construction of
an algae pond instead could provide a large snough area for
atmospheric evaporation and soll infiltration that the need
for a trench system could be eliminated.

Water flowing out of the algae pond will undergo clarifi-
cation (if necessary) and chlorination (if necessary) prior to
soil infiltration.

The pond will be shallow, ssibly eight inches deep, in
order to allow photosynthesis throughout its entira voluma.
It will be mixag to facilitate contact between the different
groups of decomposing (bacteria) and synthesizing (algae)
organisms. A mixed culture will be used in order to foster,
concurrently, nitrogen fixation, carbon dioxide fixation, and
aerobic sludge decomposition. To increase algae productlon,
it would be advantageous to heat the pond and enclose it to
retain carbon dioxide.

The hydraulic detention period will be in the range of
two to six days to maximize growth while maintaining harvesting
frequency at a reasonable level. Two methods of harvesting
the algee, chemical coagulation and cuﬂtrifusatiun, have been
proposed {35}. Centrifugation is preferred dus to the possible
adversa effects of chemical coagulants on the digaster. To
reduce costs, autoflocculation should be used as much as possible,

If the digester 1s operated at mesothermic temperatures

(95 degrees Fahrenheit), the algae must be killed prior to
introduction into the digester, otherwlse they survive
and reproduce, avoiding decomposition. Although a thorough
examination of possible killing techniques has not been possible,
air drying seems to hold promise because it is inexpensive and
facilitates storage during summer months. [Due to the variation
of solar intensity and angle of incidence over the year, algae
roduction will vary. But a constant feed to the digester should
Ee maintained so a portion of the summer production can be
stored for later use to bring winter digester input up to the
average production.

Technical Specifications and
Commercial Products

Due to the small waste water flow at Marlboro College,
i.e., less than 15,000 gallons/day, commeré¢ial equipment for
the system has bean van;difficult to locate, but, fortunately,
appropriate components have been found for nearly every requirement.

Primary Sedimentation

Normally, in municipal sewage treatment plants, primary
sedimentation is performed separately from screening and commi-
mitation, but an unusual piece of esgquipment has been found which
can accomplish these three cperations simultanecusly.
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The Bauer Hydrasieve (36) will cost one-tenth the amount

of se te comminutation and sedimentation equipment. Accom-

lishing its action through special screens, the hydrasieve

A5 no moving parts and r:ﬁuir&a no supervision. The size of
the screening may be varied to obtain the desired degree of
solids removal. With a 0.020 inch screen, a flow rate of
eight to ten gallons/minute can be achieved (37), This is
large enough to allow both for severe peak flows and for
effluent racycling. This size screen will produce results
comparable to normal primary sedimentation, i.s., LD percent
solids removal, but it may ﬁrﬂ?a advantageous to install two
of these units in series, the second with finer mesh seresnlng,
in order to achieve a very high degree of solids removal. The
cost of the Hydrasieve is l?ﬂg (37).

Usually, grit is removed from the waste water [low after
scresning and comminutating. But the Hydrasieve can be
equipped with a Bauer Centri-Cleaner Liquid Cyclone (3B) to
accomplish this grit removal. This unit is superior to normal
grit-removal devices in that it functions as part of ths Hydra-
sieve and it does not use aeration processes which are counter-
productive in an anaerobic digestion system. The cost of this
unit is $130 (37).

Organic Solids Size Reduction

The size reduction system is designed to proceas the
collega's present organic refuse production of 700 pounds/day
plus an additional 500 pounds/day that may be necessary to
supply enough energy to provide 100 percent of the main cam
electrical demand. 3Since the size reduction system will only
operate five days/week, a capacity of 1700 pounds/day will be
required. Based on a five hour/day actual operating period,
the capacity of the shredding unit will be 350 pounds/hour.

Companies which manufacture size reduction egquipment
include the following:

Jalfray Manufacturing Company

Walker Process Equipment

Denver Equipment Division

Gruendler Crusher and Pulverizer Company
Williams Patent Crusher and Pulverizer Company
Mitts and Merrill C ny

Pennsylvania Crusher Corporation

Mixer-Thickener

The mixer-thickener will be similar to a standard gravity
sludge thickener. Additionally, the unit will be equipped
with a mixing cycle and special mixing blades if necessary.
Flocculation equipment may be added to increase hhickanin§ and
to achieve a cleaner effluent. The unit has a capacity o
10,000 gallons, is 8.11 feet in diameter, and has a surface
area of 114 square feet.
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The mixer-thickenar is important to the succeasful and
ggonomical operation of the digester, for the solids content
of the aludge is a direct determinate of the size of the
digester. or example, for 1,100 pounds of solids, a & per-
cent slurry amounts to 3,300 gallons/day added to the digester,
while a 10 percent slurry amounts to un{r 1,320 Eﬂllﬂnﬁf&ﬂf.

Input to the digester should also be at a high solida
concentration in order to reduce the amount of sludge heating
required. However, at high solids content, diEestar mixing
requires more energy. The optimum degree of sludge thickening
is not known.

The cost of the mixer-thickener is about $7,300 (39).

Digaster

Assuming a &6 percent solids concentration, a 15 day
hydraulic detention period, and a recycle factor of 1.3 (40),
the volume of the digester should be 5,700 cubic feat or LL,000
gallona., In order to use commonly avallable squipment and the
thermal advantages of a square, right circular cylinder, a
20 feet dlameter, 20 feet deep digeater was selected. This
results in a volume of 6,280 cubic feet or 49,000 gallons. In
terms of volatile solids loading with this digestar configura-
tion, this is 0.166 pounds/cubic feet/day, which is well within
established limits (41).

The digester will be buried and back-filled so that two
feet of the tank extends above the ground. The intermal
tamparature will be maintained within one degree of 95 degrees
Fahrenheit as it has been concluded that at present the
greater stability of mesophilic digestion outweighs the greater
solide destruction and shorter detention time of thermophilic
digestion at 140 degrees Fahrenheit. If research demonstrates
the stability of the thermophilic operating range and con-
currant heat loss problems can be solved, the higher tempera-
ture range should En used.

Heat loss has been calculated using standard thermo-

dynamic practices. with 3 inches of styrofoam insulation and
a plyvwood cover, during the coldest month, February, with an
ambient mean temperature of 18 degrees Fahrenmheit, heat loss
is as follows:

Table 13. Digester Heat Loss

BTU/HOUR
Lid
Tank Above Ground 244
Tank Below Ground 5410

Total BLT0



Assuming a 3,300 gallon/day withdrawal from the digester,
with 90 percent of that heat transferred to the organic refuse
sl » an additional 740,000 BTU/day will be necessary to heat
the sludge. With a twice daily transfer, the sludge withdrawal
heat exuﬁ:nger must have a capacity of 170,000 BTU/hour.

The micro—organisms in the digester will produce a
significant amount of heat. Ass a8 production of 10,000

cubic f&&tfdag of bio-gas at a 35% carbon dioxide concentra-
tion, 29,000 BTU/day will be produced by the organisms.

Table 1L. Digester Heat Balance

BTU/DAY  BTU/HOUR

Sludge Heating 740,000 31,000
Heat Loss 115,000 4, 800
Biological Heatu -28,800 =1,200
Total 826,000 3k, 600

An equation has been developed to calculate the cost of
a digester tank (L2).
C = V(1.65 + 17/V0:87) (7

where, C is the cost in thousands of dollars
and, V is the digester volume in thousands of cubic feet

For a digester of the size appropriate to the college,

C = 6.3(1.65 + 17/6139-37) - 18 (10% doliars)
Since this is a Jamuary 1973 cost, an inflation factor of
1.3 is used to update this coet to $23,000. An outside estimate
for a bare tank is $13,400 (39). After including necessary extra
costs, the discrepancy between the two figures should be small.
Digester Mixing Systems

1) Pacific Flush Tank--Pearth System

2) Ralph B. Carter Company-—Asro-Hydraulic Method
3) Chicago Pump Division-——Shearfusar Diffuser
L) Dorr-Oliver—-Draft Tube Digestar



Of the four digester mixing systems listed above, the
Pearth system is the only one for which cost data could be
obtained. It is fﬂﬂﬂihlﬁ that one of the other systems is
as effective and less expensive than the Pearth system. It
appears that the Shearfuser diffuser may cost a fraction of
the Pearth system. Further investigation on the effective-
ness of each system is needed in addition to more cost data.

Digester Process Control

To insure efficient and d:ﬁendnhla operation of the
digester, monitoring devices and control systems should be
included. Monitoring of at least the production and composi-
tion of wvolatile acids and pH should be included. Chemical
feed systems to correct for pH variations and mutrient defi-
¢iences should be provided.

Non-Digestible Material Removal

It would be highly advantageous to remove non-digestible
material (usually inorganic grit) which cccupies volume re-
sulting in reduced digesting space. This material also
increases mixing power requirements and increases wear on
pumps and other equipment. Due to the high density of most
of this undesirable matter, several possible cleaning devices
exist. The equipment that appears to be bast for this task
are the Dorr-Oliver MercoBow E:un;r 1 dewatering unit)
and tha DorrClone (grit washer). Do livar has dasigned
these two unlits for non-digestible material removal prior to
digester charging, but adaptation to puaitinninﬁ after charg-
ing is believed possible. Other equipment which is available
for this task are the following:

Jalffrey Manufacturing Company--JI Grit Washer

Walker Process Equipment—Grit Separation Unit

Denver Equipment Division--D-R Denver Flotation
Machine and Denver Hydro-Classifier

Gas Storage

Normally, gas storage 1s provided by excess capacity in
tha digester with the gas contained under the floating cover.
But in a system where the gas is to be used productively, as
opposed to municipal treatment facilities where excess is
burned in the ntnnﬂfnara. additlonal gas storage is desirable,
Carbon dioxide should be removed from the bio-gas prior to
storage as this will reduce tha volume by 20 to LO percent.

Firestone's Fabritank appears to offer the lowest cost
method of auxiliary gas storage. The tanks are avallable in
a wide range of siges. As an example, a 10,000 gallon tank
with a storage capacity of 1.3 x 100 BTU would cost $4,300.
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Support Facility

A build to house controls and piping will have to be
constructed. This will be a minimal structure but waell insu-
lated. Heat will be provided by the exhaust from the diesel
engines. It is estimated that the cost of this building,
including site preparation, would be about $20,000. Since it
is a minimal structure, this building could easily be built
with local or student labor.

Capital Costs

The projected capital costs of this system are included
in Table 15.

Table 15. Capital Costs of the Anaserobic Digestion System

ITEM CO3T REFERENCE
Chemical Feed System $1,000 43
Mixer-Thickener 7,300 39
Hyrasieve and Ligquid Cyclone 1,000 L1,
Sludge Withdrawal Heat Exchanger 2,000 L5
Comminutator 5,700 L6
MarcoBowl Centrifuge 2,000 assumed (4LB)
Primary Heat Exchanger 18,000 L5
Sludge Pumps 15,000 L7
Digester Tank 23,000 L2
Digester Floating Cover 35,000 &7
Digeater Mixing System 20,000 L

Gas Clean Up 1,000 assumed
DorrClone Grit Washer 2,000 assumed (4L8)
Gas Piping 20,000 assumed (47)
Purchased Egquipment Cost $162,000

Installation Cost (20%) 32,400

Installed Equipment Cost $194,400

Support Facility $20,000

Total Capital Investment(w/o algae pond)$214,400

Optional Equipment

Gas Storage Fabritank $L,300 L9
Algae Pond: 1 acre 20,000 assumed
Mixer-Thickener Flocculation: Flectrol 2,000 L7
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The cost of the algae pond has been left out for three
reasons. First, an adequate cost estimate could not be pade
because such ponda are not commercially available. In addition,
the cost would greatly depend upon whether cover provision and
heating during the winter were provided. Second, although it
is beyond the scope of a report on energy self-sufficiency,
an algae pond may not be needed because local restaurants,
residents of the Town of Marlboro, and non-resident college
employees have all expressed a Hiilingmaﬂn to provide organic
wastes to the college. Indeed, the Town of Marlboro pays for
the right of its citizens to transport their own refuse to the
Brattleboro land fill twenty miles away. Third, in view of
the possibilities for receiving extra-campus organic wastes,
the necessary size of the algae pond is open to question.
Should it be felt necessary to build a pond to facilitate
sludge and hydraulic disposal, it is estimated that a minimal
pond 1 acre in size could be built for about $20,000 if a
relatively level spot can be found.

Economics

A full comparison of the costs and benefits of an anaero-
bic waste treatment facility will be included in the section
on Electrical Generation. However, values dirwctt{ applicable
to anaerobic digestion will be made under this subheading. For
a summary of capital costs, see Table 15.

Expected Energy Production

Gas production may be calculated using the following
equation:

= WDRCe (8)

E

where, E is the energy produced in BTU/day

W is the mass of volatile solids added to the
digester per day

D is the percentage of solids destroyed

R is the quantity gf gas produced per pound of solids
destroyed (in ft/pound

C is the percentage of methane in the bio-gas 3

L+

is the energy content of the methane in BTU/ft

The value of e is a constant equal te 1,200 BTU/ft>, W
will be held constant at 1,000 po s/day or approximately
twice the amount of the college's organic refuse. Equation 8
then reduces to,

E = 1.2 x 10% pRe (9)
Due to the large number of ill-defined system parameters, such

calculations are fairly imprecise. Theraefore, a minimum and
maximum probable range of energy production will be given.



Table 16, Gas Production Values

D R c E
(Percentage) (f£3/1b) (Percentage) (BTU/Day)
Minimum Value 0.65 9 0.65 L.6 x 10°
Mascimum Value 0.95 20 0.75 17.1 x 10°

It would be safe to use a value of 10.9 x 10° BTU/day
(average of minimum and maximum values) for the energy produc-
tion because the digester system is designed to accommodate
a larger solids input. Thus, if the actual value is somewhat
lower than the average, additional organic material from a vari-
ety of sources may be introduced. With the space and economic
problems of organic waste disposal that exist today, obtaining
a small amount of additional organic wastesz should be con-
fronted with no economic barrier.

Present Raf__yﬂ_;_e Disggsal

Presently, Marlboro College hauls its solid waste to the
Brattleboro land fill. The cost of using this service has been
risi sh ly. The privilege cost is now $2,700/year. In
addigfnn,aiﬁa college must devote 10.5 person hours/week for
collection and hauling, and the truck mileage is 105/week. At
$3/hour for labor and iﬂ.lﬁfmile truck expense, this amounts to
$.,7/week or $2,460/year. Thus, the total expense, including
land fill use, is $5,160/year,

With an anaerobic digestion system, most of the hauling
would be eliminated because most of the refuse is organic, and
non-organic refuse has a higher density thus requiring less
truck volume for a similar mass. It is estimated that the haul-
ing distance would be reduced to 15 miles/week and the labor
cost would be cut in half. 3Since glass and metal are not
putrascible, hauling could be done when a full load accumulates
or about every three weeks. This is estimated to have a mass
of about one ton. The yearly labor and mileage cost would be
reduced to about $210. With this reduced hﬂ&%ing, there would
be a land-fill credit of $2,360/year.

The net benafit of converting to an anaerobic digestion
system is then $4,610/year. It should be remembered that to
calculate the amount of this saving over the 25 year expected
life of the digester, the present value should be calculated
(Equation 6a in the Solar Energy section). It will be assumed
for the sake of simplicity that this cost is just,

25 years x $4,610/year = $115,300
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Planned Aerated Lagoon System

At present an aerated lagoon system is planned (by others)
to alleviate the wastewater infiltration problem mentioned
earlier. The lagoons will occupy one acre. A soil infiltration
ditch approximately 1300 ft x 120 ft will be used to discharge
the chlorinated effluent. The total area to be occupied by
this system is about 4.6 acres. The capital cost of the system
will be about $81,000. Operating costs will be low. Labor will
be 2.5 person hours/day at $3/hour or $2,74,0/year. Power
requirements will be 5 HP used intermittently. Assuming 12 hour/
Eigﬂﬂ eration, at present electrical rates the cost will be

year.

Thus, the total yearly cost of the aserated lagoon system
will be $3,390. Again, this cost should be figured for compari-
son to the 25 year expected life of the digester b{ use of the
present value equation (Bquation 6a). For simplicity, the
25-year present value is assumed to be equal to,

25 years x $3,390/year = $84,800

Thus, the 25 year cost of constructing and operating the
aerobic lagoon treatment system is $165,800.

%E&ratian and Maintenance Costs of the
erobilc gestion System

An equation has been developed to express operation and
maintenance costs as a function of fluid flow [53}.

log ¥ = 0.7298 x log X + 4.5039 (10)

where, Y is the total annual operation and maintenance cost
X is the flow in millions of gallons per day

This expression has been found to have a correlation coeffi-
cient of 0.90,

6 Although the maximum flow at Hhrlgarn College is 0.015 x
10~ gallons/day, a value of 0.030 x 10° gallons/day will be
used in the caiculatiun to account for the greater solids
loading due to refuse inclusion. Thus,

log ¥ = 0.7298 x log 0.030 + 4.5039
Y = $2,350 (in September 1970)

This cost figure must be updated, and it is convenient
to update to mid-197L. Operation and maintenance costs are
assumed to be ¢ sed of LO%¥ labor, 20% electrical wer, and
40% materials. The labor fraction has been escalated accordi
to the average of the ZNR skilled and common labor indices El?%hﬂ].
Thus, in mid-1974 the labor fraction is $1,290.
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The power requirement of the system is increased by the
enargy-intensive size reduction process. However, it is also
reduced by the relatively great amount of energy required to
heat the digester which alraadg has been taken into account in
the energy production caleculations (the digester to be heated
with diesel engine waste heat). The cost of electrical power
has increased by 30% since September 197C. Thus, the electrical
cost is $610.

Materials costs have been escalated according to the ENR
mitgiiala cost index inflation factor of 1.LB9 to give a figure
o » 400.

The total yearly cost (in 1974) of operation and mainten-
ance is $3,300. Again, instead of using the present value
equation, for simplicity it will be assumed that the total
ugﬂratiun and maintenance costs over the 25 year expected life
of the digester are,

25 years x $3,300/year = $82,500

Costs Summa;:

The costs to the college for this anaerobic digestion system
are for capital investment and operation and maintenance costs.
The savings are for reduced refuse disposal costs and for eli-
minating the need for aerated lagoons. These values are summari-
zed in Table 17. But it should be remembered that these costs
do not take into account the value of the methane produced. A
total cost analysis will be included in the next section of
Electrical Generation.

Table 17. Costs Summary of Anaerobic Digestion System

Capital Costs $214L,L00
Operation and Maintenance 82,500
Present Refuse Disposal =115,300
Aerated Lagoon System =165, 800
Total Cost $15,800

This table does not take into account the cost of the
mixer-thickener flocculation device ($8,000), the gas storage
tank ($4,300), the algae pond capital cost {izu,nnu}, and the
operation cost of the algae pond (assumed to be the same as
those of the aerated lagoon system, or $84,800). nddin% these
cogsts to the Total Cost {igure in Table 17, a value of 132,900

Eﬂgggt value dollars is obtained. This is a yearly cost of
' L]
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Poasible Cost Reductions

It is believed that it is possible to achleve a sub-
stantial reduction in the capital costs of the anaerobic
digestion system. It is expected that this may amount to
about 15 or 20 percent of the capital costs or $32,000 to
$43,000. The items most likely to permit economization are:
sludge pumps, digester mixing system, gas piping, and digesater
floating cover.

If surplus equipment can be located, a further reduction
in cost can be expected. Since many older, smaller anaerobic
systems have been decomissioned, it seems probable that some
suitable equipment can be found. It is estimated that this
might represent a savings of 10 percent of the capital costs
or $21,000.

Conclusions
Cost Conclusions
For the purposes of evaluatin? the total cost of the ana-
erobic digestion system for comparison with the economic
benefits of methane gas production, the following assumptions
are made:
1) The 1 acre algae pond will be needed.

2) The mixer-thickener flocculation device will not be
needed,

3) The gas storage tank will be needed.

L) Economizations will result in & capital expenditure
reduction of $25,000.

5) Surplus equipment will allow a capital expenditure
reduction of $10,000.

Thus, the final figure that will be used for cost compari-
son purposes is 90,000 present value dollars, or $3,600/year
over the 25 year expected system life.

Further Research

The following is a list of areas and problems which need
further investigation. Active research is now being carried
out in several of these areas and results can be expected to
appear in the literature within a few years. Other areas will
require either research carried out at Marlboro College or
improved calculations using existing information .



1)

2)

L)

5)
&)

7)

8)

9)
10)

11)

12)

The degree of sludge thickening which is optimal,
and the effect of thickening on sludge pumping,
heating, mixing, and digester size.

The optimum carbon-nitrogen ratio for digester
methane production.

Degree of mixer-thickener insulation.

Optimum particle size in digester feed. This affects
size reduction requirements, efficiency of digestion,
and solids retention time.

Quantity of gas to be stored to even out production
and demand.

The practicality of mixer-thickener gas recovery
aquipment.

Size of the algae pond; possibility of covering
and heating algae pond; Erupar algae species for
optimum growth; best method for algae death.

The possibility of wood digestion sibly usi
sawdust from sawmills. 8 PR 4 e

Advantages of mixer-thickener flocculation device,
Best equipment for digester mi and for separation
of non-digestible solids from sludge withdrawn from
the digester.

Method for carbon dioxide removal from bio-gas and
for diffusion through algae pond.

Advantages achieved through the inclusion of small
amounts of low-grade coal in the digester.



VIII  ELECTRICAL GENERATION

Introduction

The generation of electrical energy is a particularly
difficult problem to be overcome in designing a self-sufficlient
system. This is due primarily to the fact that electricity is
a high grade energy. 5till, there are several sources of that
energy available on the Marlboro College campus. For instance,
there is wind, which in conjunction with a wind conversion device,
can generate alectricity. here is hydroelectric power (see the
next section) which can be used. Solar energy (see Solar Energy
section) can be used for the direct generation of electricity.
But each of these potential sources of ene suffers from severe
economic drawbacks. Because direct generation of electricity
with solar energy and hydroelectric power are treated in other
sections, only wind power generation economics will be dealt with
here.

There are two other potential sources of electricity: com-
bustion powered generation Hﬂiﬂg wood or methane as a fuel. Since
gll of the sllowable cut of wood will be best used for the genera-
tion of heat (see section on the Marlbore College Forest as an
Energy Resource), only methane combustion will be considered in
this section.

Wind Power

The energy contained in the wind is free and non-depletable.
But it has not proved easy to harness. With the rapidly increas-
ing electrical rates of the last year and with a dwindling of
fossil fuel supplies used for electrical generation, perhaps some
companies will begin large-scale production of wind energy con-
veraion devices to satisly an eager market. As it stands now,
these devices are not economical, and the problem of energy
storage for windless periods has not been solved because of lack
of large company capital involvement.

Electrical Demand

The main campus uses electricity at a rate of 3.25 x 10°
kilowatt=hours/year (KWH/year). This is an average power demand
of 317 Eg with Peak demands in the vicinity of 80 to 100 KW (see
Table 18),

Whatever system is adopted, electrical generation for the
college must be flexible enough to meet the peak demand without
difficulty and whenever it might occur, preferably at an invest-
ment that is competitive with the current coste of electricity.



Table 18. Main Campus Electrical Demand

MONTH ENERGY POWER
(in 107 KWH)  (EW)
January 34 L&
February 25.5 38
March 28.5 38
April 39.5 55
May 28 38
June 20.5 28
July 30 50
August a s § 15
Saptember 18.5 26
October Ll 22
Hovember 27.5 38
December 13 L7
Average: 27 17

Wind Conversion Economlca

For the reasons mentioned previously, wind-powered genera-
ting systems are among the most expensive means of obtaining
Elﬂﬂhriﬂit{ available today. The units which are available are
quite small. For example, the largest available generator, made
by Elektro-gmbH of Winterthur, Switzerland, is s & KW DC unit,

5 KW in its AC version.

A complete wind generating system from Solar Wind Company
that is rated at 700 KWH/month in an area of 10 MPH average wind
speed is priced at $17,500 (51). This system includes wind
generators, towers, vnib&ga regulators, storage batteries, and
miscellaneous equipment. A system to supply the college's needs
would require 39 such unite at a capital cost of $682, gﬂ. Over
the 20 year expected operating life a totzl of 6.5 x 10° KwH
would be generated at a cost of $0.105/KWH. Maintenance costs
are expected to amount to an insignificant contribution to the
total cost of the system.

In a twenty year lifespan, the unmrEiigﬂnaratad by this
system will cost more than 10 cents/KWH ch is 2.8 times the
3:7 cents/KWH paid by the college in 1973. Althuuﬁﬁ commercial
electricity may soon reach this cost, it is felt that such a huge
capital investment could not be made on such a wesk basis.
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The prospects for wind-generated power at the college are
subject to two other drawbacks. The more significant one is the
severe lack of current wind data, or indeed any wind survey at
all. It appears likely that in the near future, the cost of
wind-generated power will decline significantly. For this even-
tuality, the college should have a thorough wind survey, because
the amount of available energy in the wind increases as the cube
of its veloeity. Thus, a wind velocity of a few miles per hour
greater than the regional average could make the system economi-
cal. Golding states that a thorough anemometer survey should
be conducted for at least one year on the site of any proposed
wind power plant in order to be reasonably sure of the amount
of wind to expect (52). At the moment there is no source of
wind data within a twenty mile radius of the college (53). By
the time that an on-campus wind-generated power system might
actually be installed, the survey information having been avail-
able for some time would be the basis for a recommendation.

The second added drawback is that Marlboro College lacks
appropriate areas of land which could serve as sites for the
wind generators. The college is situated on the south alage
of an 1,800 foot ridge in a very mountainous area. There is
no land that is not at least partially sheltered by nearby
peaks, and there is no land that is exposed to the northwesterly
wirter winds. But it is possible that the college could buy
some contiguous acreage wﬁich has adequate northwest exposure.
It would require purchase of a few acres of west-facing hillside
which drops 300 feet in a quarter of a mile.

Wind Energy Conclusions

Although they are not yet economical for areas with average
wind velocities, wind-powered electrical generators should not
be ruled out for Marlboro College. The current world-wide short-
age of fossil fuels is driving up the price of electricity. When
large-scale production of larger units drives down the cost of
Hin& conversion devices, the college should reconsider their use.

In the meantime, a thorough wind survey should be made to
determine the wind velocity patterns at the college. This is
especially critical in view of the fact that the wind energy
variea with the cube of the velocity. Thus, a higher than average
wind velocity will bring economic parity with conventional elec-
trical energy a closer reality.

Mathane Combustion Electrical Generation
Fuel Cells

Fuel cells certainly represent a desirable method for the
combination of oxygen and methane to form carbon dioxide and
water. They are noiseless, efficient, and do not produce heated
exhaust.
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But at present they are far too short lived and expenszive for
serious consideration in this system, Pratt and tney has
quoted a figure of slightly greater than $100,000 for a fuel-
cell system of the size the college would need. But, because
of the advantages of fuel cells, should the price decline and
longevity increase, the college should reconsider their use.
1f, as is recommended later, the college adopts a system using
diesel engines to combust methane, every several years when the
engines wear out, a conversion to fuel cells could be effected
with no economic penalty.

Mathane-Fueled Diesel Electrical Oeneration

In the Organic Wastes section, it was determined that
10.9 x 10" BTU/day of methane can be produced in an anaero-
bic digestion system. 0Since this is a relatively small amount
of methana, the efficiency of the engine using it is of great
importance. Thers are several types of engines that are avail-
able, Their efficiencies are listed in Table 19.

Table 19. Efficiencies of Various Engines (54)

Engine a Thermal Efficiency (%)
Low-compression spark ignition 27=-29
High-compression spark ignition 13-38
Open-cycle gas turbine 16
Open-cycle gas turbine with

recuperator of 75% thermal ratio 22
Diesal 35-40
DTual-=fuel dieszel 35-40

Diesel engines ﬁive the highest return of usable power
er unit of fuel, and the dual-fuel diesel will run on 90 to
5 percent methane and 5 to 10 percent diesel fuel. This

engine t{pa has the advantages of high efficiency, long life,

relatively low cost, and easily avaifahla parts and servicing,.

If the fuel supply is 10.9 x 10° BTU/day, and if this is
be consumed in a dual-fuel diesel engine with a 7.5 charge
of diesel fuel running at 37.5 percent efficiency, the avail-
able power is,

(10.9 x 10°

+ 0.82 x 10°) x 0.375 = 4.4 x 10°

converting to KW units,

6
x 10° BTU/da
_&;&______3___£_w£; = 1,290 KWH/day
3.413 x 10° BTU/KWH

BTU/day
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This can be expressed as continuously available power,

1,200 Kul/day _ o yy
¥

Since the avarngﬁ main campus electrical demand is 37 KW,
it certainly seems likely that the installation of three LO KW
generating sets, for example, would provide the necessary
capacity to supply all of the main campus electrical power.

This type of system would also produce 3.7 x lﬂﬁ BTU/day
of recoverable waste heat (55), approximately half of which
would be used to heat the sludge in the digester (in the winter).
The remain half could go towards heating the digester and
generator bulldings or algae pond.

Economics

Iual-Fuel Diesel Plant Costs

Table 20 contains a listing of probable plant costs for
the dual-fuel system. The life of the system is 10 years, but
for calculating the costs for later addition to the anaerobic
digestion costs (system life 25 years) a 25 year calculation
must be made,

Table 20. Dual-Fuel Diesel Plant Costs
10 Year Cost 25 Year Cost

Three LO KW diesel

generators at $150,/KW $18,000 $45,000
Maintenance (10% of engine

coat/year $18,000 $45,000
Diesel fuel $26,600 $74,900
Generator building, wiring,

and switching $5,000 $5,000
Total Expense: $67,600 ' h#lﬁﬂ.?ﬂﬂ

Mairtenance costs include the cost of rebuilding the
diesel generators every 30,000 hours. This cost is subject
to the present value equation (Equation 6a in Solar Ene
aactiun?f For the sake of simplicity, it will be assumed that
the rate of cost increase above inflation is zero and that
interest and inflation are roughly equal.

The cost of diesel fuel also has to be calculated in present
value dollars. It has been assumed that interest and inflation
rates are roughly equal but that the cost of diesel fuel will
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increase at a rate of i percent beyond inflation (a doubling
in price every 17 years).

Total Cost of Anaerobic Digestion—-
Diesel Electric Jystem

The yearly cost of the anaerobic digestion system, as
calculated in the Organic Wastes section, is $3,600. The
yaar1¥ cost of the diesel generating system is *E.Eﬂﬂ (25
year figure). Thus, the total cost is 10,400 present value
dollars gar year for the complete system, or a 25 year total
cost of $260,000. This cost should be compared with the
electricity costs in Table 21.

Value of the Methane

The total amount of energy generated in 25 years is,
54 KW x 8,760 H/year x 25 years = 1.18 x lll:l'ilr KWH

It should be remembered that this energy generation is sub-

Jject to a fairly large uncertainty. Indeed, the continuocus
power output could vary from 23 to 85 EW. But it should be
reiterated that the actual power figure can be adjusted upwards,
if necessary to attain self-sufficiency, by obtaining addg-
tional amounts of organic waste from an expansion of the algae
pond or from extra-campus sources. This can be done with little
added expense to the college. The value of this electricity

is included in Table 21.

Besides the costs for continuous power outputs of 23, 54,
and 85 KW, the values for 37 and 47 KW are also included in
Table 21, The figure of 37 KW represents current main-campus
consumption. It is believed that the new theatre buildin%
(presently under construction) and either a) the aerobic agoon
system or b) the anaerobic digestion and algae pond system
will add approximately 10 KW to the average main campus power
draw., Indeed, this must be considered & minimum addition
because the theatre building has a maximum rated output of 120
KW and its air—:hangin? system has an output of 22 KW. Only
through extremely careful conservation measures will this in-
créase be held to a continuous power draw of 10 KW.

In order to calculate the value of this energy in terms
of commercial electricity, it is necessary to use the present
value equation. The cost of commercial electricity to the
college in 197) was $0.037/KWH. Again, it 15 assumed that
interest rates and inflation are roughly equal and that commer-
cial electricity prices will increase at a rate of L percent
bayond inflation.
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Table 21. Yearly Electricity Costs

Continuous
Power Output KWH/Year Cost/Year® Cost/25 Years®
23 201,000 $12,4L00 $309, 500
37 324,000 20,000 L99,L00
LT 412,000 23,700 593 , 600
b 473,000 29,100 729,900
85 745,000 k3,000 1,075,900

“Assuming a L% increase beyond inflation.

The value of the recoverable waste heat also can be calcu-
lated us the same present value equation assumptions as
before. (The cost of the fuel oll which it will replace was
$2.72/10° BTU in 1674. Burned in furnaces withcan estimated
efficiency of 65 percent, the value is $4.18/10" BTU actually
used. The unt of recoverable heat from the diesel engines
is 1350 x 10" BTU/year. The total value of this heat is
245,000 present value dollars or $9,800/year.

But this value cannot be added to the value of the methane
because its use has already been included as a benefit in the
Organic Wastes section as a source of heat for the digester,
the support buildings, and the algae pond.

Conclusions

Of the five possible sources for electrical power genera-
tion at Marlboro College (hydroelectric, wind conversion,
solar cells, and wood and methane combustion), only methane is
economically available in sufficient quantities to supply the
main campus demand, However, wind speed and pﬂtanbiaf site
surveys should be conducted in the immediate vicinity of the
college.

Under present conditions, the anaerobic digestion-diesel
innaratian combination is a highly complementary arrangement.
he digester provides fuel to the engines, and the diesels
provide the neceasary heating for the sludge tank, buildings,
and algae pond that otherwise would have to come from oil or
some other source of heat.

Fuel Cells

It would seem that any town or city has the raw material
to supply a large portion of its non-industrial power needs,
and at the same time can eliminate ite sewsge in a far more
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efficient manner. At the other end of the scale, it might soon
become possible to have self-powered houses with individual
digesters. But these systems would be best equipped with fuel
cells instead of generators, thus eliminating the noisy, rela-
tively inefficient combustion engine from the chain. But fuel
cells at present are far too short lived and expensive for
serious consideration. Pratt and whitn:i quotes a figure of
about $3,000/KW of installed power for their fuel cell system.
wWhen the cost becomes competitive with diesel generation, the
college should probably switch to fusl cells.

Economics

The economics of the anaerobic digestion-diesel generation
system are summarized in Table 21. The total capital and main-
tenance costs over 25 years are $260,000 or $10,L00/year. It
is expected that this system will provide 54 KW continuous power.
If, as is expected, the college uses a constant L7 KW (it now
uses 37 KW), the cost of commercial electricity would be $593,600
over 25 years or $23,700/year.

The cost of this electricity was calculated using the present
value equation (Equation 6a, Solar Energy section) with the
fullnuin% assumptions: {first, interest rates and the rate of infla-
tion will be roughly equivalent, and second, the cost of commer-
cial electricity will increase at a rate of L percent above in-
flation. This is believed to be a conservative estimation, at
least for the present, since electricity rates have risen between
25 and 65 percent in Vermont in recent months,

This same L percent cost increase has also been applied to
the diesel fuel, but because this cost is less than 30 percent
of the yearly operating and maintenance costs of this system, a
change in the L percent figure would have much less effect on
the anaerobic digestion-diesel generation system than on the cost
of commerical electricity.

Standby Electricity System

Because of the problems associated with synchronization,
the college could not use commercial and on-campus ﬁanarutad
electricity at the same time. And in the event of digester
system failure, the electric company would not allow a awitch-
over from 0 to possibly as much as 100 KW peak demand, Thus,
the college must have some alternate means of generating elec-
tricity in the absence of methane. Fortunately, the dual-fuel
diﬂﬂﬂlﬂ can be modified in about an hour to burn diesel fuel
alone.

There are three major reasons for installing three LO KW
generators as opposed to one larger unit. First, the diesel
generator systems operate most efficiently when running near
capacity. Second, the life of each generator will be increased
by not having to run continuously as would a single large genera-
tor. Third, when an engine is down for repairs or over=haul,
there will still be B0 KW generating capacity.
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Il WATER POWER

The Stream

According to the United States Geological Survey map of
the Marlboro area (Figure 17), Pond Brook flows out of South
Pond at an elevation of about 1650 feet above sea level, and
about one mile downstream {lows past "Mumford House" at an
elevation of about 1570 feet. e brook then descends rapidly
for about one mile, passing the Halifax town line (elevation:
1340) and joining the Green River about one mile further on
at an elevation of 1220 feet. Dropping 230 feet ir elevation
from just above Mumford House to & short distance below the
Halifax town line, Pond Brook is almost continuously bounded on
one side or the other by Marlboro College property. Although
thera are no other continuously flowing streams that joln the
brook within this reach, tha volume of the water flowing in the
brook slowly increases as it descends.

Historically, Pond Brook has been used to develop water
ar for various uses. The two members of the Mather family
who built Mumford House had a canal bullt from South Fond to
Pond Brook which entered the brook about 100 yeards below the
house., Below the lower end of the canal they constructed a dam
across the brook and there, at successive periods during the
late 1700's, built seven mills of various types. The power for
those mills was frnvided by the water. Some remains of this
water power development can still be seen (56).

In mors recent times, a concrete dam was built across Pond
Brook near Mumford House, about 100 feet upstream {rom the cur-
rent South Road bridge over the brook. The water level in South
Pond was regulated to provide water power at this mill site and
photographs show one affect of this on the pond: long mudbanks
in the late summer. The concrete dam was destroyed by blasting
some [ifteen years ago, primarily because the dam was gradually
failing with age and attendant silting, and bacause the beaver
dams at the outlet of South Pond ware pericdically blastad,
causing great surges of water to flow against and over the dam,
threatening the road bridge below it as well as property down=
stream. Most of the pleces of the blasted dam remnfn at this site.

So far as it can be determined, the flow of water in Pond
Brook has never yet been used to generate electricity. Thus,
the primary question to be answared is:what potential powar
development is available in the one mile reach of Pond Brook
relativaly accessible to the college?

Water Powar

Tha amount of useful work available from a given volume of
water is primarily determined by three energy componentsi
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potential anergy--helight above some given base point; kinetic
energy—vealocity offlow; and prassure energy (57). By reducing
the potential ene component of the water through a water
motor, with minimal production of heat through friction and
turbulence, a large proportion of this energy can be converted
into usable mechanical energy. This mechanical energy can ba
used to generate electric power. The amount of powar available
at any given site is limited by the head that can be develo

and the rate of flow of the water as expressed in Zguation

(57,58,59).

33,000

where, ¢ is the rate of flow of the water in cubic feet/minute
H is the head in feet
62.4 is the mass in pounds of one cubic foot of water
33,000 is the number of foot=pounds/minute in one horse-
power (60)

To convert horsepowar into kilowatts the figure must be multi-
plied by 0.746. To determine how much powaer is actually obtain-
able, this figure must be multiplied by the overall efficliancy
of the ins tion used to generate the powar,

with such a relatively long reach of stream to work with,
many different engineering plans could be designed, developing
different heads. For example, the greatest possible head might
be developed by running a flume (open channel) out along the
gide of tﬁa straam valley. Obzying the hydraulics of open
channels, the flume can be built on a very slight gradient while
the brook drops at a much steeper rate. At the desired polint
the flume could become a penstock (closed channel) and run
straight down the steep valley side to the brook again, develop-
ing a head of over 100 feet. The cost of such a system, however,
makes it economically Erohlhiti?a, and its potantial for ecologi-
cal disruption of the brook is great,

Much of the lower stream reach under consideration is %too
remote from the college buildings to be of any foresescable
practical use for power production, because electrical generation
from theses points would involve -large tranasmission losses and
the costs of transmission lines would be much too great. Any
water powar development is likely to be associated with a dam
for several reasons, including increasing the available head.
This again rules out the lower reaches of the stream for the
sheer size of the dam required at any of the possible sites, plus
the added expense of trucking materials o considerable distance
from the main road, would make such development much too expensive.

Dam Siting

The iﬂﬂdﬂgu behind a dam is im?ﬂrtant to a water powar
installation for several reasons. irst, it tends to even out
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variations in water f{low, which is essential for maintaining a
constant head. Second, it allows short-term nﬁuratinn using
water {lows greater than the current flow in the stream. Third,
it acts as a settling basin to remove silt and debris from the
water, in:reaainf the expected lifetime of the components of
the water power installation.

The best dam sites are places where the greatest useful
head can be developed and whera dams can be made as small as
Eﬂauihle and still impound the largest volume of water (60).

uch sites are in the same area as those that have been used
before, from the remains of the concrete dam right by Mumford
House down to the site of the 0ld Mather Mills., This part of

the Pond Brook reach also happens to be the closest of all to

the buildings on campus. While still remote from the main campus,
these sites are in close proximity to Mumford House and the
Mumford Cottages, for which nothing else is being planned to
contribute to their energy self-sufficiency. Because of the
close proximity of South Road to the sites, transportation costs
in development construction would be at & minimum.

Available Power
Head

With the use of transit, level, and stadia rod, the develop-
able head was measured at three sites in this area. Using the
remains of the concrete dam as a guide, a head of forteen feet
gould be easily developed there. A smaller head than this, one
of about ten feet, is all that could be easily developed at the
site of the old Mathers Mills. The best head might be developed
by using the spot where the South Road currently crosses Pond
Brook. Building a dam there, perhaps putting the road over the
top of the dam, could result in a head of over twenty feet.
There is also the possibility of usi both the concrete dam
site and the bridge site together tan&avalup power at two
locations.

Water Flow

The amount of water flowing in the brook is intimately
related to the hydrological cyecle (61,62). Only a relatively
small portion of rainfall is to be found as runoff in streams in
mountainous areas free of development. From fifty to seventy
parcent of rainfall is usually lost through evapotranspiration.
Thus climate, season, topography, and the total amount and
intensity of rainfall largely determine the availabllity of stream
flow for power production.

There are two primary methods of measuring water flow Iin a
small stream such as Pond Brook: the float method and the weir
method (60,63,64,65). The part of the stream reach under con-
glderacion particularly lent itselfl to the weir method. The
welr was Instslled just upstream from the remains of the concrete
dam and daily readings were taken through July and August, 197L.
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Records from United States Weather Bureau stations in
southern Vermont show that February and October are usually
the months with least precipitation. However, the records of
an amateur weather station within one mile of the weir site
showed that August was the driest month. This, combined with
the fact that evapotranspiration losses would be near maximum
during this part of the year, would indicate that these records
would determine the minimum rate of water flow in Pond Brook.

The night after the weir was installed, the largest and
most intense single rainfall of the summar occurred. The flow
rate was increased ten-fold the next day. Two days later another
heavy rainfall occurred. At about this same time there was a
disruption of the beaver dams at the outlet of South Pond into
Pond Brook. It was reported that it tock the beavers about two
days to repair their dams, during which time the water level in
South Pond dropped sn estimated two inches (a sizeable volume of
water). It is probable that the flow out of South Pond rather
than the rainfall accounted for most of the ten-f¢cld increase
in flow rate, particularly in light of the relatively minor
effects of two other sizeable rainfalls later in July.

Few conclusions can be drawn from flow data for the summer
of one year. At least & minimum of five years of daily wair
readings is required for any werious consideration of water—
power projects. However, in order to give some perspective
to the data from the summer of 1974 in relation to other summers,
the rainfall at the neighboring amateur weather station was
checked against previous summers. It was found that 1974 was
not an exceptionally dry one and that precipitaticn did not vary
appreciably from the average.

The rate of flow of water in thia part of the Pond Brook
reach seemed to attain a steady minimum of twenty cubic feet/
minute. Given an average amount of acipitation as the fall
season progressed, the ow rate in Pond Brook would be expected
to increase, if only because of the natural reduction of evapo-
transpiration losses. Periodic weir r&adin%i from September
through NHovember did show increases in the {low rate, with the
average being around thirty-eight cubic feet/mirute. While this
remains a rather small flow of water, it is almost a doubling
of the minimum flow.

Using Equation 11, the minimum flow rate falling through
the head at the concrete dam site (3ite 1) theoretically contains
about 0.53 HP, or O0.40 KW, Minimum flow falling through the
possible head at the current South Road site (Site 2), assumed
to be twenty-five feet, contains about 0.95 HP, or 0.71 KW.

In an effort to use the maximum possible head with the
given minimum flow, a different theoretical development which
might be optimal is hypothesized. Instead of using solely the
artificial head created by a dam, this plan would be a "divided
fall* layout. It uses both the artificial head of a dam at
Jita 1 and the natural head of the descending terrain to a point
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just below Site 2. Calling this plan Site 3, the increased
distance involved creates Iriction losses [perhaps 5 percent
(66)] that affect the amount of head that can be developed at
this site. Assuming a forty-foot net head at Site 3, about
1.5 HP (1.1 EW) would be available. In considering various
specific forms of water—power developments, the power that can
be produced and the economics involved will be referred to the
potentials of Sites 2 and 3.

It must be reemphasized that the above energy figures
pertain only to the assumed minimum rate of flow which would be
constantly available. Power produced from minimum flow is
called frimnr? power. Additional power, called secondary power,
is available whenever the flow is greater than minimum. In
many cases the minimum flow exists for only a short time during
the year and the secondary power that can be produced is greater
than all the primary power. To determine this power distribu-
tion for Pond Brook, its flow-duration curve must be determined.
This requires at least one full year (preferably several years)
of flow rate data. The curve is then determined by plotting the
values of stream flow, in order of magnitude, against the percent
of time these flows exist (58).

Harress Power

Mechanical energy is extracted from water falling through
the head by means of water motors that can be generally classi-
fied into displacement, gravity, impulse, and reaction types.
Each type has had a long history of development into its current
forms. While examples of displacement (hydraulic ram) and
gravity (overshot waterwheels) will be discussed in terms of
their potential application to Pond Brook, only the se and
reaction types have undergone development into the highly effi-
céag& ET?IEUIiE turbines used for hydroelectric generation (57,
28,00,07).

In contrast to impulse turbines which operate in the open
air (with splash covers), a reaction turbine cperates with its
waterwleel submerged, receiving ite driving force from the water
flowing over the curved runner blades, producing the mechanical
energy that rotates a shaft connected to the runner. For hydro-
electric power, a generator is mounted on the drive shaft. To
maintain constant shaft speeds with varying load, a governor
mechanism is employed to regulate the flow of water into the
turbine through a set of wicket gates. The two principal designs
of reaction turbines are the Francis turbine and the more recent-
ly developed propeller turbine which is characterized by two
types ?f runnars: fixed blade and adjustable blade (the Kaplan
runner).

ThuTﬁrinnipal design of impulse turbires is the Pelton
wheel. e driving force for the shaft is produced by a high
velocity stream of water, focused by a hiEh pressure nozzle,
striking carefully designed buckets attached around the circum-—
ference of the turbine runner which converts almost all of the
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kinetic energy in the water into mechanical (rotary) energy.
The governor for this type of turbine operates by controlling
the flow of water thro the nozzle. onsidering tha energy
content of the water as it leaves the turbine, the Pelton
impulse turbine, as well as the Francis and propeller reaction
turbines, can achieve over ninety percent efficiency in energy
conversion.

In general, propéller turbines are used with the lowest
heads (less than 100 feet) and largest flows; Francis turbines
with intermediate heads and flows; and impuls« turbines with
the highest heads (particularly more than 1,000 feet) and
smaller flows. This is not a rigid classification since each
type is fairly adaptable. The requirements of certain power
projects can call for a specifically designed turbine within
a range of head not usually associated with it. For axampla,

se turbines are frequently used in medium and even low
head installations with small hanHEuﬂﬂr ratings (58,66,67).
This is a possibility for Pond Brook.

Reaction turbines in general must be designed with small
running clearances to reduce leakage to a minimum, This
aggravates the sffects of silt and cavitation erosion of the
runner. When the water carries a large silt burden, which is
probably true of Pond Brook at certain periods of high flow,
this can lead to fairly frequent repairs and plant down time.
In contrast, the design of a Pelton turbine is simple, with no
close running clearances and no leakage problems, While the
parts that are attacked by erosion, particularly the buckets,
must be carefully made and mounted, they can be made of materi-
als more resistant to erosion than can a reaction turbine runner,
and above all these parts are easily replaced (67).

Operation of reaction turbines at amall partial gate open-
inga (reduced rates of flow) produces efficlency problems. In
addition to permissable ranges of head, there are permissable
ranges of flow which vary with turbine design. Operation is
preferably limited to BO percent or greater efficiency (66).
The Francis and fixed-blade propeller turbines cannot be uvpera-
ted much below 70 percent of rated capacity and still maintain
80 percent efficiency. Adjustable-blade propeller and Pelton
impulse turbines can be operated at less than 25 percent of
capacity with greater than B0 percent efficiency. Thus, the
adaptability, efficiency, and ability to produce power depend
upon the interaction of head and flow with the particular design
aof the turbins.

Electricity Generation

Currently, there is an important constraint on the pro-
duction of alternating current from hydropower. To maintain a
given frequency, the speed of the generator must be fixed. Thus,
tha turbine must be synchronized with the generator to which it
is usually directly attached, which means that the turbine speed



must be closely regulated. The frequency must usually be
maintained between 59.5 and 60.5 ecycles/second for normal func-

tioning of appliances.

An expensive governor is used to control the speed of the
turbine by regulat the flow of water. They are designed to
hold the prime mover to a practically constant speed during
all changes of load, but no govermor can prevent momentary
thnnﬁﬂs of speed (and frequency) with load changes (58). Since
the frequancy of hydroelectricity generated at small installa-
tions cannot be maintained within the narrow limits acceptable
to utilities, the direct connection to their power lines would
be impossible. But it should be mentioned that this problem may
soon be solved by research on generators for wind enmergy conver-
sion which maintaln exact frequency by using utility linea to
excite the generator fisld to fix the output frequency (68).

While much of this remains for future development, the
availability of such a system for small power plant sites could
have great impact. It could affect the synchronous spesd con-
straints on turbine design and the constant speed constraints
on the expensive governor design. And such a system, when
reliably developed, would remove the chief technical argument
againat the direct connection of small generating plant lines
to utility lines.

Economics

The amount of electricity available from Pond Brook will
never significantly affect self-sufficiency at Marlboro College.
The only justification for using hydropower would be to generate
electricity during peak load hours. For peak shaving to be
economically effective, the college would have to [irst convince
the electric company to reduce the electric bill in prﬂ{urtiun
to ;FE amount generated, since the utility does not monitor the
peak.

It is difficult, if not impossible, to determine the eco-
nomics of hydrogeneration without more accurate flow data.
While the primary flow can be estimated fairly well, there is
no wWay to determine the secondary flow without a lengthy survey
which is not justified on the basis of what can be accomplished
in the way of power cutput and what the potential is for eco-
logical disruption (69,70).

And aven if the flow could be determined, it seems unrea-
sonable that even in the best of circumstances the amount of
generated power could ever repay the capital investment. The
cost of two concrete dams (the state and the college insurer
would probably not allow earthen dams) at sites 2 and 3 would
be about $38,000. The dams would include spillways to handle
floods, flush gates to reduce silting, trashracks, and pen-
stocks. This includes the cost of relocating South Road over
the breast of the dam at Site 2.

23



Bl

A local electrical contractor gave an estimate of the cost
of a transmission line from the sites to the Mumford Cottages.
Using five poles and 1,000 feet of insulated wire of sufficient
capacity to carry 120 volt, single-phase current with insigni-
g%cant transmission losses, the installed cost would be about

» 500.

It is assumed that the two turbines will cost a total of
:gj,ggg. Thus, the total capital investment will be about
'!'Ir' L]

Assuming that twice the minimum flow can be used to generate
electricity, a usable energy of 36 KWH/day can be expected, or
13,100 KWH/year. At present commerical electricity costs, this
is worth $LB6/year. suming a L percent increasse in commercial
electricity costs/year beyond inflation, it would take Li years
of hydroelectric operation to pay for the capital costs alone.
Uperation and maintenance costs will lengthen this time period
substantially. Whether the hydroelectric plant will last this
long appears academic.

Conelusions

It seems without doubt that with the heads and flows that
can be developed, hydroelectric generation from Pond Brook
cannot currently compete with commercial electricity. When the
large capital expenditure required for this installation is
compared with the insignificant contribution to energy self-
sufficiency, and when it is realiszed that this installation is
competing for the limited available capital, it becomes abun-
dantly gfhar that hydroelectric power a low priority for the
college.

Along this section of Pond Brook under discussion, the
college owns land on either one side or the other—--but not both.
To install s hydroelectric generating system, the college would
either have to purchase the opposite stream bank (increasing
capital expenditures) or obtain long-term leases with adjoining
landowners.

And finally, there are serious environmental objections to
using Pond Brook to generate power. While the impact of ob-
structions to fish migration cuuldngrnbahly be eviated with
fish ladders (further capital expenditure), the impact of con-
tinual water level fluctuations on stream ecology could probably
not be avolided.

However, if there were a need for power for a specific device
that does not rn?uira electricity, an investigation should be con-
ducted into the feasibility of providing that power with a mecha-
nical device such as a waterwheel, prnbagig of the type which were
used historically on Pond Brook. A waterwheel does not require a
large capital investment, is free of the necessity for synchroniza-
tion, and is much less disruptive to stream ecology because it does
not require a reservoir and does not interrupt stream flow.
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X CONCLUSIONS

Introduction

The overall energy outlook for this country for the future,
particularly the next ten years, includes rising energy prices,
dependence on foreign energy sources with its attendant effect
on the United States economy, and an uncertain avallability of
unﬂrgrﬁl For thease reasons, attaining enargy self-sufficiency is
desirable.

Marlboro College can become energy self-sufficient. Rising
energy costs alone justify this conclusion, but the additional
possibility that the college might have to close for lack of
heating oil or slectricity affirms the necesaity of converting
to the use of alternate sources of energy.

Energy Conservation

Before installing an alternate energy system, an aggressive
energy conservation program is necessary. II properly executed,
such a program will allow the college to reduce heating demand
by possibly 30 percent or more. The expected reduction in elec-
trical consumption cannot be determined with much precision, but
it seems that as much as 20 percent might be expected. The
reduction in energy use will have approximately equal effects on
the economics of both conventional and alternate energy systems.

Although there are several reasons for reducing consumption,
the major reasons for the college are to reduce the size of the
necessary alternate energy systems and therefore the capital
expenditure, and to lessen the strain on available energy sources.

Jources of Energy

The energy sources considered in this study were wind,
flowing water, organic wastes, solar radiation, and the college
forest. The energy needs of the college were determined and
systems were designed to meet that need using the optimum com-
bination of avallable resources.

The nainr college uses for energy are heat (92%) and elec-
tricity (8%). Several potentisl methods were found for supplying
these needs. For axnmgla. heat could be provided by collecting
solar radiation or by burning wood. Electricity could be genera-
ted with wind convarsion devices, solar cells, fuel cells, hydro-
power, wood combustion, or blo-gas combustion. Most of these
were ruled out on economic grounds.
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Wind power technology was determined to be too expensive for
use at present. The cost of wind-generated electricity exceeds
$0.10 » Or about three times greater than the present cost.
Howaver, the cost of wind-generated electricity may well drop
sharply when the systems are mass produced.

Flowing Water

The water power resource at Marlboro College is dependent
on one stream. It was found that it could be used only on a
seasonal basis and that the maximum available power is only a
tiny fraction of that needed by the college.

Eggpnic Wastes

It would not be economical to pyrolyze organic wastes to
make a fuel. But it was found that methane gas could be genera-
ted by anaerobically digesting organic wastes,; sewage, and algae
grown on the undigested sewage treatment wastes. The resulting
gas will be combusted in a dual-fuel diesel to generate all of
the electricity demand of the college. The waste heat of the
diesel engines will be used to heat the digester, the support
buildings, and the algae pond.

Solar Radiation

Although it appears that it will prove economical sometime
in the next decade, it is at present uneconomical to generate
glectricity using solar radiation. But solar radiation can be
used to provide heat. Because the size of the collector field,
and thus the capital expenditure, increases greatly as the
amount of heat supplied appreaches 100 percent, in order to
remain economical there is a need for some auxiliary heat.

The College Forest

Wood can be fermented to single cell protein, digested to
methane gas, Eyrﬂlyﬂﬁﬂ to form other fuels, and combusted to
Erﬂ?ida heat directly. Because of technical and economic pro-

lems associated with the other processes, the available wood
will be used as the suxiliary heat source.

The Heating System

It was found that the optimum heating system is one in
which the wood provides 42 percent and the flat plate solar
collectors provide 58 percent of the heat (assuming energy
conservation of JO percent). This requires the use of the 200
cords of wood available from the forest each year and a solar
collector field with about 1.2 acres of surface area. Both
sources will be coupled to a centralized hot water storage system
of approximataly lﬂg.ﬂﬂﬂ gallons.



The present value of this system is $360,000 over its

expected 20 year life.

Assuming a L percent yearly increase in
prices beyond inflation, the present value of the oil heat for
the next twenty years is $540,000.

These [igures exclude main-

tenance costs as it is assumed that they are the same for both
systems. The present value figure for the oil heat does not

include system replacement costs which might cccur over the next

twenty years. The economics of conventional oil heat and wood-

solar system heat are compared in Table 22.

The anaercbic digestion-diesel generation system is likely

Electrical Generation

to provide about 54 KW of continuous power, considerably more

than the 37 KW the main campu
theatre building and the aerated lago
digestion system, this figure is expected to be closer to L7 KW.

The present value of the anaerobic digestion-diesel genera-
tion system over its 25 year lifetime is $260,000.
i parcent yearly increase in

B now usas.

value of conventional electricity is $593,600.
of conventional electricity and the anaerobic digestion-diesel
genaration system are compared in Table 22,

But with the new
on system or the anaerobic

Assuming a

Table 22. Cost Summary.

Capital Operating and Total
Syatem l Costs Maintenance Costs Costs
0il Heat - $54,0,000%% $5.,0,000
Solar Heat Sigg.ggg Wi ﬂ;;ﬂ EEGG,QDD
Wood Heat » 5 1Eg,lﬂu
- — '
Utility Electricity 0 $593,600 $593,600
Aercbic Lagoons Gﬂléﬂﬂﬂ 5§f§'§gg*uu ii?ﬁ.ﬂﬂﬂ
Landfill 00

' $E71950

Anaerobic Digestion | $203,700 $167,300 $371,000
Diesel Generation $50,000 $119,900

El&g :%

®## Majintenance costs are assumed to be equal and are neglected.
##% This is the difference between the present landfill cost and
the cost with an anaerobic digestion system.

* No replacement costa are included for the present system.
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prices beyond inflation, the present
The economics
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There are many minor questlions which this study did not
answer, and these are left for further research. But, from the
research which was carried out, the conclusion is inescapable:
Marlboro College can become energy self-sufficient using the
alternate sources of energy availlable on campus. Because of the
steadily dwindling supply of conventional fuels, it is the
strong recommendation of this group that an alternate energy
system be constructed at Marlboro College.
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XI  APPENDIX 1
Equations Used for Calculations in the Solar Energy Section

Equation 1. Calculation of Solar Radiation Falling upon a
Horizontal Surface (2).

Ht - X [{.1 + ﬂ..EB‘W_.LLl = 'III.Et.]] fﬂ_l,i"clﬂzfd.ﬂf {l]

where, K = (AN +njcuﬂﬂl 10°

latitude in degrees

0.2/(1 + 0.19) (the latitude factor)

mean length of the day during the month
segsonal factor (available in reference 2)

n/N

mﬁn hours of bright sunshine/day during a month
r

number of rainy days/month

number of days/month

mean humidity/day in the month

-
T

FEHMaSn
Aaann

Except as noted, all variables above are available
from lucaﬁ weaather stations. The units were finally converted
to BTU/ft*/day.

Equation 2. Optimization of Tilt Angle (6).

Hyy = %.L I, [cos(L -4 ) cos Jeinky +

w, sin(L -#) sind] if Hé %,

o+

B, = % I, [cos(L ~B) cosd sink)

Hﬁ,sin[{. -B8) sind] ir E‘;F HE

L = latitude

A=a @& of tilt of collector from horizontal
d = solar declination
%:

sunset hour angle



L , = sunset hour angle on the tilted collector

u:. = arc cosw), - tan(L -f8) tand
Huu = radiation on tilted surface
1., = solar constant (422 BTufftEjhuurJ

Egquation 3. Daily Radiation on an Inclined Surface (6).

ITt. = m-t {cuﬂq:fcusq]}[l - Erdft‘tl:l{n'm}] +
(#)(1 + cosB)(ry/r )(T/H)

where, H = monthly average dailETanba% radiation on a
horizontal surface (BTU/ft</hour)
I;. = long term average hour

& ir radiation on a
tilted surface (BTU/ft=/hour)

'Bt, = incidence angle on a tilted surface

iih = incidence angle on a horizontal surface
U = monthly everage daily diffuse radiation on a
horizontal surface (BTU/ft</hour)
13 = Enﬁ}ﬁ'ﬂf tilt of collector

Ta = *a

= long term average hourly diffuse radiation
on a horizontal surface

= long term average hourly total radiation on
a horizontal surface

g0 g

Values of r, and r, have been established and are
available from reférence E.

Eguation L. HRadiation Absorbed by Collector (7).

0.98 [F (1 -D)(1-8)]1I

=
[ ]
[}

whare, D = dirt loss factor (0,98)
s = sidewall shading factor = 0.031/cos®
Fo=F, +a,(1-~ gy a,(1 - e~y

(ha)

(4b)
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where, a; = 0.10; Ao 0.44. These values are for two

cover plates and an emissivity in the long
wavelength range of 0.02. For other values,
see Reference 7.

F. = 4ﬂl‘_l{T]’2 + rz‘I'E:l + (1 -«) ref {le . rz'?z.'ll] (4e)

in which, e'kl = transmission of cover material for
visible light (Tedlar = 0.98).
# = absorptivity of the absorber plate
T = transmiasion for cover at lncident angle i

T o= B-kl l -r

o B

ro=4 [:i: i- i‘ i e T ] (4d)

4

where, i = incident angle
: i'= refracted angle = arc ﬂintain L)

n = refractive index of cover = 1 L6 for Tedlar

ek (1 -r) . -2kl _ 5 960, (Tedlar) (Le)

T
12 (1 + 3r)

The above aguations were evaluated from sunrise tao
sunset for the sixteanth day of each month.

Equation 5. Collector Heat Loss (7).

U =U_ _ + U + U

A
L up © “rear edge IF (5a)
¢

wharea, UL = total heat loss from collector
urear = heat loss from rear of collector = 0.09143 BTI.F,.r’ftEI.-"H
uadge = heat loss through edge = 0.08 ETU,"I‘i;Ej’huur

A'r: = area of the absorbing plate



o2

AP = perimeter area of the collector

plastic (1)
plastic (2)
collector (c¢)

2 L. =t
u =.:=L_“E h - E— T

up 3 Y ° Tes b, ot

(5b)
1 . 1 ) 1
h . + E_.h h,. + E..h h + &h ty = &
o2 2 Ton 21 21 Ta1 W 1 rlﬁ[ 1 8
By = ta

where, hu = 1 + 0.3 (wind coefficient; V = wind velocity)

hIF = c{nx - nr]* (convection coefficient)

hr -=£r{tt - #]K{tx - t.) (equivalent radiative factor)
= 1.723 x 10~ BTU/P2 hour

- » |
Eer = . = g (emissivity factor)
€, L
t, = t,00.55 + 0.33p ¥} (from reference 8) (5c)

whera, Py = partial pressure of water vapor

= blackbody sky temperature

= ambient air temperature

= gollector plate average temperature
= temperature of transparent covers

transmittance of plastic for long wavelength radiation
(0.3 for Tedlar)

= fraction of long wavelength radiation that is completely
absorbed at first plastic cover (0.45 for Tedlar)

H dmﬂ ﬂ{‘l‘ ﬂ-ﬂ “ﬂ'
il
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APPENDIX 2
Table 6., Compartment 1: Present and Future Stand Tables (5 year growth),

(STEMS,/ | AVERAGE MORTAL- | SURVIVAL FUTURE

ACRE VOLUME/ ITY (STEMS/ ACCESSION STAND

DBH* | PRESENT STEM % MOR- | (STEMS/ DIAMETER 0 1 (STEMS/
CLASS STAND (CORDS) | TALITY ACRE) ACRE) GROWTH ® | G/I | CHANGE |CLASS ACRE)
a5 65.11 - 20 13.02 52.09 1.89 0.42 30.21]21.88 30.21
6 97.4L5 0.040 10 9.75 87.71 1.67 0.25 65.78121.93 87.66
g8 63.62 0.087 10 6.36 57.26 1.41 0.28 41.23]16.03 63.16
10 37.39 0,149 5 1,87 35.52 1.31 0.32 24.15111.37 LO.18
12 21.17 0.227 5 1.06 20.11 0.99 0.29 1L.28] 5.83 25.65
14 13.33 0.328 5 0.68 12.66 0.91 0.31 B.74) 3.92 14.57
16 7.76 0.422 5 0.39 743 0.7 |0.29 5.28] 2.15 9.20
18 2.93 0.532 5 0.15 7.55 0.73 0.32 5.13] 2.42 7.28
20 1.46 0.759 5 0.07 1.39 0.81 0.41 0.82] 0.57 3 .21
22 0. 52 0. 649 5 0.03 0.51 0.91 0.50 0.26] 0.26 0.83
2l 1.22 1,510 10 0.12 1.09 - - 1.22 - 1.48

*For explanations of columns, sese Appendix 3.
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Table 7. Compartment 2: Present and Future Stand Tablas (5 year growth).

PRESENT AVERAGE MORTAL- FUTURE

STAND VOLUME/ ITY SURVIVAL ACCESSION STAND
DBH*™ (STEMS/ STEM % MOR- (STEMS/ (STEMS/ DIAMETER 0 1 (STEMS/
CLASS ACRE) (CORDS) | TALITY ACRE) ACRE) GROWTH € | G/I | CHANGE|CLASS ACRE)
L.5 63.01 - 25 15.75 L7.26 2.0 0.45 25.99]21.27 25.99
6 111.36 0. 0Lk 20 22.27 89.09 - | 0.31 61.L7]27.62 82.74
2] 58.29 0.098 15 2. 74 4L9.55 2.1 0.42 28.74120.81 56.36
10 30.37 0.152 10 3.04 27.33 B | 0.27 19.65| 7.38 40.76
12 1L.77 0.224 5 0.74 14.03 s B 0.33 9.L0| L.63 16.78
1L 13.79 0.338 5 0. 69 13.10 1.2 0. 42 T+57] 5.50 12.20
16 5.43 0.435 5 0.27 5.16 1.0 0.40 3.10| 2.06 8.60
18 2.92 0. 522 5 0.15 2.77 0. 74 0.33 1.86| 0.91 3.92
20 1.43 0,828 g 0.07 1,36 0.90 0.45 0.75] 0.61 1.66
22 0.49 0.651 5 0.02 0.47 0. 46 0.25 0.35] 0.12 0.95
2L+ 0.41 1.971 5 0.02 0.37 0.82 - 0.37] - 0.49

4
For explanations of columns, see Appendix 3.
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Table 2. Compartment 3: Present and Future Stand Tables (5 year growth).
PRESENT AVERAGE MORTAL- FUTURE
STAND VOLUME/ ITY SURVIVAL ACCESSION STAND
DBH" (STEMS/ STEM % MOR- (STEMS/ {STEMS/ DIAMETER Q . & (STEMS/
.nrpmm ACRE) (CORDS) TALITY ACRE) ACRE) GROWTH #% G/I CHANGE | CLASS ACRE)
b5 T7:17 - 20 15.43 61. 7L 2.5 0.28] LL4.45|17.28 N
6 28.04 0.028 15 .21 23.83 2.8 0.42] 13.82|10.01 31.10
8 119.60 0.079 10 11.96 107.64 2.2 O.46)] ©60.28]|47.36 70.29
10 20.69 0.122 5 1.03 19, 66 1.8 0.45] 10.83]| 8.8s5 58.22
12 41.15 0.205 5 2.06 39.09 2 b 0.45] 21.50117.59 3JO.35
1L 4.82 0.303 5 0.24 L.57 1.2 0. 42 2.65] 1.92 20.23
156 3.97 0. 400 5 0.20 3.7 1.0 0. 40 2.62] 1.51 L. 54
18 - 0.435 - - - - - - - 1.51
20 - - - - - - - - - -
22 - - - - - - - - - -
2L+ 0.75 0.318 15 0.11 0.63 0. 54 - 0.63] - 0.63

:ﬁuﬂ explanations of columns, see Appendix 3.
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Table 3. Compartment 1l:
DBH*#*| PRESENT FUTURE MORTALITY
CLASS | VOLUME* | VOLUME® VOLUME=
b5 - - -
& 3.90 3.51 0.39
8 5:.53 5.4L9 0.55
10 5.37 5.99 0.28
12 L.B1 5.82 0.24
1L b 37 .78 0.22
15 3.27 3.88 0.16
18 1:50 3.87 0.08
20 1.11 2.46 0.05
22 0.37 0. 54 0.02
244 1.8L 2.23 0.18
TOTAL 32,33 38.60 2.17

4y Cords/acre

-

:waw explanations of columns,
sea Appendix 3.

Present and Future Volumes, and Volume Growth (5 year pariod).

Volume growth/acre/year = Future Volume - Present Volume
5 years

= 1.25 cords/acre/year

Mortality Volume/acre/year = Mortality Volume/5 years
= 0.43 cords/acre/year

Total yield/acre/yesr = (1.25 + 0.43) cords/acre/year

= 1,68 cords/acre/year
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Table 10. Compartment 2:
DBH=*] PRESENT | FUTURE MORTALITY
CLASS | VOLUME* | VOLUME* VOLUME*
o3 - - -
6 b« 90 3.64 0.98
8 5.71 5.52 0.86
10 by 62 6.20 0.46
12 3.31 3.75 Q.17
14 L.66 L.12 0.23
16 2.36 3.74 0.12
18 1.52 2.05 0.08
20 1.18 1.37 0.06
22 0.32 0.63 0.01
2L+ 0.81 Q.97 0.04
TOTAL 29.39 31.99 3.01
:nnﬂnukwnﬂm

"ror explanations of columns,
see Appendix 3.

Present and Future Volumes, and Volume Growth (5 year periocd).

Future Volume - Present Volume
5 years

0.52 cords/acre/year

Volume growth/acre/year =

Mortality Volume/acre/year = Mortality Volume/5 years

0.60 cords/acre/year

Total yield/acre/year = (0.52 + 0.60) cords/acre/year
= 1.12 cords/acre/year
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Table 1l1. Compartment j3:
DBH##] PRESENT | FUTURE MORTALITY
CLASS VOLUME® VOLUME*" VOLUME™
o 5 - - -
6 0.79 0.87 0.12
8 Q.45 2.55 0.95
10 2.52 7.10 0.13
12 B. 44 6.22 0.42
14 1.4k6 6.13 0.07
16 1.59 1.82 0.08
18 - 0.66 -
20 - - =
22 - - =
24+ 0.25 0.20 0.04
TOTAL 24L.49 r|Mm.mm 1,81

" Cords/acre

n:maw explanations of columns,
sae Appendix 3.

Present and Future Volumes, and Volume Growth (5 year period).

Future Volume - Present Volume
5 years

Volume growth/acra/year =

= 0.81 cords/acre/year

Mortality Volume/acre/year = Mortality Volume/5 years

= 0.36 cords/acre/year

Total yleld/acre/year = (0.81 + 0.36) cords/acre/year

= 1,17 cords/acre/year
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APPENDIX 3

Construction of the Stand Tables (19)

Diameter Breast Height

The first DBH class has a range of only one inch, including
those trees greater than 4 inches and less than or equal to 4.9
inches in diameter. The subsequent classes are in two inch
increments, covering one full inch below and 0.9 inches above
the indicated measure. All trees greater than 22.9 ipches are
placed in the 24 inch plus class.

Present Stand

This column is a simple stand table, a;ﬂrﬂsalng the number
of trees per acre in each diameter class. e quantities were
obtained through the use of the Patunoff inventory system.

average Volume Per Stem

The figures in this column were calculated using a program
run on the 5:w1&tt Packard computer. The program was used to
calculate the volume of every sample tree in the survey by the
Gevoriantz formula. The program then sums the volumes of all
the sample trees in each diameter class and keeps track of the
number of les in each class. Then it simply divides the

sum of the volumes for each class by the number of trees in each
class to arrive at an average volume for trees in each diameter
class ol the sample.

Percent Mortality

This is an attempt to account for those trees which will
die during the five year period being projected., The quanti-
ties used are based on averages from data gathered elsewhere
(19). The significance of the percent mortality is much reduced
when fuel wood management is being considered since the dead
wood is recovered in the harvest.

Mortality

This is simply the volume in dead wood expected to accumu-
late during the five year projection period, or percent mortality
of the stems per acre figure.

Diameter Growth

The growth percent is calculated in a similar manner to
the Patunofl inventory. It uses a modified formula, however

to account for diameter ﬁrﬂﬂth only, that is, 200/(R/I x DBH
instead of LOO/(R/I x DBH). The diameter growth percent is then

multiplied by 5 to cover the five year projection period.
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The upward movement of trees into larger DBH classes is
proportional to the ratio of the growth in inches over the DBH
¢lass increment. This ratio is known as the growth index,
hence G/I, where G is the diameter growth in inches and I is
the diameter class increment.

The interpretation of a QHI of 0.45, for example, is that
L5% of the trees move up one DBH class and 55% remain in the
original eclass. If the G/I is greater than unity, for instance
1.45, the interpretation is that 100% of the trees move up one
elass and L5% move up 2 classes.

Acceasion

This column lists the number of trees which have remained
in the same class and the number which have moved up to a new
class after the application of the G/I to the number of trees
surviving after the five year projection period.
Future Stand

This column lists the number of trees expected to be found
in each class after the projection period. It is simply calcu=-

lated by adding the number of trees which have remained in each
class to the number of trees moving up from the previous class.

Construction of the Volume Tables

Prasent, Future, and Mortality Volumes

These quantities are calculated by multiplying the appro-
priate stems per acre figure from Tables 6-8 by the appropriate
volume per stem from the same table. The Future and Mortality
Volumes are then divided by five to yield the average growth
per year over the projection period.
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