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PREFACE
This volume contains the papers which were delivered at the
Conference on Energy-Conserving, Solar-Heated Greenhouses which
was held at Marlboro College, Marlboro, Vermont, on November 19
Copies of these Proceedings may be obtained from
and 2C, 1977.
Marlboro College at a price of $9.
The decision to hold this conference was made by a small
group of New Englanders who were attending the Second Annual
Conference on Solar Energy for Heating of Greenhouses and
Greenhouse-Residence Combinations, held in Cleveland, Ohio, in
The group included Jeremy Coleman of Total
March of 1977.
Environmental Action, Harrisville,
NH; Jonathan Gorham of the
Maine Audubon Society; Jim Burke of Vermont Recycled Greenhouses;
Jenny Greene, a greenhouse owner from New Hampshire; Mark Ward,
a greenhouse recycler,/builder
from Cambridge, MA; Drew Gillett,
the.n of the Kalwall Corporation of New Hampshire; and John Hayes
of Marlboro College.
It was not that we thought then or think now that the
government-sponsored approach as reported at Cleveland is
inappropriate
or invalid,
but that we couldn't understand why
greenhouse pioneers such as Bill Yanda, Tom Lawand, Steve Baer,
Ed Mazria of NOTI, the New Alchemists, Doug Taff, then of
Garden Way, Dave MacKinnon of Rodale Press, the Ecotope Group,
Malcolm Lillywhite
of the Domestic Technolo
Institute,
and
many others were conspicuously not in atten g;r
ante. We felt the
need for a conference, a truly national conference, which would
include this group as well as the Cleveland presentors.
When we returned to New England, we formed an Organizing
Committee which included Dan Scully of TEA, Jim Stiles of
Friends of the Sun in Brattleboro,
VT, Erika Morgan of Maine
Audubon, Jim Burke, Jeremy Coleman, Jonathan Gorham, Drew
Gillett
and John Hayes. This committee, in its call for papers,
invited the Cleveland presentors as well as all others whom we
could fin3 who were carrying out greenhouse research.
It is
interesting
that only one group from Cleveland, the Penn State
group, submitted papers for inclusion in this conference.
In the future, when we come together to discuss greenhouse
research, we need to bring together three apparently disparate
groups: the government-sponsored researchers, the independent
researchers, and the growers. We all have important contributions to make, and we can and should all learn from each other.
Notes on this

Conference

To say that our collective
minds were boggled by the sheer
amount of information presented during the day and a half
conference would be an understatement.
As originally
planned,
the conference was supposed to convene for a morning and an
afternoon session.
Because of the tremendous response to the
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This lOO$
call for papers, two extra sessions were included.
expansion of alloted time was still
not enough. Wfth the evergrowing interest
in this exciting area of research, the organizers of the next conference should be prepared to be overwhelmed.
This enthusiasm for energy-conserving greenhouses is also
shared apparently by a goodly number of people who did not
submit papers. Who could have predicted with the really
minimal amount of publicity
that nearly 600 people would want
to come to a day and a half conference in an out-of-the-way
place such as rural southern Vermont? Unfortunately,
because
registration
had to be restricted,
and,
of ltilted
facilities,
eventuti.!ly, 375 people attended and the rest had to be turned
came from 25 states, 2 Canadian
away. T:rle participants
provinces and France.
Instead of attempting to explain here what went on at the
conference, two letters
are included which were sent to the
The letter by
organizing committee after the conference.
Chandler Fulton serves as the Introduction,and
the letter by
Conrad Heeschen serves as the Conclusion.
In addition to these
it should be mentioned that Bill Yanda's closing
two letters,
address, more than anything this committee could write, captures
the excitement and the enthusiasm generated by this
the spirit,
Your help and support is needed to maintain this
conference.
momentum.
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As a biologist
who makes his living
doing experiments,
I recently
became an enthusiastic
advocate of solar-tempered
greenhouses,
and I hope
I came to the Conference to learn, and learn I
to build one next year.
did.
It was an inspiring
Conference,
held at just the right moment for
me and' I suspect, for the evolution
of this thousand-year
endeavor.
As the Conference came to an end, one recurrent
theme began to
worry me. That theme is the "scientific"
comparison of solar greenhouses, in particular
by measuring the growth and productivity
of plants.
The issue is to what extent,
and under what conditions,
one can do
meaningful experiments
to compare the performance of one soiar greeuhouse with another.
After listening
to the papers presented at the
Conference,
I concluded that I had an obligation
to write an open
letter
to participants
as well as readers of the published
Proceedings.
The letter
is written
while I am still
full of excitement about and knowledge gained from the Conference,
and the criticism
it contains is
intended as constructive
rather than destructive.
+
f
*
In 21 years of research and research training,
I have learned that
experimental
analysis
is the most challenging
of endeavors.
It is
reasonably
straightforward
toran
"experiment"
and get "results."
One
can build an edifice
of experimental
results
that are sufficient
to
convince the experimenter,
and others,
of a given conclusion.
But all
too often the "law of maximum unhappiness"
(KU.)*
intervenes.
Briefly
stated,
this law is that if an experimental
result can deceive you, it
will.
Because of the law of M.U., genuine progress in the experimental
It is detective work,
analysis
of a problem is extremely challenging.
where the clues are nurrerous but the truth is elusive.
At the Conference,
many interesting
experiments using solar greenhouses were described,
and provocative
results
were presented.
In
several cases, however, it is not certain
what conclusions
can be drawn
from the results,
and no amount of discussion
can provide that certainty.
The reason is that the experiments
had too many variables.
A major

challenge
of experimental
analysis
is to single out the crucial
variable
or variables
to test while at the same time k6izping all other variables
constant.
This is difficult.
Often it is difficult
to create two
and an "experimental"
-- that differ
only in the
systems -- a "control"
For example, if the variable
is light,
how is one
experlmental
variable.
to have the experimental
(or control)
in the light and the control
(or
experimental)
in the dark without
introducing
any other change in the
in the temperaenvironments
of the two systems -- such aswa difference
Of course such experiments
can be done, and many have
ture, for example.
been, but they require thoughtful
and ingenious manipulation
of the
variables.
Another difficulty
is that sometimes not all the variables
For example, one might have one system in the
are known or anticipated.
dark and the other in the light,
and keep the temperature
constant,
but
the rate of air movement in the two systems might be slightly
different
and this might have an unanticipated
effect on the outcome of the
experiment.
Although such possibilmties
are obvious when stated,
they
The difficulty
in designing
declslve
can be very subtle in practice.
experiments
Increases as the nranbar of potential
variables
increases.
When there ape many variables
involved as when one is colnparing the
growth of plants in two greenhouses,
the detectfyz
work becomes
formidable,
One of the more interesting
and exciting
presentations
at the
Conference was given by Carla Mueller,
who described a careful
comparison
of crop productton
In four greenhouses at The Pennsylvania
State
University.
The results
were most provocative.
Her experiments
lndjcated,
for example, that the "double-walled
acrylic
greenhouse" -Carla's
"favorite"
-- gave substantially
earlier
yields of tomatoes and
was delayed in
other crops than the other greenhouses.
Crop reduction
T ee results
presented were
the two greenhouses glazed with fiberglass.
precise;
the dtfferences
31 plant behavior among the greenhouses were
striking
and clear. The experiments
showed beautifully
that plants handled
similarly
in four different
greenhouses at the same latitude
and longitude
But which variables
are responsible,
I wondered?
behave very differently.
As I was pondering this question during the coffee break that
followed Mueller's
talk,
I was accosted by an authority
on building
greenhouses who told me I should use acrylic
double glazing for my greenhouse -No! Certainly
I should consider
because of the results
just presented.
this glaring,
among others,
but not for this reason.
There is no way, on
the basis of the experiments
Mueller described,
to guess whether the
glazing was even an important
variable.
The "variable"
in this comparison was entire greenhouses.
The four
experimental
greenhouses used at Penn. State were very different
from one
another -- in size, orientation,
siting
(including
neighboring
greenhouses), temperature
ranges, and many other variables,
including
the
glazing material
and, presumably,
infiltration,
humidity,
and so forth.
Which variable
was responsible
for the differences
in crop production?
Perhaps it would be surprising
if any one variable were responsible.
The difficulty
in dissecting
out important
illustrated
by considering
two variables
-- air
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variables
infiltration

can be
and movement --

that are likely
tc be very important
in solar greenhouses.
These two
variables
were little
discussed at the Conference,
and I do not think any
measurements were reported.
As is well knorm, plants require carbon
dioxide as the substrate
for the photosynthesis
of sugars, cellulose,
and
other organic compounds that make up most of their dry weight.
There is
little
CO2 per unit volume of air (300 ppm), but plant growth is
absolutely
dependent on extracting
this CO2 from the air.
Even fieldgrown plants deplete the CO2 in the air around their leaves unless there
demonstrated
is a breeze. 3 Twenty years ago, Went and his collaborators
that frequently
changing the air in a greenhouse and maintaining
reasonable air turbulence
has a favorable
effect
on plant grcmth, due at least
in part to providing
a supply of CDs to the plants.'
More recently,
Calvert reported
that artificially
increasing
the concentration
of CO2
in the air of an experimental
greenhouse increased the early crop of
tomatoes by 90% and the total crop by 30%L5 Cozmerclal growers provide
sufficient
CO2 by drawing large volunws of outside air through their
greenhouses.
Conventional
home greenhouses are leaky and have lots of
air infiltration
and drafts.
But air infiltration,
in the words sf
Fisher and Yanda, "cannot be tolerated
in a solar greenhouse."6
1'
should be quite possible
to create situations
in a tight greenhcbs- where
there Is 'insufficient
CO2 and/or air turbulence
to allow optimal plant
growth.
It is conceivable,
for example, that the early yields of
tomatoes in the double-walled
acrylic
greenhouse at Penn. State was
influenced
by the lsvdl of CO2 or the air movement In this greenhouse.
This Is perhaps no snore likely
than that the glazing itself
were solely
responsible.
But it becomes evident that measuring the temperature,
hvmiditv,
light
Ieva-ls, and so forth in experimental
greenhouses will
in plinnt grgiuth might be due to 02,
n,;rt tell us whether ,ssny d!fferences
air movement -- or any other uncontrolled,
unmeasured variable.
It would not be easy to devise good experiments to determine the
effect of glazing on greenhouse performance,
as separate from all other
variables.
The greenhouses would have to be replicates
-- in size, shape,
construction
-- so sited that their exposure to sun and weather were
equivalent.
Different
glazings would require
different
methods of
mounting them to the frames; one would have to guard against differences
in infiltration,
etc., caused by this.
If the greenhouses were in an
east-west
row in an unshaded field,
one would have to be aware that the
greenhouses on the ends would be subject to different
environments
than
those in the middle of the row. Temperature would require a difficult
decision.
Would one allow the temperatures
in each greenhouse to vary
according
to the glazing -- thereby adding a second known variable
-- or
control
the temperatures
in all the greenhouses artificially?
Such an
experimental
approach would require sufficient
funds to build all the
greenhouses from scratch. 7 Obviously this is not often feasible.
One
could also question whether such experiments
are worth large investments.
Suppose glazing A were found to be better
than others tested in a wellWould this apply to greenhouses of a different
controlled
experiment.
design?
in another part of the world?
used for growing different
lants?
Would it help one decide which glazing to use if glazing A cost
poorer growth of the test plants
1 5/ft2 and a glazing that gave slightly
cost $0.50/ft
? A simpler approach may be to evaluate glazings directly,
considering
such parameters as light transmission,
U values, cost, and
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Several useful evaluations
of this kind are available,
longevity.
including
one by Tom Lawand. a But the crucial
issue is that if one
wishes to evaluate the role of glazing,
per se, in solar greenhouse
performance by using experimental
analysis,
an experiment with as
many variables
as the one at Penn. State is unsatisfactory.
In Carla Mueller's
defense -- if any is needed -- it should be
noted that she did not draw undue conclusions
from her results.
Although
she did describe the greenhouses by their glazing,
she did not argue that
this was the variable
of major interest.
Her primary concern was the
growth and productivity
of plants in the sub-optimum temperatures,
etc.,
She did, however, fall
into traps of
of energy-conserving
greenhouses.
"scientific"
comparisons.
For example, in describing
the series of
experimental
greenhouses set up for the 1977-78 growing season -- all
very different,
with solar collectors,
thermal storage and thermal
blankets,
etc. -- she referred
to a glass-glazed
greenhouse as the
"control."
How can one greenhouse serve as a control
for a series of
completely
different
greenhouses ? A control,
at least as understood by
this experimenter,
differs
from the experimental
by one or more known
variables.
One more example from the Conference warrants comment. At the final
discussion,
after we had all listened
to a lengthy discussion
of instrumentation for monitoring
the environment of solar greenhouses,
one participant suggested that we should use plants as more sensitive
and reliable
As a specific
plant,
he suggested we all use the tomato
indicators.
"Sweet 100," and that perhaps the wet weight of the plants could be used
as the criterion.
In this way we could all compare our greenhouses.
A
substantial
discussion
of which tomato variety
would be suitable
ensued.
Obviously tomatoes are better measurers of
At first
I was enthusiastic.
greenhouse performance than transistors.
But no! Now I will have nightmares about the next solar greenhouse conference -- which otherwise
I
look forward to eagerly.
Were this suggestion
followed,
we would be
barraged with endless curves of the wet weight of "Sweet 10."
We would
learn that Dick (from Arizona)
got bigger plants under a single layer of
fiberglass
than Jane (from Maine) got with triple
layers of iron-free
glass.
But what of the insolation,
the humidity,
the soil,
the soil
temperature,
the number and activity
of earthworms in the soil -- not to
mention the relative
"green thumbs" of Dick versus Jane.
Such a "scientific"
comparison of diverse greenhouses could be a major setback for
solar greenhouses.
Such experiments,
considered
in this light,
are obviously
unsatisfactory
because of the number of undefined variables.
Comparisons of
plant growth within a single greenhouse are more straightforward.
For
example, suppose one were to compare the productivity
of two varieties
of
tomatoes, grown side by side in the same greenhouse.
Here if one were
cautious
the variables
could be few, and one could have confidence
in the
conclusion
that the productivity
of variety
A exceeded that of B. But
could this conclusion
be extrapolated
to another greenhouse with a
different
environment and a different
gardener?
Even in this comparison
the results
can be useful only to the extent that the variables
of the
greenhouse environment and the growing conditions
are clearly
specified.
When one wishes to compare between greenhouses,
one must be even more

*
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careful
about the variables.
Went'+ and others have accomplished such
comparisons,
using carefully
controlled
greenhouse environments.
The
difficulty
of comparison is compounded as the individuality
of the
greenhouses increases.

In general, experiments in solar greenhouses are of great value if
their results
are viewed as contributions
to our collective
experience
rather than leading to "scientific"
conclusions
about the variables
It is important
for us to learn from each other's
experiences
involved.
which varieties
are good to try in our greenhouses.
Observations
such
as Carla Mueller's
that -- according to my notes -- "cucumbers just sit
when it's
cold; they don't get sick,"
are useful to all of us contemplating
the temperature
fluctuations
of energy-conserving
greenhouses.
Uncontrolled
experiments
such as Abby Rockefeller's
report at this
Conference of the ingenious
and very successful
use of greywater for
greenhouse irrigation
leads us in a good direction.
Solar greenhouses
and bioshelters
have much to offer, and sharing experiences such as
these and many others described at the Conference will help guide us
all.
In a more general sense, the comparison of plant growth in
different
greenhouses can be useful.
Tom Lawand, for example, describes
the comparison of the performance of the Brace Institute
solar greenhouse with a conventional
greenhouse.*
He point outs that ‘It is by
no means an easy task to maintain identical
air temperatures
and
humidities,
ventilation
rates, soil temperatures,
watering sequences,
fertilizer
applications,
variety
trials,
etc." and that "it is difficult
to draw too many hasty conclusions."
He emphasizes that 'the agronomic
part of the greenhouse experiment was not seriously
controlled."
Yet
the remarkable improvement in plant productivity
in the Brace greenhouse as compared to a conventional
greenhouse should help to convince
us all that the longer energy-free
growing season in solar greenhouses
warrants
their commercial as well as individual
application.
For the individual
"tinkerer"
-- to use the warm word Bill Yanda
used in his summary address -- evaluating
how well his/her
plants grow is
important.
Indeed, consideration
of how well the plants (and animals) do
in a greenhouse is crucial
if we are not to lose sight of the role of a
"greenhouse"
in our enthusiasm about "solar."
Sharing these experiences
But an attempt to give all this a scientific
basis is
is also essential.
likely
to cause confusion,
and perhaps to cause us to have false
expectations
or to turn in the wrong direction.
Our high-technology
society has conditioned
us to think that everything is amenable to, and requires,
objective
evaluation,
with results
that can be expressed in efficiencies
(solar collectors),
BTU outputs
Many of us, by our participation
in this
(wood stoves),
and the like.
wonderful
Conference,
recognize that a return to individual,
lowtechnology
solutions
offers
a better hope for our lives,
and especially
those of our offspring,
than do high-technology
solutions.
We recognize
that as long as we compare cars solely by the gasoline they consume -to produce millions
of
mpg -- and ignore the energy cost of continuing
cars with short life spans, cr the cost of emphasizing individual
rather
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than mass transportation,
we are hiding behind a single variable
-- mpg -in a complex and potentially
devastating
problem.
But as we return to
low-technology
approaches we must recognize
that high-tech'iology
analysis
The builders
of log cabins could share their
is not always suitable.
experiences,
and profit
greatly
therefrom.
But imagine what it would be
like if one attempted to compare log cabins as one does mass-produced,
uniform,
high-technology
items.
lt is not always useful to apply
objective
criteria,
and the approach of experimental
analysis,
to the
low-technology
things that perhaps should form the basis of our lives,
be they friendships,
communication,
the taste of tomatoes, locally-grown
foods, the art of gardening,
or solar greenhouses.
This applies whether
these things are part of our homes or on a university
campus supported by
We should rejoice
in this.
federal
grants.
We should have the courage
to integrate
the wholeness of subjective
experience with the dissection
inherent
in objective
analysis.
We should endeavor to integrate
the
high-technology
and low-technology
approaches -- to use, for example,
our knotJledge of physics,
biology,
and other sciences,
of glazing
materials
and engineering,
to wisely design and build and use solar
greenhouses.
But let us beware of the inevitable
temptation
to reduce
our individualistic,
low technology,
experiential
solutions
and enterprises to nonsense by "objectively"
comparing the wet weights of "Sweet
100" tomatoes grown in many scattered,
individualistic
greenhouses,
managed by nearly as many individualistic
gardeners.
Perhaps we should
solve this problem as the farmers do, by having a fair at the next
conference
and giving a prize for the best tomato or the biggest plant.
Whatever we do, let us continue to share our experiences.
Eze;en;es
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i: 65-106.
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reported by W.L. Bauerle
1977 Conservation
is the key.
Amer. Veg. Grower 26 (11): 14, 45. The full report,
which I have
not yet seen, is ci%tained
in the proceedings
of the Internal
S m osiuln for More Profitable
Use of Energy in Protected Cultivars,
F gricultu?al
University
of Sweden, Box 55, S-230 53, Alnarp,
Sweden.
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Research
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WELCOME
ADDRESS
CONGRESSMAN
JAMESJEFFORDS
I
Thank you very much; I appreciate the introduction.
really cannot take claim to all the (solar) legislation,
but I
And looking at the numbers
have certainly
been active i'nll.
of states which are represented here today, I only wish that
your congressmen could be .here with me to share the enthusiasm
From our own
which I see for this particular
area of research.
poll results and from talking with people around the state of
Vermont, people are way out ahead of government on recognizing
the need for finding alternative
sources to nuclear power and
fossil fuel energy. The kind of response we have here today and
the kind of response we read about around the country indicates
that, although Congress has made dramatic steps forward in the
the administration
is way
last three years, unfortunately,
behind in understanding the capabilities
and potentials
of
solar energy.
Being a layman myself, I am here with enthusiasm to learn,
because I want to find out what the appropriate Federal role
would be to help you with this important work.
I am going to talk briefly
now about two things:
first,
I
want to give you a short overview of where Congress is going and
what may be available under the present legislation;
and, second,
to plea with you for help in balancing the priorities
in this
nation on the development of energy sources.
First,
I would like to say that, fortunately,
there has in
Congress been a kindling of enthusiasm which can be seen in the
votes as they grow each year in favor of solar energy. We have
expanded our budget in solar technology from $40,000,000 in
fiscal year 1975 by some 940% to $393,000,000 this year. The
and we were successful just
new energy budget is increasing,
recently in conference committee in taking the higher Senate
figures for the development of solar energy. But, as dramatic
way behind what
as that increase is in percentages, it is still
we are spending on nuclear energy and half, for instance, what
we are spending on fusion, which is off some time in the next
Although we have made tremendous progress, much more
century.
needs to be done.
though, about available funding
Let me talk specifically,
There is substantial
money available
for greenhouse research.
now. How much we can convince the administration
to get money
out to individuals
and small businesses, which are really the
ones I look to more than any other group to provide the answers,
is somewhat difficult
to assess. We are trying to get pressure
on the development agencies to get money out to the people who
But
are really doing the work and not to the giant corporations.
we have tremendous bureaucratic safety concepts to overcome first.
It is a lot easier to give money to a giant corporation than it
is to give money to John Smith, because, if something goes wrong,
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why it is hard to blame me if I gave it to the corporation,
whereas, if I gave it to John Smith, they are going to say I
am wacky. We are trying to get over that philosophy, and I hope
that some of the legislation
which was passed last year will
help accomplish that goal.
For instance, Congressman Brown and I were able to get on to
the Farm Bill substantial
funding for agricultural
solar energy
projects.
There is an allotment of $25,000,000 for agricultural
solar energy systems, which is in effect as of October 1. This
will provide loans and grants for the development of solar
technologies in the agricultural
field.
Also, within the same
bill,
there is $20,000,000 more so that each state may have at
least one demonstration project.
The greenhouse concept seems to fit well within 'the definitions of what we were trying to do when we got this legislation
because with the energy crisis
passed. I mean that sincerely,
approaching the way it is now, and the way it is affecting
the
northeast in particular,
the cost of produce will rise with
increasing costs of energy for transportation
and with water
allocation
problems in the far west. We may then witness in the
northeast a rebirth of agriculture
such as the truck farming we
saw years ago. With our short growing season it seems that
greenhouses, with the kind of cost-effective
use of solar energy
which I have seen in some of the papers I have already read,
make a lot of sense here. They may well be a key to the success
of a rebirth of agriculture
in our area.
Now I would like to look very briefly
at what is happening
and whether we are making the substantial
:brogress I think we
need to make in order to balance out our resources by developing
alternative
energy sources.
Progress is being made, but there
is so much more that needs to be done. I am now involved in a
struggle with the Department of Energy on what kind of place
they are going to give solar energy within their own structure.
Unfortunately,
we find, as in the past administration,
that the
new people being brought into that organisation are very much
skewed toward nuclear power, I am fighting
right now the
nomination of Mr. Thorne, who will have jurisdiction
over solar
energy, because his whole background and his whole emphasis, at
least in California
and other areas, has been in the nuclear field.
I mention this because we are working toward something for
which I need your help.
That is, next May 3rd, and I hope you
will all note this day, we will be having around this nation,
similar to Earth Day, what will be referred to as Sun Day. I
would hope that each of you would find out who is in charge of
movements in your state and help us all participate.
If we can
build the kind of enthusiasm and support for solar energy we see
here today, we can, I think, alert this nation, the administration
and the Congress that the future of this country more likely will
lie in the sources of renewable energy than in the direction of
nuclear energy and the other ways we are presently headed. I
plea with you to participate
in Sun Day. Thank you very much.
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ADDRESSDELI-VEREDBY T. A. LAWAND
OF THE BRACERESEARCHINSTITUTE
MACDONALD
COLLEGEOF MCGILL UNIVERSITY
SOLARENERGYAND GREENHOUSE
AGRICULTURE
The field of solar energy is advancing on all fronts as
conventional fuel costs continue to spiral and prospects for
future plentiful
supplies of fossil fuels appear, according to
some quarters at least, to be somewhat doubtful.
Inevitably
man turns his attention to satisfying
his basic necessities,
and allocating
his scarce resources, both energy and others,
to meeting these demands. The necessities of life,
food, water,
shelter, etc. all require an energy input and nowhere are their
operations more focused than in the greenhouse - an ancient
contrivance of man to control the environment and hence be in a
position to grow food (vegetables, fruits,
etc.) continuously
regardless of the season. References to greenhouses go back at
least one thousand years, so it is difficult
to envisage that
there may be so much that is new in such an established process.
Actually,
there is something which is claimed to be new - a
curious family of structures
tolled "solar greenhouses"l. In
fact, this is the reason why we are gathered here today. The
name, solar greenhouse, is an obvious misnomer. All greenhouses are, by definition,
necessarily %olaP in that use must
be made of the sun to trigger the photosynthetic
reaction.
That
some greenhouses are more "solar" than others, is a matter of
conjecture and definition.
Greenhouses were, no doubt, man's earliest solar collectors
they differ from most buildings in that a larger percentage of
the shell envelope is generally transparent.
The greenhouse
industry has thrived, providing food and employment to millions
of persons in various parts of the world.
However, the recent
dramatic increase in the costs of conventional fuel supplies has
placed the greenhouse industry,
particularly
those segments
located in colder and more temperate regions, into some jepardy
as heating costs have spiraled - increasing a factor of 2 to 5
over the past 6 years alone,
The greenhouse industry has not entirely been overlooked by
the solar energy bandwagon that has been forming in some industrialized
countries in recent times.
However, it is fair to
say that the attention paid by the solar energy profession to
resolving the pressing problems of escalating fuel costs in the
greenhouse industry, has been nonetheless negligible.
The
challenge really lies ahead.
One of the areas which has received some considerable attention, admittedly primarily
by individual
workers, has been what
is colloquially
come to be known (however erroneously) as the
This is generally a small structure,
which
"solar greenhouse".
at best might provide some food for part of a normal sized family.
These lVsolar greenhouses" come in all shapes, sizes, configurations
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and are often furnished with all variety of components such as
fish ponds, for example, which the normal greenhouse grower
At least this is the case with
has, to date, basically
ignored.
greenhouse growers in my area of the country.
On the other hand, some of these solar greenhouse types have
proven successful, and have been adapted to the needs of the
commercial sector permitting their availability
to a wider
range of the community. Some large sized greenhouses of this
type have been reported.
pre-occupation with these
Suffice it to say, the veritable
small, individual
greenhouse types has rather'masked some of
the real problems.
These are:
A.

the need to address the requirements of the real farming
community and to integrate the greenhouse potential
into
Particular
attention should be
their overall operations.
paid to the needs of the small farmer, a vanishing breed
in most parts of this continent.

B.

the need to develop systems to serve the bulk of the population,
who in industrialized
countries, live in large
urban centres, where a new greenhouse industry might benefit
from the availability
of waste heat, manpower and the
proximity of the marketplace.

c.

the need to assist and maintain the existing greenhouse
industry so that it can continue to provide food and employment to the community at large.

As much as possible, future society will attempt to reduce
the unnecessary transportation
of goods, so as to conserve
scarce fuel resources.
This attempt to readdress our priorities
should not be
They should
misconstrued as a criticism
of existing efforts.
but
surely
some
more
serious
efforts
should
no doubt continue
be directed to the target areas I have just mentioned, In order
to bring some balance into these activities.
The age of improving the effectiveness
of solar energy utilization
in greencan be had to recognise
houses is dawning - if enough foresight
the real challenge that lies ahead.
some of the most
Food, and employment, may well constitute
serious problems that man has to face in the next few decades.
The greenhouse and the improved utilization
of solar energy for
have an important contribution
to play
its lighting
and heatin
in resolving these chal f enges.
It is essential that we integrate our work as much as
possible with the work of agronomists and greenhouse growers.
It is the only way that %olar" greenhouses will truly command
We must recall that the type of structure
respect and credibility.
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and covering must always be subserviant to the primary purpose
of a greenhouse - that is the growing of plants in a controlled
environment.
It is not just the shape of the greenhouse that determines
the energy consumption for the maintenance of optimum temparaRecently I had the pleasure of hearing a paper prepared
tures.
by an agronomist colleague, Jean Luc Lussier of the Ministry
of Agriculture
of Quebec. Some of the points he raises, which
deal primarily
with the production methods within a greenhouse,
as a mechanism for reducing energy consumption are listed (but
Each of these
not discussed in detail)
for your reference.
factors can significantly
affect energy consumption.
the location of the greenhouse
Orientation
of the greenhouse
Overall dimensions and shape of the greenhouse
Type and number of transparent covers used on the greenhouse
2
Type of heating system used
Improvements and maintenance of heating system
Careful choice of fuel and its availability
2
of ambiant air temperature within the greenH. The variation
house with respect to
- day//night factors
- solar radiation
intensity
- stage of development of the plants within the greenhouse
I. Adequate control of ventilation
- both internally
and externally
of space within the greenhouse reducin
J. Better utilization
aisle spaces, use of movable planters (reduces the cost of
heating per square metre of effective
growing area)
Using moveable insulated night covers in greenhouse
k
Using chimney heat recuperators
M.
Modifying Growing Techniques by
- later transplantin
g of plants into the greenhouse
(affecting
growing conditions in the seedling house)
- variation
of seeds (using cold temperature varieties)
- combined crop production
- planting crops according to external climate conditions
to maximize profitability
Groping
- high densit
N.
Disinfecting
a011 in greenhouse during the autumn to save 2
to 3 weeks of heating
0. Flood greenhouse soil to reduce salinity
in autumn instead
of spring to reduce heating costs
P. If several free standing greenhouses are used, utilize
space between houses for spring planting through temporary
coverings
Insulate northern and end sections (in longer greenhouses)
8.
Utilize
soil heating techniques
:: Utilize
moveable insulation
(beadwall) between transparent
covers
T. Use of Solar Energy (8)
;:
C,
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M. Lussier concludes with a look to the future - Solar Energy.
Our associates in the area of greenhouse agricultural
production
are examining their energy consumption as this is becoming one
Surely it is the obligation
of the prime costs of production.
solar
energy research developof those working in the field of
ment and applications
to work closely with our colleagues
involved in production to develop really appropriate greenhouse
systems making better use of solar energy.

SOLAR SUSTENANCE PROJECT
PHASE II
FINAL REPORT
PREPARED FOR

THE ENERGY RESOURCES BOARD
STATE OF NEW MEXICO
BY

WILLIAM
F.
YANDA
EXECUTIVE DIRECTOR
. SOLAR SUSTENANCE
RT. 1

l

BOX 107 AA

l

REPORT
SANTA FE. NEW MEX’CO 87501

The Solar Sustenance Project,
Phase II is a direct action approach to some
severe problems facing low-income families
in New Mexico.
The primary emphasis
is to measure heat savings/gain
an attached solar greenhouse proof the project
vides for a home. The twelve experimental
units adjoin homes built of various
materials
in order to record the interaction
of each with the greenhouse.
In
addition,
thermally
designed window box units (5) were built,
tested and available for display.
A benefit derived from the original
Solar Sustenance Project is that, because
of the demonstration
units built,
over fifty
similar
greenhouses were built
in
north-central
New Mexico with owner capital.
Phase II expanded this factor by
conducting
statewide design, construction
and operation
seminars, utilizing
the
news media to further
its goal.
Exposure through media, education and demonstration guarantees major impact for the project.
Another important area of research is to maximize the food and income capabilities
of the solar greenhouse.
The low-income family has a "locked in" budget
for food that escalates at a greater rate than a 1:l ratio with rising energy
costs.
Any vegetable that goes directly
from‘ seed to table represents
not only
immediate family savings, but a measurable energy savings nationally.

Implementation
the Workshop

m

Through
Approach

The Solar Sustenance Project was the first
state supported program in the
United States to take a participatory
demonstration
of solar energy directly
into
local conmunities.
The emphasis was aimed at the low/fixed
income sector,
although people of all income and educational
levels participated.
The twelve
demonstration
units were assigned to the widely diverse geographical
and climatological
areas of New Mexico.
We have units in areas of low degree days (Carlsbad2700) up to high degree day locations
(Taos-7000).
In effect,
the only area of
the state not within seventy miles of a demonstration
solar greenhouse is the
extreme northeast
(Raton).
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The format

of the project

was as follows:

Interested
community organizations
(Community ActSon Programs, local solar
energy groups, social service organizations)
were contacted by the director
and
informed of the project and its goals.

0

0

A schedule

was established.

A package containing
organizational
plans, materials
list,
site criteria,
0
'media contact
information,
was sent to the local coordinators.
A great deal of
the responsibility
for the success of the workshop was put into local hands.
By
doing this,
local involvement was stimulated
and many of the problems of "outside"
inspired
projects
were avoided.
a
At a public meeting, the principles
and examples of working greenhouses were
In five of the
explained
in an hour and a half lecture/slide
show presentation.
communities a representative
of the New Mexico Solar Energy Association
also made
These public meetings were attended by an average of 75 people
a presentation.
Besides general education,
a primary funcin the course of the entire
project.
tion of the meetings was to inspire
the audience to come out and build the greenAn unplanned benefit of the public meetings was
house the following
two days.
that in several of the locations
(Gallup,
Farmington,
Portales)
the nucleus of a
local solar energy association
and information
exchange forum was established.

&~hr

--Building on the &ur?ojo Nclrinnbwrgy &.ut&titm
“t.ktrcwch”
f’rojrr.1

Fig. 1

The greenhouse was built
by the participants
in the community.
During the
a
two day building
session many interested
non-builders
dropped by the site to ask
questions and check on the progress of the workshop.
As often as possible,
the
project obtained the names of all attendees.
However, many were missed because
of the myriad activities
taking place simultaneously.
It's estimated that an
average of 90 persons attended each activity.
That would be 1,080 New Mexico
citizens
directly
involved in the program.
The end of the two day building
phase
saw the demonstration
units 75-98% complete.
The owners of the greenhouses and
interested
friends
completed finishing
work, planting
layout and planting.

A Clw:

Door under wnstructio;+Abmogoogordo

Wor&shop

Fig. 2

It was not
The communities
in the Phase II
communities for

possible to locate a workshop in every community that wanted one.
of Roswell, Tierra Amarilla,
Ramah, and Raton were not included
Project.
The director
is wc,*king with coordinators
in these
future,
New Mexico Solar Energy Association
sponsored workshops.

A Brief Survey
One of the primary purposes of the Phase II Project was to determine if a
"multiplier
effect"
in the private
sector can be obtained by government sponsored
demonstration
solar units being placed in communities.
To accumulate data, 100
cards were sent to workshop participants
chosen at random. From the return,
a
proportional
sampling of the private
building
stimulated
by the project has been
evaluated.
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Thank you for participating in the tCnrrp\ IL huura’rs Huard. Solar Sustenance
Project this summer. To dc.lerminr the imparl ot our grcmhouse workshops we
would appreciate your answering Lhcse questions.
Yes
_-

No
--

1 have built an attached greenhouse.
ltis

tong and _

___ __ d1q.p.

-

_

I plan to build one this year.

--

__

t plan to build one when I can.
t don’t plan to build a greenhouse.

~I_

Questions, comments, problems:

__---

--

~---__---.-_
-___

-~---~.

-__~

_---._
Oplionel:

Ih’nmrl

Thank you,
Bitt and Susan Yanda

__

IAddrcssl

Survey Results
Total

Total

Sample=100

participants

# af Responses

Category

in project=1,080
4: of Total

Responses

# X Sample Factor

HAVE BUILT
PLAN TO BUILD
THISYEAR
PLAN TO BUILD
WHENTHEY CAN
DON'T PLAN TO
BUILD

13

31

140

9

21

97

16

38

173

4

10

43

TOTAL RESPONSES

42

Some of the conrnents by respondees

INI

(10.8)

453.

are enlightening:

a

"I sincerely
this grass

hopt funds are allocated
to provide more workshops.
I feel
roots approach is right on target!"
- Steve Meyer, Alamogordo.

0

"The workshop provided an attempt to realize
the practical
realities
- George and Maria Wallace, Sapello.
an attached greenhouse."

0

"Please keep me informed about solar energy.
I encourage homeowners to build greenhouses."

a

"We are interested
in solar heating on a scale suited to our modest income.
Most projects
are unrealistically
high for us." - Ernest E. Shea, Alamogordo. (Plan to build category).

a

"I am a slave
all winter."

of

Presently
I am renting but
- Reynaldo Romero, Las Vegas.

to a garden all summer and decided I did not want to be one
- No name given, obviously
a ncn-builder.
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Regardless of the sampling,
it must be assumed that the actual number of
privately
built
units is much higher.
Many new greenhouse builders
have no contact with the Solar Sustenance Project other than the two books that the director
It is estimated that over 300 solar greenhouses have been built
has published.
in the state in the last year.
Another related
effect of the workshops was increased interest
by social
service organizations
in larger scale projects.
The director
has acted as a
volunteer
consultant
to such groups as the Isleta
Pueblo Senior Citizens
Center,
McKinley Area Services for the Handicapped, and the Caiiones Community Association.
These agencies realize
the practicality
of combining the multiple
use greenhouse
with solar heating for their new facilities.
Many persons, particularly
elderly
people, cannot build an attached greenIt was a natural
outcome of the workshop format that in
house by themselves.
several convnunities
(Las Vegas, Alamogordo, Taos) participants
who wanted to
build for jobs were put in contact with participants
who wanted greenhouses built.
These small job builders
learned greenhouse building
techniques at the workshop
and have contracted
jobs in their own comnunities
as a result of the project.
At
other workshops (Carlsbad,
Shiprock,
Albuquerque)
C.A.P. winteriration
crews
were trained for their own agencies'
future projects.
One final direct
result
as a model for other states.
the workshop approach.

of the Phase II workshop format is that
Nebraska, Idaho, Arizona, and California

Grsrenhouse on Mobile Home. Built In Workshop by
Mojaue County Solar Energy Commfssion:
Kingmon. Arizona

Fig.3
20
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Other Services and Activities
The Solar Sustenance Project with the help of the New Mexico Organic Gsowers
Associa ion constructed
a functional,
portable
solar greenhouse.
The 64 Ft.
(5.94 Md ) unit is a colorful
display that features
signs explaining
the principles
It breaks down into five panels which can be easily transbehind the design.
and seminars.
The greenhouse was first
disported to schools , energy exhibits,
played at the NewMexico State Fair where it was examined by over 2,000 people.
The visitors
were given an explanatory
sheet as they asked questions
of the attenIts next exhibit was at the Energy Seminar at the Albuquerque Convention
dants.
Here it was shown to over 500 visitors
by the project
director.
At
Center.
both the State Fair and the energy conference, the unit attracted the attention
of Albuquerque TV stations
and was given air time in the news segment of their
KNME-TV did a 10 minute presentation
of the greenhouse ir its State
programming.
It was shown at the University of New Mexico Energy Fair
Fair special coverage.
in Albuquerque,
the Conservation
Fair May 14th and 15th in Los Alamos, then at
the C.A.P. winterization
conference
in Santa Fe. The portable
greenhouse was
in operation
at the home of Ray Alfini
in Albuquerque all winter,
providing
that
family with free heat and vegetables.

Portable Dtsphy Untt exhibited

Fig. 4
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at State Fair

The unit will
Outreach program.

be used by the New Mexico Solar

Energy Association

in its

The project
director
made himself available
for free lecturing
and consulting
services for New Mexico organizations
of many varied interests.
Examples are:
The Los Alamos Garden Club, Society of American Foresters,
La Clinica de la Gente,
and New Mexico Department of Development.
Emphasis was also placed on the Solar
Sustenance Project acting as a communications
coordinator
between organizations
and individuals
seeking professional
help in solar applications
and qualified
engineers,
architects,
and builders.
One problem the potential
greenhouse builder
had was in obtaining
greenhouse
quality
fiberglass,
polyethylene
and accessories.
For that reason, the project
established
an outlet
for these materials.
The specia'&y
items sold were not in
competition
with any existing
private
business and were sold for a small mark-up
to cover the rental of the storage facility
and distribution
costs.
It is
interesting
to note that since August lst,
1976, 14,300 Ft.2 (1328.5 M2) of fiberglass glazing have been sold.
This amount, if the ratio of 1.76:l
(area clear:
floor area) is used, would cover 8125 Ft.2 (754.8 M2) of greenhouse, or, 51 greenhouses @ 160 Ft2 (14.86 M2) each.
This is some indication
of the amount of
building
going on in the Santa Fe area alone.
There are now new private fiberglass distributors
in Las Vegas, Silver City, and Albuquerque.

Produce from the Greenhouse
The owners of the eleven attached greenhouses built have all expressed great
satisfaction
with their greenhouse,
though some have harvested much more produce
from their unit than others.
This has resulted
from the fact that some owners
took longer to learn the workings and operation
of a greenhouse or were not able
to spend as much time in it.
The owners who had the most success spent an
average of five to seven hours a week in the greenhouse.
All have commented on
the fantastic
taste of a vegetable picked fresh in mid winter.
Though one person said her greenhouse 10' x 20' (3.05 x 6.10 M) produced all
of the vegetables
a family of four plus guests could eat, on the average each
project greenhouse produced 40% to 60% of the family's
vegetables.
In two cases,
the greenhouse supplied all of the family's
vegetables throughout
the winter.
The highest monthly average of food production
in the project
was reported
by the
Alamogordo unit at a $40.00 saving a month (1976-77 fresh food prices).
An
average for the total units in the project
is $25.00 a month.
Though some owners
did experiment with more exotic fruits
and vegetables,
on the whole, everyone in
his first
year with the greenhouse planted the more conmnon ones: lettuce,
spinach,
Swiss chard, peas, broccoli,
green onions, corn, radishes,
beets, carrots,
various
herbs, and fruiting
vegetables
such as tomatoes, cucumbers and peppers.
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Duwrjcom In the Anton Chico Greenhouse, late April.
“I thought corn this sweet only grew In fouw. “-Rebecca
Chouez

Fig. 5

An important
aspect of greenhouse growing, which cannot be overstated,
is
Much of New Mexico, the Rocky
using the greenhouse throughout
the summer period.
Mountain area, and the northern MidheFt experience
a short growing season and
These summer night-time
temperatures,
often into the low
very cool summer niqhts.
50's (10 C) in New Ilexico, are hardly conducive to high production
from fruiting
vegetables.
The well run summer qreenhouse not only avoids the ravages of hail
into an environment which can keep an
and drought, but puts fruiting
veqetables
optimum mid 60's (16 C) low temperature
range.
The greenhouse must also be looked at in light of its water conservation
over
field crop conditions,
Authorities
report water usage for greenhouse crops to be
l/10 to l/30 of the field cr0p.l
Two of the project
owners, Tom Rolf of Silver
City and the Chavez family of Anton Chico, devised simple systems to trap rain
water and snow melt from the roofs of their homes, drain it into tanks in the
greenhouse, and gravity
feed the water to their plants.

1
The Solar Greenhouse: A Means to Increased Food Production.,
Solar Engineering
Maqazine, October, 1976.
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by Lloyd Cartes,

II

less than & of the energy consumed in the U.S. food system is used to r
The remaining 3/4s are used to transport,
process, preactually
produce the food.
There is not only a substantial
money savings in
serve and distribute
it."'*
growing one's own vegetables year round, which is important for low and fixed
income as well as middle income people, there is also a substantial
energy savings.
It is important to realize that a dollar's
worth of December tomatoes or lettuce
produced in the home greenhouse garden is an actual 754 saving in petrochemical
energy.
. . . .

Albert Mcwtlncz dlrpbya lemtcej+om hb Taoe ProJect Greenharw.

Fig. 6

Window Boxes
Five window boxes of various designs were built and displayed at the Albuquerque Energy Fair,
The one pictured
turned out to be the most successful
design.
In it, the owner figures she produced 60% of the vegetables she ate; this included
a salad every day. Fruiting
vegetables were put into the window box in February.
The owner notes success with the following
crops:
Tiny Tim tomatoes, California
Wonder bell peppers, Chinese cabbage, chop suey greens, spinach, Black Seeded
Simpson lettuce,
water cress, sorrell,
parsley,
rosemary, chives and basil.
The window box units,
as they were built
in the project,
do not substantially
provide more heat for the home than do the window they cover.
However, they do
One problem encountered
in testing
the
give the owner space for a mini garden.
units was that it is impossible
to equip the hanging window box with enough
thermal mass to prevent it from freezing
on a cold winter night (without
leaving
It is suggested that a clear enclosure could be
the window to the home open).
built under and adjoining
a ground floor window box. This small enclosure would
have a double clear southern glazing and openings for air circulation
to the
window box above.
Within it could be a black 55 gallon (208 liter)
drum. This
passive storage container
would make the window box capable of sustaining
low
temperature
winter nights without supplementary
heat from the home.

*Food for People !lot For Profit,
Catherine
Ballantine
Books, New York, 1972.

Lerza and Michael

Jacobson,editors,

Whdow bax fn use or Santa Fe home.

Fig. 7

Economics

and Cost Analysis

Many people, particularly
senior citizens
work, do not have the time resources to build

and families
where both adults
their own greenhouses.

In an attempt to get a grasp on the economic impact of a contract-built,
attractive
greenhouse, the project
had Mr. Michael Caca submit a simplified
analysis
prepared in conjunction
with his economics class at Highlands University.
The analysis
was done independently
of the Solar Sustenance Project,
although
some of our estimations
were used. The data obtained "fit"
our recorded examples
in costs and heating potential
of the small greenhouse.
The vegetable production
is slightly
lower than we experienced.
Note that interest
rates are not included in the costs of building
the greenhouse,
but neither are increases
in fuel
costs.
It is suggested that one might offset
the other.
Excerpts

from Mr. Coca's

report:

"Questions most asked about this type of application
are usually related
to cost, curiosity
about the point in time when accumulated savings in
food and heat equal the total cost of the structure,
and whether this
solar application
is a viable alternative
to rising
food and energy
prices.
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"A breakdown
this:

of cost on a greenhouse

this

size would look

($26.92$)
X 160 Ft.*
Materials
- @ $2.50/Ft.*
=
Labor - 160 man hours @ $4.00/hr.
Total cost of greenhouse
"An analysis
of heating
average monthly natural
It was estimated
year.
30% or $98.00 of yearly

something

(14.86

like

M*) = $400.00
640.00
$1.040.00

fuel cost for the above home indicated
an
gas bill of $30.00 per month or $360.00 per
that the greenhouse would save approximately
fuel cost.

"Food cost for a family of five runs about $200.00 per month or
Of this total,
the following
vegetables and
$2400.00 per year.
herbs could be started
in the greenhouse:

Quantity

Description

Consumed in One Year

1 head per week 8 $.35
2 lbs. per week @ $,60
50 lbs. Q $10.00
3 lbs. 8 $2.00 per lb.
8.13 per lb. x 60 lbs.
$.59 per lb. x 78 lbs.
$.59 per lb. x 78 lbs.
$.35 per bunch x 104 bunches

Lettuce
Tomatoes
Chili (green)
;;;;;,!red)
Broccoli
Cauliflower
Spinach
Misc. herbs

Total

“In review,
total

yearly

Total

savings

in fuel

Cost

f;pg

10: 00
6.00
7.80
46.02
46.02
36.40
20.00
$252.84

a greenhouse could supplement approximately
food expense for a family of five.

"A look at annual

Yearly

11% of the

end food shows the following:

Annual savings in fuel
Annual savings in food
Total annual savings
"Projecting
these savings
we can see how many years
ment of a greenhouse.

and initial
greenhouse cost onto a graph,
it takes to break even on the initial
invest-
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"Reviewing the above graph, we ffnd that by Investing

cmtncwdua

$1.040.00 In

an attached greenhouse, a family can accumulate enough savings in 2.9
years to pay for the structure.
The breakeven point may be achieved
sooner if we assume that food and fuel prices will continue to rise
or if a family is willing
to do the labor and thus save more than onehalf of the cost."
Solar building
impetus has been given to the New Mexico citizen
by the State
Legislature
in the form of a tax credit for solar applications.
A Passive System
Workform is given in Appendix I, for the use of anyone who doesn't know of its
existence and those readers in other states looking for help in constructing
their own laws.

The actual materials
costs of building
the 12 demonstration
units were campiled by totaling
all of the local purchasing
receipts
and adding on the retail
costs of the greenhouse glazings
brought to the sites by the project.
The total
cost was $6, 73.32.
The total
square footage of the 12 project
greenhouse2 was
2,064 (192 M8 ). This gives an average square foot cost of $3.14 ($j3,76/M
). The
range between low and high costing greenhouses (of the same 160 Ft. size) was
considerable.
At the low end we have the Albuquerque unit with a total cost of
At the high end was the Las Vegas greenhouse
$394.61, or $2.46/Ft.*
( 26.55/M*).
at $651.74, or $4.07/Ft. h ($43.85/M*).
This disparity
was a function
of: 1) local
retail
prices;
2) the ability
of local coordinators
to get bargains and astutely

use the suggested materials
list
to account for individual
differences
in their
It
should
be
mentioned
that
at
all
sites
surplus
building
materials
were
site.
left to be used in local projects
relamg
to solar greenhouses.
They are incluFeedback from many owner/builders
indicates
ded in the average materials
costs.
that $2.50/Ft.2
($26.91/M2) materials
cost is an accurate 1977 estimate of the
Unlike higher technology,
mass produced
passive, attached lean-to greenhouse.
systems, it is not expected that the cost of this type of application
will drop
It will rise reflecting
inflationary
trends in the building
supin the future.
For example, the materials
cost has risen 34% since we started
plies industry.
owner really
has
building
basically
the same type units in 1974. The potential
no excuse to wait for further
developments.

The Griffin

Home

The House
A 22 year old frame structure,
1115 Ft.2 (103.6 M2). 2 x 4 walls with
a flat roof of approximately
R-8 insulation,
The home has all steel sash windows.
It Is located in a residential
area and has considerable
tree and buildSng cover
from wind.
Heating is bg two independent floor furnaces.
Owners have reduced
thermostat settings
by 2 since March '74.
Cooking, heating and domestic hot
water are by natural gas.

Add-On Greenhouse
Located in a southeast corner of the building.
It has an 11’ long
x 8' high (3.4 x 2.4 M) southerly
clear wall.
(All of the clear surfaces
have outer fiberglass/Inner
pol ethylene glazings.)
East greenhouse wall is
12' long x 8' hi h (3.7 x 2.4 MT and is clear.
Clear roof section faces south
and is 6' x 11’ 9 1.8 x 3.4 M), Total floor square footage of greenhouse is 120 Ft2
(11.14 M2). A 15' (4.6 M) high apricot
tree is 5' (1.5 M) southeast of the southern corner of the greenhouse.
The greenhoyse covers 3 home windows and a standard
stre door, for a total of 42.5 Ft.2 (4.0 M ) of openings to the home. The unit
IS operated in a "open to home during day/closed
off from home at night" mode.
The owner built
the greenhouse entirely
by himself for a total cost of $127.55
He is a scrounger,
par excellence.

Add-In Wood Stove
This is a "Contemporary Franklin"'
design.
It is located in the living
tn the western part of the home. The stove has a thermostatically
controlled
blower that cuts on at 150 F. (65.55 C) and blows hot air directly
into the
living room. It was purchased for $227.36, a wholesale cost.
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1) The first
thing that becomes apparent when one examines the chart is the
pattern of fuel consumPt?on.
Heavy usage begins in January and continues
through
May
usage
is
higl'ie?
than
December
usage.
This
is
probably
due
to
several
NY.
factors:
1) the house, even though it is frame (not a massive structure)
is
It is a slab on grade
carrying
a "thermal charge" well into the heating season.
and the earth below the home is, perhaps, still
warm into January;
2) when the
house loses its thermal momentum it takes a long time, into June, to regain it;
3) the high winds of springtime
contribute
more to the heat loss on this home
This pattern
of fuel consumption should
than the cold temperatures
in December.
be examined and documented in great detail
for the Southwest;
it could be a criWe have been looking at degree days as a guide to
tical
factor in home design.
design, and actual fuel usage and energy consumption may be more Important and
quite different.
2) When the heating load becomes heavy (February
is consistently
the highest
month), the greenhouse is going into its own heavy surplus heat-available
period.*
That, of course, becomes greater as we go into March, April and May. It was noted
by the owner that no fires were made after "late February",
so we might consider
entirely
to the greenhouse
the March through May reductions
in '77 attributable
and a milder spring than previous years.
The owner stated that "in 1975-76 we
only opened the greenhouse to the bedroan because we didn't think it would do that
much, In 1977 the greenhouse was open through all windows and doors into June."
The results
of this operating
mode are apparent in the March through May '77 fuel
reductions.
3) Please note
sidered an "optimums'
opposed to due south
tially
shaded until
corner.
Its energy

that this greenhouse Is not in what would normally be conlocation
or geometry, i.e.,
it is southeast and "boxy" as
To further
complicate matters, it Is parand rectangular.
noon in the winter by the apricot
tree on its southeast
saving contributions
are perhaps due to three factors:

@

There Is direct

0

It covers 42.5 Ft .2 ( 3.9 M2) of windows and a door of steel sash (and
old) construction;
if the greenhouse were not there, these surfaces would
be contributing
to high conductive
and infiltrative
losses;
the greenhouse
is also serving as an "air lock" to the home for 50% of the daily entries
and exits.

e

As the greenhouse is used as a garden, it is providing
the home with high
The regular
home furnaces and the wood stove are dry, forced
humidity air.
air systems.
The greenhouse is, in effect,
providing
the other heaters with
air which has a greater capacity
to store heat.
This is an extremely
important
factor along with the "buffer
effect'"
of the attached greenhouse.
These two complicated
effects
must be thorouahly
examined before anyone will
truly understand what an attached greenhouse-is
doing for a home. There is
much more than direct gain going on in these systems.

* See Spring

Heating

gain and continous

Surplus

(fig.

19).

daytime

airflow

to the home.

4) There are probably subtle lifestyle
changes-and energy awareness taking
However, they were not given as
place in the family over the last several years.
8'major" or even "notable"
by the operators.
Mr. Griffin
stated,
"We were energy
conscious in 1973 before I ever heard of solar greenhouses."

Thermal

Performance
Data used:

Eversole greeibouse,
Alamogordo, N.M., Jan. and
Feb., 1977 Chavez greenhouse, Anton Chico, N.M., Feb.307,
Mar. 17-21, 1977 Roger's heat loss analysis,
Sept. 15, 1976

Table I summarizes the temperature
record of the Eversole greenhouse.
Several
points of interest
emerge. The greenhouse maintains
a mean temperature 22 F
(12.2 C) degrees above outside air temperature.
However, the minimums arc only
19 F (10.5 C) degrees higher, while maximums are 24 F (13.3 C) degrees higher.
This is due to inadequate storage capacity.
The greenhouse tends to overheat
during the day, which increases
the daytime heat loss; thus less heat is available
This pattern appears to be typical
of many addto offset night-time
heat loss.
on greenhouses,
indicating
the need for more storage capacity
In the system.
The amount of temperature
variation
or temperature
range is an important
characteristic
of the system.
The temperature
range inside is 26 degrees F
(14.4 C) while the outside air temperature
range is only 21 F (11.7 C) degrees.
This is also explained by the low storage characteristics
of the system.

Table I
Eversole Greenhouse
January-February
AVERAGES
TEMPERATURE

INSIDE
OUTSIDE
INSIDE-OUTSIDE

FIAX.

MEAN

78e.8 (26)
54.5 (12.5)
24.3 (13.5)
Fig. 10

31

1977
MIN.

RANGE

52.4 (11.3)
33.2 ( 0.7)
19.2 (10.7)

26.4 (14.7)
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the temperature
record of the Chavez greenhouse for the
This structure
maintains
a mean temperature
29 F degrees
Comparison of internal
and external maxima ?nd minima
reveals-a
very similar
pattern to the Eversole greenhouse.
During this period
this greenhouse also tends to overheat during the day and underheat at night.
The inside temperature
range is 16 F (8.9 C) degrees, or 162% greater than outdoor
air.

Table II
Chavez Greenhouse
February

3-7, 1977 - No Storage
AVERAGES

MAX.

TEMPERATURE
INSIDE
OUTSIDE
INSIDE-OUTSIDE

MIN.

MEAN

80.4 26.9
42.8 t 6.0 I
37.6 (20.9)

59 (15)
29.6 (-1.3)
29.4 (16.3)

.
RANGE

37.7 (3.2)
16.4 (-8.7)
21.3 (11.9)

42.71 23.7
26.41 t 14.7 I
16.3 ( 9.0)

Fig. 13

Table III sutmnarizes performance of the Chavez greenhouse during March 17-21,
1977. The pattern
here is quite different.
The temperature
differences
between
inside and outside are 26 F (14.4C) for the maxima and 31 F (17.3C) for the minimab
thus reversing
the February data.
The interior
range is also less than the exterior range.
This is explained
by the addition
of eleven 55-gallon
(208 liter)
drums of water for storage.
The performance improves dramatically
while maintaining
the same temperature
elevation.
Unfortunately,
no hard data is available
on the exact amount of heat transfer
Opening and closing
of doors and vents to the
from the greenhouse to the house.
exterior
and opening and closing
of doors and windows between the house and greenhouse were not recorded.
It appears from the temperature records that both the
Eversole and Chavez structures
were operated with venting to the interior
during
the day which was closed at night.

Table III
Chavez Greenhouse
March 17-21
TEMPERATURE

MAX.

INSIDE
OUTSIDE
INSIDE-OUTSIDE

82.2 (27.9)
56.7 (13.7)
25.5 (14.2)

11-Barrel
AVERAGES

Storage

MEAN

;;a;

[y-y

2Y:l (15:6)

MIN.

ii-3

[l;*;{

30:6 (i7j

RANGE

31.9 (17.7)
37.0 (20.6)
-5.1 (-2.9)

Fig. 14

Graphs for

extracted

data are shown in Figs.
34

15, 16, 17, and 18
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items

become apparent

when examining

the graphs.
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Total solar radiation
has increased 30040% in the March period but the interior
daytime high temperatures
have not risen accordingly.
This is
explained
by: 1) the increased thermal mass; 2) the geometry of the
the south ftice is reflecting
the higher altitude
sun and the
unit,
i.e.,
partially
clear roof is beginning to shade the back part of the green3) increased vegetation
and water inside the greenhouse are having
house;
an evaporative
cooling effect.

a

The 'thermal wave" through the wall is flatter
and more regular in the
The interior
channel, fil, has risen in average about 2O F
March reading.
(lo C). The occupants of the home are rarely using any supplemental
heat
(See inside room air irl Fig. 17).
The greenhouse may
within the dwelling.
be considered
the sole heating unit for this part of the home. The massive
and conductive heater.
contiguous
wall is a radiant

0

In both measured periods the ground beds used for growing constitute
Whenever the interior
air temperatures
storage for the greenhouse.
below the earth temperatures
they help heat the space.

thermal
drop

The Potential Heat Available
from a Greenhouse
The amount of heat which would be available
for transfer
given optimum
storage capacity
may be estimated by determining
the amount of absorbed solar
energy and subtracting
from it the heat lost from the greenhouse to the outside
air.
For a typical
add-on greenhouse design using the dimensions 10' (3.04 M)
deep by 16' (4.9 M) long and the clear area:floor
area ratio of 1.78:1, total
heat loss is about 4,200 BTU/Degree Day (7968 kJ/C Day).
Data from The New Mexico
Solar Resource for Albuquerque gives a heat loss of 126,000 BTU (132,804 kJ) and
a heat gain of 277,000 BTU (291,958 kJ) with the greenhouse maintaining
a 30°
(16.7 C) temperature
elevation
and the house maintaining
a 33O (18.3 C) temperaThese are averages for the months of December, January and
ture elevation.
February,
Thus, on the average, some 151,000 BTU (159,154 kJ) is available
to
the house provfding
that the heat can be stored when not needed, and released on
demand.

Structure-Add

on Greenhouse/Location--Albuquerque

l

Roof qlazing

area = 4 x 16 = 64 Ft.2

0

South glazing

a

East and West area = 46 Ft.2

a

Occlusion

0

Load: Based on A.S.H.R.A.E.
Heat loss calculations
per hour = 4200 BTU/DO (7968 kJ/CD)

a

Transmissivity

0

90% x 77% = 70% effective

Ratio

or 1.2 x 4.9 M = 5.9 M2

area = 16 x 9.3 = 149 Ft.2

or 4.9 x 2.8 M = 13.8 M2

(4.3 M2)

- 90%

- 77%
gain multiplier
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and 1 air

exchange

Solar Availability
FALL
BTU/Ft.2
South 75O tilt:
East & West:
Roof 150 tilt:

1806
887
1870

kJ/M2
20,490
10,063
21,215

Per Day

WINTER
kJ/M2
8TU/Ftm2

SPRING
BTU/Ft.2
kJ/M2

1870
697
1521

1521
1173
2377

21,215
7,908
17,256

17,256
13,308
26,967

Solar Gains Per Day
FALL

WINTER
kJ

BTU

429,576

452,773

292,112

307,886

408,036
277,464

BTU
Total Available:
X .68 transmittance:

SPRING
kJ

BTU

kJ

530,885
361,002

430,070
292,447

559,553
380,496

Greenhouse Loads Per Day
FALL
OF. Aver.

F;dcwapan
'
hT
Total Load

OC. Aver,

14.2
19.5

67.1
57.6
3;*:00
(iTU)

WINTER
OF. Aver.
%.

37.1
67.1
30.0
126,000
(BTU)

425i:5

6J)

1;::
16.7
132,804

&J)

SPRING
Aver.

OF. Aver.

OC. Aver.
13.1
19.5

67.1
55.6
11.5
48,380

50,&l:

(BTU)

&J)

Surplus (For Home) Per Day
FALL
BTU
252,212

SPRING

WINTER

kJ

kJ

BTU

265,831

151,464

159,643

BTU
312,702

kJ
329,588

Will Heat
421 Ftq2 (39.1 M2) - House load at 12 BTU/OF.D. - Ft.2
631 Ft.2 (58.6 M2) - House load at 8 BTU/OF.D. - Ft.2
Flg.19

37

(245 kJ/OC.D.
(163 kJ/'C.D.

- M2)
- M2)

An add-on so ar greenhouse of 160 Ft.2
M2) of living
some 400 to 600 Ft. h (37.2-55.7

(14.8 M2) has the potential
space on the average.

to heat

With light
construction
such as wood-frame or mobile home this is not
possible without
the construction
of some storage element inside the house itself.
For that reason, a greenhouse linked to thermal storage below a mobile home is
shown in Appendix II.
This scheme would also
the living area.

work for a frame house with

a crawl

space beneath

There is a great need for measurement of the amount of heat transfer
which
actually
occurs with window and door type openings and the improvement possible
with use of fans and better storage devices which interface
directly
with the
house itself.

Fig. 20
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Circuit Engineering
15 Ellis goad
Weston, Bass. 02193
Sun power is diffuse and intermittent.
Heating needs are variable and
require enormous amounts of energy* To heat with the sun we must reduce our
heat energy requirement to the sun energy we can afford to capture and store.
In winter we desire interior
temperatures about twenty
Celsius degrees (36P)
higher than the mean outside temperature.
In our area the sun's 1400 watts
per square meter in space is reduced to an average of about 100 W/m2 (32RTU/ft2hr)
at the surface.
Nights present the need for one day's stwage while cloudiness
and temperature variations extend the need to ten days. Further, the typical
solar heating system, whether active or passive, delivers to the living space
only 25% of the energy Kncident on it's glazing.
Insulation
If we take a conventional modern frame house (1OChn'or 1,000 ft2 floor
area) and halve it's heat loss we have something we can heat by the sun.
Roughly, ITEM
EXTENT
LOSSRATE
Ground
loom2
10
Ceiling
1OOd
20
30
Walls
9om2
40
Windows
lOn2
50
Infiltration
2 hour change
156matts per Celsius degme
The obvious places to search for improvement are i;r reduced air &vemant
Josses and in reduced window losses.

Tw= ur

ouse then has an average winterloss of 3 kilowatts (10,000 BTU/hour),
It needs 120 square metera of collector
and 720 kbuatt
hours (2.6 gigajoulea
or 2,500,OOO l3TU) of heat stoxqe (calculated fimn the above assumption).
Glazing all of the southerly roof and a third of the south wall will let in
enough sun. A depth of a fifth of a meter (6 inches) of water over the floor
area will store enough heat.

How To Do It
We can get a working system: 1. If we q&me the ent3ze south pitch so as
to capture in the store more than fifty percent of the incident insolation;
3, Reduce she outward heat loos frm the store through this glasing to less
than 1 W/m CO; and 3, Reduce the below ceiling heat loss in terms
of floor
area to less than 1 W/m2C*,
We can salvage heat that would otherwise be lost by Dynamic Insulaticm(TM).
(See following text.)
We can also reduce the heat loss through the glazing
while maintaining sun transmission by geometric tricks and use of selective
surfaces.
Examples are the Solar Staircase (TM) and Translucent Insulation (TM).
To make solar heating worth doing we must probably hold the added initial
cost to less than ten dollars per square foot of net-glased area. This can
be done by making the solar components replacements for, rather than additions
to,the regular building components, and keeping the system as simple as possible.
Greenhouses
Some of the resultant solutions are more like greenhouses than conventional
houses, Most of the techniques developed for houses tan be used in greenhouses.
Compared to a house the greenhouse permits lawer night-time temperature, delayed morning warm-up,and larger temperature swing. It is time to adapt the
sucesaful solar heated house designs and devices to gmenhouses.

"The Solar Stairoase

(TN) Applied to Greenhouses"

The Cambridge School in Weston has received much publichty for its installation
of the first Solar Staircase. (TM), This 1800 ft (165m2) installation had an a$ded cost of $2.20/ft2 glazing and saved about 6e/ft2 in oil
heat and 320/ft
in electricity
for lighting
in its first year. An initial
rate of return of 17% ("6 year payback") is good far a solar system.
The third solar staircase installation
(970 ft2) was in Belmont. It is
David Johnson was the architect.
beautiful.
The tided cost was $1.96 ft2.
It was completed this swmner.
The fourth Solar Staircase (TM) installation
in Vermont may do even better
since it includes the inner glazing called for by Saunder's design. The Barre
Hill Craft Cooperative has arranged with the National Center for Appropriate
Technology to monitor the performance of its
insta&&ion
by using the simple
and inexpensive (less than $1,000 complete) Stereatronios data logger.
Next
year we should have performance data for you, Mark C~wsl~y's detailing and
construction supervision kept the cost to about $S/ft2 less the cost o the
heating system replaced for thus lettfng the sun in through the 400 ft d of the
southerly roof pitch.
Notice by how little
these hauses differ.from
greenhouses. The south
roofis nearly fully open to the sun and so is the south wall.
How The Solar Staircase (TM) Works
The Solar Staircase (TM) was conceived of as a means of getting inta a
pitched roof the seasonal sun control of vertical south glaasr The-stepped
vhrtical glaeing altornatss with horiaontal mirrors which much of the year
double the effective height to admit the sun and skylight.
In June more than
80% of the direct sun is masked off or reflected out.
The provision of overhead thermal mass for winter heat storage together with natural ventilation
prevents summer overheating.
In spring and fall the sun is admitted not cnl* to the extent of the
vertical glaming but also nearly as much sun pomrr again enters by double
reflection
in the horizontal mirrors.
In December a height equal to about a
third of the North-South extent of the staircase is effectively
added to the
actual vertical
height to admit sun power. Figure 1.
An unexpected bonus (hence the patent applioations)is
that the mirrors
redirect most any reflectian
from the inner glazing.
Six sheets of glazing
usually reflect out more than half the sun, With the Solar Stairoase (TN) under
the weather akin and inner glazing below it, the total reflection
ugs in winter
only a few percent more than that of the two sheets of glazing abare the mimers.
By so treating the mirrors aa to rvrflect room heat as well as sun poem, the
staircase itself traps heat as wall aa two layers of ordinary glazing would.
The Staircase plus inner glazing cuts the heat loss to the point that
100% solar heating is practical
in Nassachusetts and southward. The construotion is simple enough so that the sun energy captured is worth the investment.
However the design procedure in detail is quite intricate.
No one has as yet
fully mastered it. (Refer to previous papers and reports listed at the end.)
Solar Staimase (TM) ant' Greenhouses
The reduction of direct sun in the summer was the motivation for the developement of the solar Staircase (TM). The unforseen advantages make it a
superior solar heating system. Where the contents of the greenhouse require
summer shading the Solar Staircase (TM) is superior in summer as well as in
vinter.
Liming or white washing the usual greenhouse roof is messy and takes
time. Applications must be repeated and ultimately removed unless one is
skilled in formulation,
application and anticipating
the rainfall
for the
coming summer. Movaable insulatiar
is an improvement over the ordinary greenhouse. The Solar Staircase needs no daily nor even seasonal operator time.

If the sunwner shading by the Staircase is not tolerable,
trsnslucent insulation (TM) can be used instead.
This is now undergoing evaluation and installation
(of 600 ft2 or more). FWure report6 on it are planned. &iefly
it transmits d9out 80% of the incident sun power and has a thermal conductanoe
of about 1 W/m Co ( i.e. about R 6).
Dynamic Insulation (TM) Applied to Greenbouges
The heat normally lost through the windows can be in part recaptured by
preheating the incaning ventilating
air.
One such system is described in
patent 3,952,947. (Figure 2). Since heat is being trapped by continuous navement, I call this Dynamic Insulation (TH). Otner patent applications
have
been made upon other applicatiars
of this principle.
The drawings shown in the patent fsaued perhaps repx-esent excessive
Spaced double glasing with an intermediata heat reflective
foil has
effort.
a conductance of about 1 W/m2C" (R 6). Controlled air flow can theoretically
raise thie single foil 6ystem to greater than R 25. Pract%cally R 10 to 12
For 100 % solar heating the average permiar6albe R value
seems realizable.
(including ventilation)
for the entire house akin ia an averaga of about 12.
Windows doing this well are then adequate since the blinds, wells, etc. typically have a higher thermal resistance.
The practicalcumideration
is to
balance benefits and costs for each part of tha structurz and between the
piWtl3.
How It Works
The major heat transfsr between wsll spacsd rheatr of double glass (closer
specing gives greater heat lor6Hs by conwctionr.
The warm sheet of glass
an air film which rlmm,cromes to the cold sheet, and giver up it6
heat to that cold sheet, and at the bottom croesss again to the WBWIsheat to
the air flaw by
rapeat the process. Dynamic Insulation (TR) open=cirsdts
moving the warmed air inward and replacing it by the cold dry outside air.
This also eliminates aondensation throughout most of the ysar. Tha iacaning
ventilating
air la not completely warmed but it has recaptured most of the
heat the window would otherwise lose.

warms

Tolerances Are Large
If we glaze all of all four walls and reduce the ventilation
rate to one
air change everythree hours, we have a flow of only 0.04 m34BBC (SO&n) for
our small tract house. Distributed unifowy
over the 100 m of glazing this
would give an inward flow of O14mm/6ec, (i.e, it would take the vsntilating
air six minutes to traverse the glaeing.)
However, the crack at the windows
to admit thin air is only 4Qm long by perhaps 3mmwide so that the velocity
through the creek is about l/3 m/a. or slightly
greater than the glaaing'e
internal conveative film flow in velocity and thickness.
With less of the
wall area glased, the forced air flow becomes mopcldominant over the convective
air flow.
Mark Crosley and Andy Shapiro in their Maryland house demonstrated that
such an all glass wall could be built for the same cost as a conventional
stud wall with its ohly 10% windows.
The requisite air movement is brought about by reducing the air pressure
within the building.
Presently available devices for reducing the pressure and
controlling
the flow can be improved. The improved inexpensive and completely
passive devices under davelopnent and upon which patent applications have been
made will be reported on at a future donference.
For summer
ventilation,
as in greenhouses, thermally driven, temperature
actuated devices are now on sale.
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The Ramapa Aquacul turn-Gmenhouse
submitted

lntroduct

by:

System

Dr. WI 11 lam Hskofske
Associate
Professor of Phys lcs
Rammpo Collcga of New Jersey

ion

world envlnnt,
a group of
Two years ago, In msponse to a deteriorating
faculty
and students at Ramapo College fonsed the lksspo Alternative
Energy Center.
Its program consists
of a multi-faceted
approach to meet the energy-envlrorwRent
problem, and lnrludes educational,
msearch,
and cuurtunlty action couponents.
Among lts sctlvltles
include:
the design and construction
of a solar-heated
squathe lnstai iatlon and integration
of an i .8 lmvwind generculture-greenhouse
unit,
ator for alectrlcai
production
for ths squacuitum-greenhouse
unit, a meyciing
program, and a sol I reconditioning
and organic gardening progra.
The pmsent
paper will concentrate
on the physical
design featums of the anttm system.
The
blologlcal
integration
Is curmntiy
undergoing a manaiysis
and will only be
The pmsent design has evolved over a two-year period and
briefly
mentloned.
further
modifications
are expected based on operating
experience.
Pmsentiy,
the
structure
Itself
is essential iy compiete, the wlnd system 1s lnstaiied.
Major
remalnlng work consists
of construction
of the heating backup system and the
completion of the aquacui turn system.
Oar lsn Phi iosophy
The aquacultum-greenhouse
system has been daslgnad to provide a suitable
environment for aquatic and plant life throughout
tlm entlm year in the Mahwah,
New Jersey, cl lmatlc area by utii iring only mmbie
energy sources.
The
deslgn tries to mlnfmlre material
usage and to s~xirnlre natural energy inputs
at the site, whlie stlli
malntrlning
operating
specifications,
masonable silnpiic1ty
The basic design procadums and object Ives wem to:
and economic vlabliity.
--mlnlm1re
heat loss through sufficient
insulation
and mductlon
of lnfiitration.
--provlds
50 - 70% of the seasonal heating
load from solar energy.
The
auxl I iary system wii I provide the additional
heatlng mquirements.
--store
heat through the auxli lary systas for two averaga January days.
--malntaln
an overall
twerature
range of 50 - 80 degrees F by a Judicious
Integration
of solar windawl, passive heat storage,
auxlilrry
heating
system with active heat storage,
and ventilation
systems.
EPs Ical

Dnscrlptlon

The bulldlng
Is 25 feet long and I2 feqt wide with 300 ft,‘of
surface am8
tl 1tad at 60 degrees to theground and 75 f t of vertical
surface area, both
facing south.
This entire surface area consists
of a double iayer of glazing,
ths interlor
one being recycled glass pane windfawn a local school, and the
top ona being a layer of Kalwaii
to glve added protection
from the weather and
flying
objects.
Interior
insulated
shutters
made of Styrofoam am used over
the windows at night durlng cold weather.
There are two eddltlonai
double glazed windon both the east and uest
sides of the bulldlng
for added light intensity
and sunmetrtlme ventllatlon.
The
entrance cons lsts of a door on the north side WI th an airlock
for reduced lnf 1 Itrat ion.
The outside of these wlndms are fitted
with insulating
shutters
to
reduce heat loss at night and during cloudy weather.

The building
construction
consists
of wood framing on a concmte block
The
inside
walls
and
cslllng
am insulated with 6" of fiberglass
foundation.
insulation
and iu of styrof-.
The insulation
Is covemd with exterior
plywood
The overall
design of the2bul idfng is
and wood paneling
in sase Instances.
calculated
to give an overai I heat loss value of about 8 BlU/ft /DD, which
includes both conduction
and inflltratlon
losses.
On the north side of the structumI
tiedded
5 feet into tha ground will
be a rock heat storage unit of dlmsnsions 3 feet wide, I6 feet long, and 8 feet
high, insulated
with 9’ of flbcrglass
and styrofm
insulation.
A forced air
circulating
wood stove inside the building
will bc conmcted directly
to the
heat storage unl t and transfers
up to 90,000 6TWhr to the rock.
The system for providing
electricity
consists
of an I800 watt reconditioned
Jacobs wind generator mounted on a j-leg
SO ft. high t-r
sited 25 ft. from ths
The gamrator
produces an output of 40 voi ts DC and
NE corner of the building.
50 amps at a rated wind speed bctwcsn 22 and 27 mph. The stwage system consists
of I2 - 6 volt deep cycle batteries
divided
into 2 sets of 6 each and connected
in paral Iel.
Total capacity
is 360 amp-hr.
A 500 ratt 32 volt WI imom lnverter
1s used to obtain 110 volt AC cicetrlclty
for cperation
of fans, pumps and a snail
The system will
probably be modlflud to dump excess
amount of electric
I lghtlng.
electrlclty
into resistance
heating of water in the building.
Svs tom Opera t ion
The primary hart ing system consists
of direct solar input through the south
Because of waod fmming, the effective
surface ama is
fat ing wlndaw2surfaces.
8b0ut
255 ft. . The typical
heat loss of the structure
over an average day in
January (29 degrees F in Mahwch, New Jersey)
is about i25,ooO BTU.
On a typical
sunny day in January the solar amrgy
collected
through the south
solar wlndcus Is about 360,000 Gl'll. The basic heat storage mcchanlsm consists
of a passfve distributed
system of closed water contalmrs,
the cmnt
block CQIIIposing part of the front and back wai is, and water contained
in algae, fish tanks
These fcatums wii I Illadsratc the large
and storage pond (about 2000 gallons).
solar Input over the midday hours and ailthe coilcctcd
emrgy to be mieased
The amount of ccmcnt block the-1
mass IS
at nlght and during cloudy wcathcr.
about 5000 Ibs. which would stom about 30,000 BTU with the expected temperature
tango.
Dlstributed
water storags of about I50 gallons would provide an additional
watar, the building
should be able to
25,000 6TlJ. Together with the aqurcuitum
mclntaln
itself
without using the auxiliary
heating system over a typical
January
nlght.
The backup heating system consists
of an efficient
wood stove piaccd Inside
the slructurc
connected via closed ducts into a uei I-insulated
I8 ton rock storage
unit placed adjacent to the structure
on the north side.
The rock storage systm
is sited to supply the building
for 2 average January days.
A smsll bier
circulates
the heated air (IS0 degrees F) around the Inside stove jacket and into the rock
8 torage.
This mode of operation
mquires
a charging up of the rock storage over
the coldest months and its recirculation
back into the structure
as needed, dcpcnding
San# advantages of this system is that it
on weather patterns
and temperatures.
allaws the rock storage system to be conveniently
heated over a relatively
short
time.
It also maxlmltes safety since no unattended fire need be used. Wood IS
also a readily
avallabis
mncwablc msource near the site slmc many tress cleared
for other campus buildings
are left in nearby woods.
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Tho vontllrtlon
system for warm weather operation
Is ptlmsrlly
passlvo end
consists
of operable windarn and oast and west sldcs, a slit
opening along ths
enttre
south wall, vents on t!w upper north wall and u scram door opening on
Ths needed ventilation
area was calculated
based on a cmplete
the north side.
air change svory f3mlnutcs or 110 air changes vr hour.
Rased on a structure
d. With a provai I ing
volume of 3375 ft. , a voiu11# f iow of Ii25 ft. /mtn. is nqul
s-r
broom of 2 mph, the outlet
aroo rrps2famd
te bo 21 ft. 9 . Tho north and
east wails hove a total vent area of 36 ft. . inlet area can bo adjusted by
the orst wlnduw openings to msxlmlto velocity
flar within
the building.
Tho
chimney offoct,
provided by vents m tho north side, will also supply oddltlonal
vontllotlon
wlthout any wlnd veioclty.
Even though natural cooling
should suffice
undor most conditions,
undor tho
worst condltlons
(no wind voloclty),
It Is nocossrry
to havo a backup syrtom.
This would consist of hrso smoil fonr lnstailod
at the top of the east l nd wost
Each would noed to exhaust about 600 ft.3/mln.
and wouid
sides of the but Idlng.
be operated off tho wind gonorator-battery
system.
Tho aquacul turo system will consist of a helm ground storage tank which
will hold approxinwtoiy
2000 go1 ions of water.
Tho water wil I be puspod to an
algae production
tank and gravity
food to l bmm ground fish tanks.
The waste
woaor will bo circuiotod
through a biological
filtration
system consisting
of a
series df shoil cultures
and mrgont
vegetation.
In addition
to tlm algae tank
locotod on the mar wol I (north)
of tho structum,
food for tho fish wll I bo
Worto products frora tho f Ish will bo
provldod through an earthworn cultum.
racyclad 06 fort1 I ttor for plants.
Host of tho spoco In the bulidlng
will bo
utli lrod as o groonhouso for productIon
of vogotabios for human conswtlon.
&knowiodmmonts
I om deeply Indebted to tho follawlng
pooplo who hovo contrlbutod
to tho
design l nd construction
over tho pmst two years:
Dr. Richard Grohm, Associate
Professor of Ecology, for project
inltlatlon
and coi laboration;
Mr. Douglas Coonioy
and Dr. Hartln Gmanwald, Assistant
Professor
of industrial
Arts, Hontciair
State
College,
for design work end for toachlng tho Alternotlvo
Enorgy Workshop at
Ramapo College;
Mr. Robert Porno and Hr. John Caraluzzo.
project
coordinators
far tha Alternative
Energy Conter; iir. Danlai Scully,
for h~ip in building
design;
and f lnrl iy, but most importantly,
to tho many studonts who through tholr contributlonr
of tims and effort,
hsvo mdo thls pmjoct
posslbio.
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INTERNALAND EXTERNALSOLARCOLLECTIONAND TRERMAL
STORAGE
FORGREENHOUSE
HEATING
William F. Milburn,
Robert A. Aldrich,
Department of Agricultural

B.E.
P.E,
Engineering

John W. White
Department of Rorticulture
The Pennsylvania State University
ABSTRACT
Standard greenhouse construction materials and methods were used to a88emble an
air heating solar collection
system. Design features are low initial
cost, simplicity
of installation
and operation and high utilization
factor.
Initial
results indicate that the system is Suitable for "in-house" construction,
installation
and operation and that performance is equivalent to comarercially
available systems with approximately two to three times the initial
cost.
OBJECTIVES
The type of solar systems which are currently evolving for use in heating residential and commercial buildings are too costly and in some caees too complex
for use in the greenhouse industry.
to design the solar collection
and
It has been attempted, in this investigation,
storage system8 in such a way that they have a low first Lqst, are more adeptable to greenhouse application
and can be assembled and inbtalled
(from plane)
by people familiar with greenhouse maintenance.
SYSTEMDESCRIPTION
The system used in this investigation
was somewhat different
from one that would
be used in a large commercial greenhouse because of the high ratio of surface
area to ground area and, therefore, heating load per unit flsor area. The external solar collectors,
for example, were sized at 46 percent of the floor area
of the experimental greenhouse. In a 200" x 200' greenhouse, however, only 23
percent of the floor area would need to be the area of the solar collectors
for
a ekuilar anuual contribution
to the heating load. Likewise the heat storage
unit would be proportionally
smaller.
The greenhouse used in this investigation
wae 20' x 20' and was covered with a
premium grade Tedlar* coated corrugated fiberglass.
The sill line was 3" above
grade.
The wall below the sill extended approximately 12 inches below grade
and was cement aSbeSt board bonded to 3/C" polyurethane foam. The inside of
the wall was covered with 2" polystyrene bead board.
The interior
collection
system consisted of a fractional
horsepower forward curved centrifugal
cabinet fan which pulled air from the two ridge area8 of the
greenhouse through clear polyethylene ducts. The layout of the fan and ductwork
can be seen in Figure 2. The air from the fan was discharged directly into the
rock bed for storage or into the inlet of the heating fan if the crop zone thermostat was calling for heat (Figure 4).
*Registered

trademark E. F. DuPont Co., Wilmington,

Delaware.

FIGURE2
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The external collection
system wasoan array of four flat plate air heating collectors inclined at an angle of 58 above the horizontal.
The absorber WBBof
28 ga. sheet steel with integral fins and was covered with an inexpensive high
All framing wa8 of caxWxuction grade lumber and
temperature flat black paint.
all insulation was foil faced polyurethane board. The glazing wa8 flat fiberglaS8. A cross-sectional
view in Figure 3 shows the layout.
The absorber surface was 16 long as most building materials are ava lable in 8' and 16' units.
The materials cost for the collector was about $Z/ft 4 ($21.50/m2).
Figures 1 and 2 show the collector array and interior
of the greenhouse.
All ductwork which supplied air to the collectors was insulated with 2” polystyrene bead board and a ductwork connecting the collector outlet with the
greenhouse was insulated with 4’ polystyrene bead board. Each collector had a
forward curved-centrifugal
fan which was mounted to draw through the collector.
The air was discharged into the duct leading to the rock bed and was either
directed through the rock bed for storage or into the inlet of the hearing fan
when the crop zone thermostat was calling for heat (Figure 4).
The heat from the two collection
systems was stored in a rock bed 4.73m (15'-6")
long and 0.48m (19') deep. It was divided into two sections.
The internal system section was 1.6m (5’93”) wide and the external system section 2.12~1 (lo’-3’)
wide. The material used in the rock bed was 4 cm (lv) crushed limestone.
The
approximate mass of rock was 10,500kg (23,300 lb) for the external system and
5,800kg (12,800 lb) for the internal eyatem. The specific heat of limestone is
about 9.085E02 J/kg-K (0.217 Btu/lb-OF).
The rocks rested directly
on the 8011
and were separated from it by a polyethylene vapor barrier.
The top and two
Side8 of the rock bed were enclosed with an interior
layer of polyethylene and
a covering of plywood. There wae no ineulation.
The air plenum spaces at: either
end of the rock bed were formed by the sidewall of the greenhouse, described
previously,
the soil, covered with a vapor barrier,
and J” of polyetyrone bead
board and an uninsulated plywood top.
RADIATION
incident
solar radiation was measured with Moll-Gorceynaki type precision
thermocouple pyranometers manufactured by Kipp and Sons. Insolation was measured
at the collector face with the pyranometez in the plane of the collector and inside the greenhouse with the pyranometer horizontal and in a relatively
unshaded
location.
The assumption was made that the horizontal floor area of the greenhouse would be considered the collection
area for the internal eystem. Total
direct insolation on a horizontal ourfaco wae also recorded. The valuee of Incident versus collected and stored energy totalized over the applicable areas
are shown in Figure 5. Although it ia notshowngrophically
here, it ie of inper unit firea incident on the external colterest to note that the insolation
lector surface and incident on the horizontal in the greenhou8e were normally
within 10 percent of each other for the month of May and both values were approximately 75 percent of the total direct insolation
on a horizontal surface.
All

EXPERIMENTAL
PROCEDURR
The temperature measurements were made with copper-constantan thermocouples.
In the rock bed, these were located as shown by the data points on the horizontal scale of Figure 6 and at the vertical midpoint of the rock bed.
The crop zone temperature and control thermostats were located in an aspirated
chamber. Collector leaving air temperatures were actually the entering air
temperature8 of the respective rock storage bed of the two systems. The energy
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which was both collected and stored was used for the system analysis.
Subsystem efficiencies
are not within the scope of this paper, however, they were
measured. The running times of the various fans were obtained with an operations recorde- (Figure 6). Measurements were made on a continuous basis over
the time reported.
The system was operated on a fully automatic basis. The two collection systems
were controlled by differential
thermostats .* The temperature at the cold side
of the respective rock storage bed was compared against plate temperature on
the external system an4 ridge air temperature on the internal system. The heating fan was controlled by a two stage heating thermostat mounted in the aspirated chamber. The set point temperature was 20°C (68'F) with a 2'C (3'F) differential between stages. The stage one heating mode used heat form the internal
collection
storage bed since it was normally the cooler of the two beds. The
stage two heating mode used heat from the external collection storage bed since
it was the warmer of the two beds and could handle a large heating load.
DISCUSSION
The system was put into operation on May 7, 1977 and operated through the entire
period of May 8, 1977, however, data was not taken for the first half of the 24

hour period., The data appearing in Table 1 for total energy collected and stored
This data is equivalent to the
assumes a 20 C (68'F) initial
bed temperature.
sum of lines two and three for the other three days. The operations of the systems appear to be somewhat variable over the three days May 27, May 28, and May
29, however, on closer examination the performance can be easily identified.
The aum of lines two and three in Tahle 1 given the total amount of energy stored
at the end of the day, For all three days, rho incident radiation on the externsl collectors
was 3.1E68 J and the final energy stored was I.%08 J representing
A possible operating efficiency
of about 49 percent. The amount of heat retained
in the rock bed simply reduced the apparent efficiency.
The energy remaining in
the rock bed in the morning was due, in part, to the unseasonably mild Weather at
the time. Another factor which contributed to this type of performance was the
performance of both collection
systems on crop zone for inlet conditions.
The
external
collectors
would benefit greatly here from a direct connection of the
rock bed to the collector
Cooler weather, of course, would have assured
ibnlet.
a continuous profile
of 20 C through the rock storage.
A constant airflow rate of 0.57 m3(s (1200 cfm) was used through the external
collector array and 0.13 m3/s (275 cfm) was pulled through the bWwnal collection system. Thie would undoubtedly be a contributing
factor In the overall
seasonal operating efficiency
of the system. It has been found in previous investigations
and simulations (1.3) that this airflow rate will yield a high collection
efficiency
and low final temperature.
It was selected because the low
outlet temperature is necessary in a greenhouse heating system and the high collection efficiency
is, cf course, very desirable.
The performance of the rock bed seemed to be very good in relation to the colThe collected energy corresponded reasonably well to the stored
lection
system.
energy from data taken on the individual
components. Some heating at the outlet
side of the bed occurred during the heating processes. This is normal and reThis would probably
presents a good utilizaticn
of the storage capacity.
fluctuate with velocity of air through the bed. Tile gross face velocity of the
air entering
This velocity is somewhat high
the bed was 0.37 m/s (72 ftimin).
but due to rock storage bed size limitations
and the selected collector air flow
*Manufactured by Rho Sigma, Inc.,

Torrence,

53

California

which wa8 both collected and stored was used for the 8ystem analysis.
Subsystem efficiencies
are not within the scope of this paper, however, they were
measured. The running times of the various fans were obtained with sn operations recorde? (Figure 6). Measurements were made on a continuous basis over
the time reported. ..'
The system was operated on a fully automatic basis. The two collection systems
were controlled by differential
thermostats .* The temperature at the cold side
of the respective rock storage bed was compared against plate temperature on
the external system anz) ridge air temperature on the internal system. The heating fan was controlled by a two stage heating thermostat mounted in the aspirated chamber. The set point temperature was 20°C (68’F) with a 2OC (SOP) differential between stages. The stage one heating mode used heat form the internal
collection
storage bed since it was normally the cooler of the two beds. The
stage two heating mode used heat from the external collection storage bed since
it wa8 the warmer of the two beds and could handle a large heating load.
DISCUSSION
The syvstemwas put into operation on May 7, 1977 and operated through the entire
period of May 8, 1977, however, data was not taken for the first half of the 24
hour period., The $ata appearing in Table 1 for total energy collected and stored
This date is equivalent to the
arssumesa 20 C (68 F) initial
bed temperature.
sum of lines two and three for the other three days. The operations of the systems appear to be eomewhat variable over the three days May 27, May 28, and May
29, however, on closer examination the performance can be easily identified.
The aum of lines two and three in Table 1 given the total amount ok energy stored
at the end of the day. Fur all three days, the incident radiation on the externsl collectors was 3.1EOg J and the final energy stored was 1. SE08 J representing
A possible operating efficiency
of about 49 percent. The amount of heat reta&ned
in the rock bed simply reduced the apparent efficiency.
The energy remaining in
the rock bed in the morning was due, in part, to the uneeaeonably mild vesther at
the time. Another factor which contributed to thie type of performance wae the
performance of both collection
systems on crop zone for Inlet conditions.
The
external collectors would benefit greatly here from a direct connection of the
rock bed to the collector P ln_t. Cooler weather, of course, would have assured
a continuous profile of 20 C through the rock storage.
A con8tant airflow rate of 0.57 ma/s (1200 cfm) ua8 used through the external
collector array and 0.13 m3/s (275 cfm) was pulled through the internal collection 8y8tRm. This would undoubtedly be a contributing
factor in ths overall
eeaeonal operating efficiency
of the eyetcm. It ha8 been found in prevfous Investigations
and aimulatians (1.3) that this airflow rate will yield a high collectbn efficiency
and low final temperature.
Xt was selected because the low
outlet temperature i8 necessary in a greenhouse heating system and the high collection efficiency
is, cf course, very desirable.
The performance of the rock bed seemed to be very good in relation to the collection system. The collected energy corresponded reasonably well to the 8tored
energy from data taken on the individual
components. Some heating at the outlet
side of the bed occurred during the heating processes. This is normal and represents a good utilization
of the storage capacity.
This would probably
fluctuate with velocity of air through the bed. Tile gross face velocity of the
air entering
This velocity is somewhat high
the bed was 0.37 m/s (72 ftimin).
but due to rock storage bed size limitations
and the selected collector air flow
*Manufactured by Rho Sigma, Inc.,

Torrence,
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rate, the decie?.cmwPsmade to operate the system with this higher velocity.
The unusual temperature profile occuring in the middle of the rock bed in the
direction of air flow (Figure 7) occurred regularly in the rock storage bed of
both the internal and external systems. Channeling of the air above the rocks
is a probable explanation.
Removal of the cover from the storage bed revealed
some localized settling of the rocks to a depth which could have initiated
air
channeling.
The rocks have been sealed on top with a thin layer of concrete to
prevent the possibility
of any air channeling in the future.

CONCLUSIONS
The use of standard greenhouse construction materials and methods to assemble
an air heating solar collection
system has produced a eystem whichappearsto
deliver a performance equal to coarnercially available systems for roughly one
third
one half the cost of an equivalent ccPmnercis1 system. Since the initlal
performance tests of this syetem have been succeaaful, refinement will be
made in an attempt to increase operating efficiency
and improve cost effectiveness.
Annual operating data will be collected in order to verify performance
predictions for other seasons of the year. It is felt that a system design such
ae this would have a very attractive
payback period because of the low initial
cost, simplicity
of installation
and operation and because of the high utilization factor resulting from the small relative
size.

to
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ABSTRACT
Passive solar heating can he acconplished in
a cost effective
manner by attaching
a thermally efficient
greenhouse to the structure
requiring
heat.
This paper presents the results
of a monitoring study done on such a greenhouse
in Hinesburg, Vermont.
In this study, the
greenhouse was used to heat part of a home.
Simulation data is also presented which indicates design improvements required for
structures
to be thermally productive
as well
Calculations
are also
as self-sufficient.
presented which indicate potential
savings in
home heating possible with attached greennouses
located in 12 U.S. cities.

INTROOUCTION
Greenhouses have been used for decades to provide out of season flowers and vegetables to
Rising fuel costs have
a consuming public.
made their future existelce
questionable
In
1ightofaworldwlde
transportation
network
which allows for crop production under ideal
conditions
far from the consumer. On the
other hand, fuel costs contribute
to the
cost of field grown vegetables in the form
It can
of spiralling
transportation
costs.
be argued that those transportation
&costs will
escalate faster than the fuel costs to heat
locally
sponsored greenhouses if those greenhouses are designed to be thermally efficient.
Solar heating has been sold to the pub!ic as
a nek, technology loaded with promise as well
as complication.
They have been told repertedly of the need for stuep roofs covered with
lar e storage masses
expcnrive collectors,
which fill
basements and 0 10,000 installatfon
They have not been educated in the
bills.
basics, even though n simple collector,
i.e.,
a window, is a common part of their lives.
Complication and exper6o have had serious
negative impacts on tht market acceptability.
Passive solar heating systems incorporating
control technology can provide the market
acceptability
required to give solar heating
a signiticant
impact in the National Energy
Program. Passive systems in cormnercial as
well as residential
greenhouses promise

even greater

inprcts.

Various designs already exist for solar greenhouses, i.e..
those greenhouses optkally
designed for Mximum solar energy tranrmfstion,
absorption,
and storage.
Host rely on south
facing transparent
surfaces which are angled
in such a way to be as close to perpendicular
to the noon midwinter sun as posslble.
North
walls are usually insulated.
All
rely on
systems uf thermal storage to minimize
interior
temperature fluctuatSons
and to optiPreliminary
studies by
mize plant growth.
Lawand et al (I), Yanda (2). Kusanovich (3).
and Nash (4). have established
the feasibility
of thermally self-sufficient
greenhouses using
passlvc energy storage systems. This paper
reports on the monitoring of a prototype greenhouse located In northern Vermont and used to
studies arc also
hedt a home. Simulation
presented here to support the authors'
contention that similar
structures
can provide
cost effective
solar space heating at a low
It has also been found that
capital
expense.
consumer acceptance and desire for solar heating
is substantially
increased because such multipurpose structures,
I.e.,
greenhouse-solariumpassive solar heaters, can provide solar heatfng
as well as additional
living
space, home equity,
and potentially,
food.
Although this particular
structure
was designed
primarily
as a passfvc solar heating system for
retrofit
and new homeconstruction,
the strong
posslbfli+q
cxlsts that optimized greenhouse
design, new methods of passlvc thcrmml stora eI
contputcrlred control and new rcfractlvc
glaa 3ng
materials could rejuvenate a struggling
comnerda1 greenhouse industry.
THE HINESBURG.VERMONTSOLARGREENHOUSE
Greenhouses can be divided into three major
The first
two (Figure lA, 1B) are
classes.
designs with all surfaces transclassic
mitting
solar radiation.
Depending on climate
and cloud cover, they may be oriented on an
east-west or north-south
axis.
Both designs
are subject ro high rates of heat loss during
colder months as uell as over heating in warm

They were designed and exlst
ronths.
because of low fuel costs.
For the twentyfirst
day of February-in
northern Vermont
44.5 W lat.),
assuming clear sky, a -18 C
I 0-F) outside temperature and a 13% (55'F)
inside temperature,
the heat loss calculated
over twenty-four
hours for the single glazed,
2.4 x 3.741 (8' x 12') design (Figure 1A) will
approxjmate 163 kW-hrs. The solar gain after
reflection
and absorption ~111 approach
48 kW-hrs. The net loss over 24 hours will
approximate 115 kW-hrs. Adding an additional
layer of rigid glazing can reduce the net
heat loss to 21 kW-hrs. (infiltration
losses
included In calculation)
(Figure 18).

The controls for this greenhouse consist30f
one dfff$rentSal
themstat
and two 204x1 /hr
(7200 ft /hr) room-to-room fans.
One fan is
installed
at ceiling
height and blows warm
air from the solar room into the house. The
second is installed
at floor level and pulls
cool house air into the solar room for heating
and return to the house. The differential
thennostat continuously
senses the solar room
temperature against the house temperature.
As soon as the temperature of the solar room
exceeds the house by 2.5.C. heat is punped
into the house and therefore reduces fuel
consurngtion.
If the house Is wamwr or within 1.7-C of the greenhouse, then the fans
remain off.
By using this control mthod,
radical highs have been avofded and surplus
heat supplied throughout the winter.

The third class of greenhouse holds the must
promise for homeowners as well as large
commercial applications.
Figure 1C illustrates one design typical
of this class and
illustrates
the greenhouse built as a prototype, nmnitored and simulated in this paper
(Table 1). For the same day used in comparison to the greenhouses in Figures 1A and
18, the total heat balance calculated
over
twenty-four
hours will approach a positive
gain of 14 kW-hrs.

RESULTSOF HDNITORICG
The greenhouse has been monitored continuously
since November, 1976. Data collected
has
Included day, tilr.
highs and lows of both
the interior
and outside a&lent
tcsperatures,
running time on the fans, precipitation
and
continuous recording of the interior
air
temperatures of the gmenhouse prior to ejection into the house. Data for February and
#rch Is presented inFigum2.
It is signfficant
to note that tha daily gmenhousr
low temperaturns never fluctuatb m-8 thrn I
few degrees above and below13'G (55'F) even
though the gmenhouse is scaled and lnsulrted
from the house and subject to frigid
nlghttime temperaturns.
The contjnuous mcordlng
curves am pmsently being Integrated and
actual heat dellvery
rates should be wailable shortly.
Pyranoxwter recordings will
be taken on a second and lrrgcr prototype
being constructed.

As detailed
in Table 1, the Hlnesburg solar
of
greenhousg is attached to an older !r
some 167m (I800 ft ) floor arcs.
express purpose for its design is to produce
supplemental heat for the house. A typical
greenhouse contains so much transparent
surface that winter heating becomes a major
problem,
To achieve a low heat loss, twO
techniques have been used. All transparent
walls (windows) have been double glazed to
cut losses by a minimum of 50%. The north
wall, north roof, and half of the east and
west walls are insulated.
The ixxnediate
effect is to cut the heat loss of the solar
room-greenhouse by 80% compared to single
glazed and 48% campared to double gTared
plastic greenhouses of similar
size.
The
net effect Is that when you combine Insulation
with good optics, you create a systgm which
prorluces more heat than it consumes. As a
greenhouse, it becomes practically
self-supporting and as an attached passive solar
heater, It becomes an efficient
and inexpensive means of providing
solar heating to
the rest of the house.

SIRULATIOR RUNS FOR AN ATTACHEDSOLARCREENHOUSE
Perhaps tae aost useful application
of a si*
ulation model is examining design variables.
By far the most sensitive
vrrlable
proved to
be the maln house hart load coefflcisnt,
which
determines how much solar heat Is useful befom
Decmasln
t* coefficient
overheating ocgurs.
from 12.9 x 10 J/H&
(662 BTUBHFF) to
3.8 x 10 J/Hr% (200 BTU/Hr F) decreased the
net solar gain from 1307 kW-hr to 96 kW-hr.
If a heat load coefficient
of 200 reflects
the load for the house, tt would be senseless
to increase heat load in order to increase tM
efficiency
of the greenhouse,
Instead;one
would try to increase the thermal storage and
thermal storage transfer
rates in the deslgn
and perhaps encourage thebuilding'sinhabitants
to tolerate moderately high temperatures
before venting off access air.
Since the solar
room design is meant primarily
as an addition
to an existing
strwcture,
jt should be poCntcd
out that the investment would be aOst worthwhile for large, open buildings.

In most greenhouses, excess heat is vented
to the outside and lost.
In the Hinesburg
greenhouse, heat is conserved via thermal
IMSS.
Four drums provide the containers
for
787.4 liters
(205 gallons)
of water.
This
volume has been demonstrated by Michel (5)
and by our results(Figure
2) to provide
adequate thermal mass to avoid erratic
temperature fluctuations.
Correct siring
of
thermal mass is a function of solar aperture
and the heat loss coefficient
of the greenhouse. Ftr this case 787.4 liter;%
rovide
3.70 x 10 J/m 9.C (18.09 8TU/Ft'*F ! heat
capacity.
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The effects of metlcuTous construction
details
which mlnlmlze heat losses from the greenhouse
were also examined. Cutting infiltration3
(1176 cu. ft.) to 46m (500 ft )
from 109111~
and better insulation
will decreaee the
heat loss coefficient
from 1589 X-10 J/hr.-C
99.3 8TU/Hr.?) to 1.52 X 10 J/hr*C
Cutting losses by that amount
I 80 8Tli/WrzF).
increases the annual net solar gain from
1307 to 2158 kW-hr (Figure 3).

(6)
(7)

The heat load coefficient
of the house is
critical
in determfnfng the net useable
energy gain from the greenhouse.
Reducing the net loss out of the greenhouse via night shutters can have a
significant
impact on the net yearly solar
gain produced by the greenhouse.
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Table 1
CHARACTERISTICSOF CLIMATE AND CREENHDUSE
Glazing
zontal,

CONCLUSIONS
This paper illustrates
,how passlvt solar heating
can be accomplished in a cost effective
manner.
Although the monitoring and sfhulatlon
programs
art by no means complete, several conclusions
tan be suggested,
(1) Solar heating systems need not be expensive
to be sfgniffcant,
(2) Solar retrofits
art possible with passive
solar greenhouse systems.
(3) Greenhouses do not of necessity have to be
energy wasteful but designs must be
subject to strigent
controls around
lowering heat loss while maintaining
insolation
levels.
(4) Modest solar greenhouses can be used to
heat homes.
(5) Monitoring data has shown that thermal
storage subsystemfi can stabillzt
maximum
andmlnimum Interior
temperatures even
wlrun subjcctcd to variable outdoor ttmptratures
and increasing
monthly (Feb. March) average temperatures.

-- South fate only, 60 tilt
to2hori;
U = 9038J/m- hr?C (O.SSBTU/ft -hr.

F)

U=

Heat loss coefficient
for greenhouse m
1.48 x lo$l/ . hr%
(77.78TU/ . hr.*F)
Thermal stora e = 4 barrels (black
787.4 liters
9 208 gallons o$ water
Air flow rate of fan = 2D4m /hr (7200ft3/hr).
local climate, degree days = 7865
Percent possible sunshine:
October - 43. NOVember - 26, December - 25, January - 34. February - 44. Rrch - 48, Yearly average - 51.
latitude
= 44.5 N
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Table 2
FUEL REDUCTIONCONTRIBUTEDBY AN ATTACHEDSOLARGREENHDUSE
l **
65 Degree
Base
New York, NY
::;:
Boston, MA
7865
Burlinqton,
VT
Philadelphia,
PA 5251
4654
Baltimore,
MD
6155
Chicago, 11
Springfield,
IL
4561
Milwaukee, WI
7205
6283
Denver, CO
5597
Dayton, OH
4870
Cincinnati,
OH
Ou3uth MN
10000
+
l *

***
l +**

Solar Heat Produced
by Greenhouse*
(kW-hns)

Heat loss of
Greenhouse
(kW-hrs)

5652
5592
4476
5452

E
2931
1548
1414

1:;x
5754
5965
7897
4803
5003
6809

%i
2735

Ratio of Heat
Gain to
Heat Loss

Fuel**
Reduction
W

w

3:X

32.1
28.5

324.85
227.90
77.25

::3

32
43:5

19.8

206.91
156.58
130.36

37.0
19.2

125.97

::*:
32:1
12.2

224.24
99.40
124.00
s---m

l: f

1996

X:f
4.0

2042
1356
3968

i::
1.7

Energy avaiaable after transmission
and reflection
losses subtracted
Based on 55 nighttime setback and materials as described in Table 1
Dwelling is assumed to use 2.33 kW-hrs. per degree day (base 65). This quantity
Is typical
of an average U.S. home.
Value of energy Is based on available
electrical
costs during January, 1976.
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ABSTRACT
One of the major design problems associated
with passive solar architecture
is a lack of close temperature
control
within
the conditioned
space.
Although passive designs are often simpler and more cost effective
than active
systems, any lack of control
effects
their
thermal efficiency
as well as
Hybrid systems containing
both the passive coltheir market acceptance.
control
of active
lector
- storage subsystems as well as the close electronic
systems offer marked advantages
over either
alone.
Early work by Lawand (1)
and latter
studies by Gillett
(2) have established
the solar greenhouse as
Further work by Taff, Holdridge
and
an effective
hybrid passive system.
White (3) discussed
the design parameters
of a solar greenhouse used to heat
show that the very act of adding close control
ena home. This paper will
hances the climate reliability
of the structure
and allows the designer/
builder
the obvious advantage
of predicting,
within
fair limits,
future
performance,
I

RESULTS AND DISCUSSION
In a previous
paper (3) the results
of a monitoring
program on a solar
greenhouse used to heat a home were reported.
The structure
included
96 ft.2
of double glazed (u=O.45) window-wall,
thermal storage (18.1 BTU/ft.z
aperture x OF), and two differentially
controlled
fans delivering
120 ft.3
per
minute of exchange air to the house.
A linear
regression
analysis
by month of the maximum and minimum daily
ambient as well as daily greenhouse
temperatures
yielded
extremely
interAs expected
the ambient regressions
maintained
similar
esting results.
positive
slopes as summer approached
(Figures
1 and 2).
March was warmer
than normal in Vermont, hence the regression
line for the minimum March
with reasonable
limits
temperature
is higher than normal, but still
The interesting
features
of this data come after examining the daily greenhouse minimum and maximum temperature
regressions
and the relationship
of
the ambient regressions
to the greenhouse
regressions
as a whole.
The
increased
by month (Figure 2), but at a
greenhouse minimum temperatures
Additional
data has shown that this rate
slow rate (5OF over 90 days).
is stable only up to the point where the ambient minimum and greenhouse
minimum regression
lines cross. At this intersection,
control
of the greenhouse minimums become a function
of the increasing
ambient temperature.
The stability
of the greenhouse
minimum temperature
prior
to intersection
is predictable
and a function
of thermal storage size within
the structure.
Figure 2 illustrates
the daily maximum greenhouse regression
by month.
The April
analysis
produced a line with a negative slope indicating
that
the average maximum temperature
during April was actually
decreasing.
1) geometry
Such a negative
slope can only be caused by two factors:
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front
surface reflection
losses.
And, only if close electronic
fan control
is exercked
over the interior
space temperature,would
you ever
Without the differentially
controlled
expect to see such a negative
slope.
fan the regression
for April would remain positive
because of trapped,
stagThe greenhouse would begin to overheat,without
ever fulfilling
nant air.
its potential
to produce energy for a home still
requiring
heat in April
to
Overheating
or decreased air flow out of the greenhouse
maintain comfort.
has the same effect
as running an active collector
system without
adequate
decreased cost-effectiveness,
higher maintenance.
coolant
-- lost efficiency,
The same logic can be applied
to an unaided Trombe wall with inadequate
flow,
Close control
of the coolant
flow i.e. differential
control
of the fans in
this case, determines
the average maximum greenhouse temperature
and ultimate solar collection
efficiency
of the structure
in the same way the average
minimum greenhouse tempera,ture
is controlled
by the radiating
area and size
of the thermal mass.
Under ideal conditions,
quate, the temperature
greenhouse temperatures
be identical.

when storage is properly
sized and the air flow
differences
by month between the maximum ambient
and minimum ambient and greenhouse temperatures

adeand
should

difference
beUsing Figures 1 and 2 as an example, the average temperature
tween the greenhouse minimum temperature
and the ambient temperature
for
February is 45 degrees F. (Figure 2) You would predict
that for the same
month the average maximum greenhouse temperature
would be 45 degrees warmer
Comparing the listed
differences
in
than the ambient maximum temperature.
Figures 1 and 2 shows this hypothesis
appears correct,
When the differences
alone are compared by month in graphic form, they form a straight
line (Figure 3) indicating
a potential
average temperature
difference
between the
greenhouse and ambient temperatures
for January of 60+ degrees and only a
2+ degree difference
for June (i.e.
essentially
turned off).
The line
(Hybrid-Delta
Line) generated
in Figure 3 describes
the average temperature
by month for any passive-hybrid
structure
built
under similar
standards and
climatic
conditions.
Its importance
lies in the fact that given any average
monthly temperature
and correcting
for local climatic
conditions
and building
variables,
any engineer can predict
not only the collectorefficiency
but
also the ultimate
temperature
within
the conditioned
space.
Climate,
thermal
are all design variables
which must be included
if
mass aperture,
etc.,
Hybrid-Delta
Lines (Figure 3) are to be useful.
Their ultimate
utility,
however, rests in their
simplicity
as a design tool,
enabling
accurate
sizing of hybrid-passive
architecture
from homes to high schools.
1.

Lawand et al, "The Development and Testing
of an Enviromentally
Designed
Greenhouse for Colder Regionsr'" US, Sectjon
ISES Meeting,
August 219

23, 1974.

2.

Gillett,*
et al, "Solar Greenhouses,"
NESEA Conference,
July. 1976.

3.

Taff et al, 'Hybrid Passive Systems 1,"
NESEA Conference,
September 1977.
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ACOMPARATIVESTtJDYBETWEEWTHE
THERM&LBFFrc1Bt4cY
OF WINDOW-WALLAWDACTIVECOLLETO
R SYSTEMS
D. C. TAWF
Parallax, Inc.
Hinesburg, V.T.

R. B. Holdridge
Parallax, Inc.

A.

Hinesburg,

Hanover,

V.T.

0. Converse
Dartmouth college
N.H.

Solar collection
via windows is of cour88 a simple and inexpensive means
of heating a living space or volume directly.
However, the efficiency
of this
collection
process has been largely overlooked in response to the development
of sepminqly more efficient
active collector/solar
panel systems. Storage has
always been recognized 45 a necessary component of any active or passiva solar
heating system although the match of a direct gain, volume collection
system,
storage
(i.e. window-wall direct to living space) to a low temperature the-1
system has been largely ignored as inefficient.
Direct gain systems are usually flawed by their
ovorhesat at
inappropriate
times, although this can be controlled by -81 sidng.
Conversely,
active systems are flawed by high capl.tal as well as life-cycle
costs.
It is the purpose of this paperto examine the yearly solar collect&on
cfficioncies
and capacities of window-wall systems and to compare capacitfcs to
active collector
systems which have been intensely
lnonitored by a team at
Dartmouth Collage.
Durlington,
Vermont is located at 4S"N latitude and winters are charactcri8ticnlly
cold (I3000 degree days) and cloudy (249 sun in Dacember).
Active
ayatama
not generally cost-effective
in thi5 climate becnuaa of the therm51
dolivery problems of cellactors
operating under high temperature difforencoe,
capital cost for
bwxuae of high maintenance costs , and because the high fast
the collectors
dictate a high fixed cost for any solar input delivered to space
Window5 operateat a much lower thermal diffcrcncc
during daylight
to be heated.
hours althoughnighttimeheat
losses must be controlled if they are to act as
In addition, window-walls are only moderately expensive,
“effective”
collectors.
Active 5yStCmS
inherently
long lived, and subject to low maintenance costs.

tendency
to

are

installed
life-cycle

of 4S"N latitude
cost problems directly
related

in

areas

north
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consistantly
demonstrate design and
to cold and cloudy climates.
It is

I

therefore

extremely

efficiencies

of typical

both

systems

Burlington,

for

Each system

presented

cfficicncics,

layczs

glaziltq

detail,

tilt

a double

drape

will

cost.

2)

doublo
arc
t!xr?c

as above,

same system

was shown

aro $14.64
clvt=ric

Kcol)
h<‘ilt

)

the

are

idea that

usr?ful

life

cost

target

this

of

competitive

cities

solar

along

has been

that

increased

by adding

ignored.

the

but at a lower

heat pumps.

collector
heat

are barely

(Maintannnce
night

is

and almost
Vermont

compctitvc

with

factor&

into

not

draped and optimized

prices.

If

cycle

for

during

their

cost of a window-wall

even more inviting.

in the complete

table

will

of the United

tier

Canada.
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system
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chart
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PRELIMINARY REPORT ON A
FREE STANDING
SOLAR GREENHOUSEIN WESTERNMASSACHUSETTS
Center

for

Ned Nisson,
Ecological
Technology

The free-standing
solar greenhouse described
in this paper was
built during the winter of 1976-1977 to test theapplicability
of a
passive solar heated greenhouse for single family vegetable production
The greenhouse was designed and built by
in western Massachusetts.
Center for Ecological
Technology,
Pittsfield,
Massachusetts and donated
to the Berkshire
Garden Center, Stockbridge,
Massachusetts.

SITE CONSIDERATIONSAND CLIMATE
Stockbridge
lies in the Berkshire
hills
in western Massachusetts.
The average winter temperature
(October 1 - June 1) is 35.4O F. and the
average winter has 7600 degree days.
In the Berkshires,
two factors
which make passive solar design very exacting are clouds and mountains.
With only 45% possible sunshine,
one can only tolerate
a limited
amount
of solar obstruction
by mountains or trees at a potential
building
site
before it becomes futile
to install
the large glazing areas necessary for
passive solar design.
The site chosen for this greenhouse is a flat field with a clear
view to the East, a few deciduous trees reaching up to about 30° altitude
in the South, and a small wooded hill to the West. Since the eastern
was pointed
thirteen
exposure offered more potential
sun, the structure
degrees east of true South.
DESIGN CONSIDERATIONS (see Figure

1)

In order to prevent over-heating
during late spring and early fall,
the north roof was designed to shade the water storage from direct sunlight from mid-April
to September.
Calculations
show that the slope of the front roof can vary up to
25O without
significantly
affecting
solar transmission.
We used a slope
of 45' because it fell within
the optimum range and because it conformed
well to available
lumber dimensions.
The short knee wall was designed to take advantage of reflected
radiation
from the flat field
to the South.

7Q

COST
The cost for materials
was about $2000.
Labor was volunteer.
estimate that the commercial cost of this type of structure
should
about $15 to $20 per square foot.

We
run

CONSTRUCTION
Foundation
The original
design called for a frost wall with perimeter
insulation
extending four feet down the outside of the wall.
Due to the extremely
high water table at the site (18"), the design was changed to a post
$n;a;;yn,
using pressure treated posts.
The overall
dimensions are
.
Framing
The frame was built
using full dimension 2" x 8" lumber for the wall
studs and roof rafters.
Both studs and rafters
were placed 24" on center.
The original
design called for planting
directly
in the existing
ground.
Due to the foundation
change, the soil beds were raised 6" off the ground
onto a plywood floor supported by 2" x 4" floor joists.
Insulation
was
placed under this floor as described below.
Insulation
The floor is insu lated with 3" of ureaformaldehyde
foam laid over a
sheet of 6 mil polyethy lene which was laid directly
on the ground and
stapled up onto the inside walls of the structure
to form an air and water
tight seal.
The walls are insulated
with 8" of ureafonnaldehyde
foam. A 6 mil
polyethylene
sheet was applied to the inside wall as a vapor barrier.
After the foam dried, we noticed considerable
shrinkage around all the
edges between the studs.
The polyethylene
was removed and the cracks
were stuffed with fiberglass.
A new sheet of polyethylene
was then applied
to the walls.
The north roof was insulated
in the same manner'ss the walls.
Glazing

‘.

A double layer of Kalwall 0.040" Premium "Sunlita"
fiberglass
was
applied to the south slope, south knee wall, and two small side panels
on the east and west walls.
The 49%" wide sheets were applied lengthwise along the rafters
and were sealed with rope caulk between each layer.
The two layers of glazing were held apart using l+$' wood spacers.
The
glazing assembly, consisting
of two layers of fiberglass,
1%" spacer, and
top batten,
was bolted down to the rafters
using lag bolts.
The holes in
the fiberglass
were oversized
to allow for thermal expansion and contraction.

This attempt to prevent buckling by allowing
for thermal expansion was
contradictory
to the need for tightening
down the assembly to minimize
Despite this apparent problem, buckling was very
air infiltration.
minimal during the hot Sumner months.
Floor

and soil

be&

Floor construction
consisted
of the following:
(1) a layer of 6
mil polyethylene
laid on existing
gravel;
(2) 3" of ureaformaldehyde
foam insulation;
(3) 2" x 4" floor joists,
supported by the sill at the
ends and by cement blocks in the center;
(4) &" plywood floor,
sloping
toward the central
path for water drainage;
(5) polyethylene
lining
in
the soil boxes; (6) 3" of crushed stone in the soil boxes; (7) 12" of
top soil.
The floor section along the north wall is heavily reinforced
to support the water tanks.
Doors and vents
There is one door, one sliding
vent, and one "pop-out"
vent.
The
door Is 6" thick with a beveled closing edge and is filled
with ureaformalsliding
vent on the east wall is used for
dehyde foam. The adjustable
winter ventilation
on sunny days.
It has a maximum opening of 3.6 square
feet and is manually operated.
The "pop-out"
vent in the west wall is
used only for summer ventilation.
There are no peak vents.
The interior
surfaces are finished
with rough cut pine on the east
and west walls and aluminum builder's
foil on the north roof and north
wall.
The bu!lder's
foil was used to reflect
sunlight
down onto the
barrels and onto the soil beds.
It was not intended to act as thermal
Insulation
since the surface would probably not Wain
sufficient
reflectivity
to reflect
long wave infrared
radiation.
The outside of the building
is sheathed with Q" plywood and sided
with rough cut board and batten.
All structural
seallis were originally
caulked with latex caulk.
After three weeks, we noticed considerable
degradation
of the caulk, so it was removed from most seams and replaced
with silicone
caulk.
THERMAL STORAGE
The main thermal storage consists of eleven black 55 gallon drums
filled
with water and stacked two high along the north wall.
This
supplies a storage capacity
of 5046 BTU/OF. The other storage companent
is the soil beds. Using a specific
heat value of 0.33 Btu/lb-oF
and a
density of 100 lbs/ft3,
the total heat storage capacity of the soil beds
is 5049 Btu/OF.
This estimate requires
some qualifications:
(1) The
heat capacity
and conductivity
of soil will vary considerably
with
moisture content.
For example, the specific
heat of an average loam
soil with a moisture content of 20% is 0.33 Btu/lb-OF,
compared with
0.20 Btu/lb-OF
for dry soil;
(2) The depth to which thermal exchange
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takes place over a diurnal
cycle is variable.
For example, due to the
increased conductivity,
moist soil will
undergo thermal exchange to a
Last winter we measured soil temperatures
greater depth than dry soil.
at 3" and 6" depths and found significant
diurnal
temperature
fluctuaThis winter we will monitor at 9" and 12" also.
tions at the 6" depth.
The value given above for total thermal storage of the soil (5049 Btu/oF)
assumes 20% moisture content with heat exchange to a depth of 12".
For
practical
purposes, we are assuming a total
storage capacity
of half that
amount or 2525 Btu/OF.

MONITORING
The monitqring
system was put in place
and March and consisted
of the following:

gradually

during

February

1. A YSI Model 67 pyranometer placed inside the greenhouse on
top of the barrels at the center of the north wall.
The probe was
mounted to measure insolation
on a vertical
surface.
2. A Taylor recording
thermometer measuring indoor air temperature at plant canopy level.
with thermistor
probe measuring water
3. A YSI telethermometer
temperature
in the barrels.
Soil thermometers measuring soil temperatures
at 3" and 6"
depths4in the front and rear sections of the growing beds.
5. A series of thermometers measuring inside air temperatures
at heights of 6'$ Z', 4'. and 6' above the soil level.
6. A U.S. Weather Service maximum-minimum thermometer measuring outdoor air temperatures.
7. A Taylor humidity
instrument.
8. A 24-hour clock wired in parallel
to the electric
backup
heater to monitor elapsed heater operation
time.
THERMAL PERFORMANCEFROM FEBRUARY20 TO MARCH 18, 1977

Indoor temperatures

(Figure.2)

During the period from February 20 to March 18, indoor air temperatures
ranged from the low 40's at night to the 60's and 70's during
the day. Maximum indoor air temperature was limited to 80° by manually
operating
the sliding
vent during peak temperature
periods.
The electric
heater was set to turn on at 40° but was not needed during this time
period.
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Thermal storage

temperatures

The maximum amount of heat picked up by the water storage was
loss from storage was
75,700 Rtu on March 3. The maximum overnight
During
that
night,
the
system maintained an
45,400 Btu on March 18.
indoor-outdoor
temperature
differential
of 39' (45 indoors,
6' outThe theoretical
heat loss under those conditions
is 4914 Btu/hr.
doors).
This data suggests that the actual heat loss from the structure
may be
greater than the calculated
theoretical
loss.
The equilibrium
air temperature
at any moment is a combined
function
of the heat loss through the building
skin, heat gain from
storage, and heat gain from solar radiation.
At night, heat given off
from the water storage
is greater than from the soii beds due to
(1) higher water temperature;
(2) higher conductivity
of the water and
barrels,
and; (3) greater surface area of the barrels.
The water storage
is, then, a faster reacting
system while the soil is a slower reacting
system with greater tempering ability.
If the heat exchange rate of
either storage were increased,
the ability
of the system to maintain
higher minimum temperature
in the greenhouse during the early morning
This, of course, would result in greater deplehours may be improved.
tion of the storage at night and would pose a problem during periods of
However, this same storage system
cold nights and cloudless
days.
would also pick up heat faster
during the day and could store some of
the excess heat which was otherwise
vented out.
Further experiments
and modelling
are needed to optimize the design heat exchange rate
between storage and heated space.
One experiment planned for this winter
is to block off the solar
radiation
entering
the south wall, artificially
maintain a constant
indoor temperature,
and calculate
the heat loss based on the energy
required
to maintain the constant indoor temperature.
Integrated
with
that experiment will be a study of the heat transfer
dynamics between
the thermal storage and hdated space.

AIR TEMPERATURESTRATIFICATION
IOne design consideration
for solar greenhouses is whether to try to
capture the heat contained
in the warm air which collects
in the peak.
Does the energy obtained justify
the cost of a system to bring that warm
air down to storage or elsewhere?
Most of our temperature
measurements were taken before and after
or no temperathe sunlit
part of the day. At those times, we saw little
The
maximum
temperature
differential
ture stratification
from 6" to 6'.
data is needed, we
measured during mid-day was 9OF. Although further
feel that for this type of structure,
a mechanical air transport
system
is not cost-justifiable.
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THERMAL.CURTAIN
This greenhouse was built without any provision
for insulating
the
Since 86% of the calculated
heat loss is through
south wall at night.
that surface (R-2.17),
it
is obvious that adding an insulating
shutter
or curtain would significantly
lower the overall
heat loss and raise
the minimum indoor night time temperature.
For practical
application,
any moveable insulating
device must be inexpensive,
highly durable,
and
We are now installing
a sliding
thermal curtain
in a
easy to operate.
similar
solar greenhouse and will report the results
from that experiment
in a later paper,
CONCLUSIONS
1. Although final evaluation
must await the results
of a full
year's testing,
present data indicates
that this basic design can be
successfully
applied to domestic vegetable production
in the
Berkshires
with a minimum amount of auxiliary
fuel.
2. The heat exchange rates of the thermal storage systems could
affect certain
aspects of the structure's
thermal anamics,
particularly
Further work is needed in this area.
minimum night time temperature.
3. Soil moisture content can significantly
affect the depth and
rate of heat transfer
into and out of the soil.
The time of watering
is an operational
parameter which could be used to affect the thermal
watering
in the morning will increase heat
dynamics of the structure:
transfer
into the soil; watering
at night will
increase transfer
out
of the soil.
will

4. The addition
of a tight
fitting
thermal
reduce the overall
heat
loss up to 40%.

curtain

or shutter
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TABLE 1
CET SOLAR GREENHOUSEPARAMETERS
Width:

16'

Length:

16'

Enclosed

floor

Enclosed

volume:

Walls:

area:

210 ft2
1910 ft3

East and west sides
North side
South knee wall

(glazed):

246
18
128
32

ft2
ft2
ft2
ft2

R-42.4
R- 2.17
R-42.4
R- 2.17

North slope
South slope

(glared):

144 ft2
192 ft2

R-42.4
R- 2.17

Roof:

Glazing:
Double layer of Kalwall
with a lb" air space.

0.040 Premium "Sunlit&

separated

Vents:
1 sliding
vent
maximum opening
1 "poi-;ukMf;;nt
area
.

on east Hall
- 3.6 ft .
on west wall

for

ventilation;

Sumner ventilation;

.

Thermal mass:
- Eleven 55 gallon
- 153 ft3 of soil.
Total

for winter

drums filled

with

water

and painted

black.

heat storage capacity:
Water - 5046 Btu/OF
Soil
- 5049 Bt;l/oF*
*Assuming
exchange

specific
heat of 0.33 Btu/lb-OF
to a depth of 12"

Heat loss:
Conduction

-

opaque walls:
glazed surfaces:

Infiltration
Total
**Assuming

theoretical
a rate

heat loss

of 0.25 air

and effective

..

9.2 Btu/hr-OF
111.5 Btu/hr-OF
8.6 Btu/hr-OF

:

129.3 Btu/hr-oF

changes per hour
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Ev~rATIoN OF PASSIVE:AND I!lYBm
Ti2$4PEXUTURESGIVI!ROLI4EI'E9DS~R
GF4EENHOmEs
William r:. Johnson z
Andrew E. Scovllle
+
Arthur V. Sedrick

ABSTRACT
The effects
of using thexmal mass storage and
insulation
as low cost methods for regulating
greenhouse
temperature?
are investigated.
Results of extensive
tests of three experimental
greenhous.?a operated in
Msncheetar,
New Hampshire, during the winter of 19'76A eimplified
eianillation
technique,
1977 are presented.
euitable
for use with a pmgramwble
oaILw".ator,
has
been developed to analyze key greenhouse desi&n
faatore
and to predict
perfomance.
FMRI teat and
simulation
reeults,
it ie concluded that themal mace,
a fan for aiding heat transfer
tc! *he air,and i.na::'lntion
in a greenhouse are effective
ana low coat meane of
regulating
greenhouse ?mperaturee.
INTRODUCTION
Passively
solar heated greenhousoa have &a&d
since the first
greenhouse was built.
The concept of incorporating
Kalwall~s
SoZar Storage Tube6
aa massive thexmal storage has been developed and tested over the past
three years.
Mr. Drew Gillett
initiated
Kalwallls
paeeive gi%zmhouee teeting
program
in 1973.
Results of this work were presented in 1976 in the paper
entitled
Solar Powered Greenhouses (Ref.l),
This current paper ie a
progreee report of data and performance of the greenhouses which are still
operational,
baaed on the 1976 paper,
Thermal ma33 storage tempers 5he interior
air temperatures
of the
greenhouee by providing
a heat sink for added them
storage of solar
energy or by creating
a cold sink thereby assisting
in sumer time cooling.
Thermal mass storage providea a more stable tewerature
enviroment and
reducea or eliminates
the need fc- auxiliary
heating.
Greenhouse performance data are presented
months of the winter of 19764977.
'Kalwall
*Dynamics

for

Corporation,

Solar

Components Division,

Research

Corporation,

Wilmington,
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MA,

some of -k&e critical

Manchester,
01887

h!,

03105

1 (IiQures s md 3) was
The average air temperature
in greenhouse
5OF
above
the
average
ambient
temperature
dux%g the sunny
between 4”
Lhting the cloudy days the average air temperature
daya of this period.
The hlgb and low temperatures
for this
followed ambient very closely.
;;;riod were 83” and 35O. The rmmdmumtemperature swing h me day wag
0
There was the tendency at night for the Anterior
adr temperature
to
droi below ambient due to radiational
cooling.
The average air temperature
in greenhouse ,#2 was between IO0 - 20°F
above ths average ambient temperature
during the sunny days of this period.
During cloudy days the average air temperature
was lo - 2O above ambient.
The high and low temperatures
for this period were $5” and “do.
The max$mum
of the black absorbing
temperature
swing for one day was 34O. The effect
eurface producing
heat for both water and air heat
i.gl evident here.
The nighttime
cooling effect
is evident and can be attfllbuted
to the lack
of insulation,
double glazing a.nd air circulation.
Greenhouse #3, as was to be expected, displayed
the Mgheet average
air temperature of 20° - 30” above ambient during the sunny days. During
stayed between 8” - 10°
the cloudy days the average air temperature
above ambient. The maximum temperature swing for one day was J3O. The
air temperature
wae closer to the water temperature
at all points in
greenhouse #/3than in #2. Water temperatures
were an average of IO0
warmer In $3 than in #2 over the 12 day osriod.
The air tetqpera.tures in
63 were an average of 12" warmer than in #2 for ths period.
The closely
for greenhouse #3 can be attributed
tot
related alr snd water temperatures
the circulating
fan whlah greatly enhances the transfer
of beat between
the air and tubes; the north,
east and west wall insulation
and the double
glazing.

The first
of November saw snow on the ground wh.ch has the effect
reflecting
more solar energy into the greenhouses,
$ncmas$ng the air
and water temperatures
over what would be expected without snow. The
for a sunny .'Yhree day period ahow the real importance of dual
rsaults
glazing,
inaulatlon
and powered circulation.

of

The average temperaturea
of greanhousee #I and #2 (Mguree
4 and 5) varied very little
from aaoh other during thie time even though
the water temperature
in #2 was considerably
higher than the air temperature.
From the data it oan be seen that #1 actually
got colder than
ambient at night due to radiational
losses snd about loo - X0 warmer than
ambient during the major porti.on of the day.
Greenhouse 82 reuxlned
5” - 12O above ambient during the night and loo - 20° warmer during the
day.
It is evident here that the the&
mass of #2 lowered the peak air
temperature
by providing
a heat aink for the elevated air temperatures
and
released this stored heat during the night.

The average

air

temperature

for greenhouse
or 25O to 38O
the north, east and west wall insulation,
dual
the interior
air temperature
dropped to the 30”
It would seem that this time of year Is border
greenhouses
in this climate.

and 6z” for the three day period

81
I

#3 remained between 51”
above ambient.
Even with
glazing and powered circulatjon
s during the night.
line for complete passive

MAImI 1977
The insolation
values of March are slightly
higher tbm t?3ose of October
but In southernNewHampahirethere
are approxAmatelytw$cetbeheating
degree days In March as there are in October.
From Hgkpres 6 and 7 of the
daily performance
for March 20 and the perfomee
&or the petiod of March
17-21, It can be seen that all the greenhouses perfomed better
in October
than in March.
The average

air

temperatur8

of greenhouse

$1 was 5O - 10° above ambient

during a typical

day. The temperature swings during tbe day were much smaller
for March than for any other month (7" - loo) analyzed.

The effect
of thermal mass and the b!sck absorbing surface gave greenhouse
#2 an average air temperature
7" - lilR,Oabove ambient air.
Fne low mbient
air
temperature
and lack of ineultltion
still
dictates
the perfoxmanoe to a great
degree overcoming the effect of the thermal mass storage.

Again the north wall insulation
and dual glazing increased the performance
of greenhouae #3 to a potnt where its average air temperatire
is a consistant
loo warmer during the night than #2. Average air temperatures
follow the average
tube water temperatures
within
2O - 3OF showing tie effect of the fan in transfeing thermal energy.
APRIL

1977

A very

gunny 6 day period

was examined in this month. The ambient temperature
this period.
Greutipouse #I wae not attached to

seldsmly dropped helow w°F during
the monitoring
equipment.

The average air temperaturn inside greenhouses #2 and #, during a sunny day
very guiokly
exceeds lOOoF. The ~ientairtearpe~~isIkOts01aw~a~
the
storage of large quantities
of thexmal energy is Important.
The thezmal mass
storage now could be ueed as a cold sink to lower the tir temperatures
chuang tbe
day by ventilation
at night to lower the water temperatures.
This Is the point
when the insulation
and dual glaaing becomes a deterent to healthy plant growth.
The same effeat is true with even the unintiated
single glazed unit#2.
(Figures
8 and 9).
PBFtFOFtIWCE%IM?U21ON
Tha advantages of modeling the three greenhcnaao oonflguratlons,
their operation
by repetitive
use of the model equations,
and fInally
the results
of the simulations
with actual test result8
are:
1)

Qood correlation

2)

Changes made to the model, while carrying
out the reeoncilation
of the
model results
with the actual results,
represent
a learning
process about
thu factors
influencing
the operation.

3)

It provides
empirical
detezmination
difficult
to determine analytically.

4)

Once confidence
is gained in the model,
greenhouses with fewer errors in deeigx

5)

It

facilitates

insures

initial

that

all

significant

factore

almulating
colaparIng

of value8

in the model that

then it

checks of suggested

are Imown.

design

allows

extension

changes.

would be
to larger

Useful modeling of physical
systems and m&sequent simulrat%on of
dynsxnics and long term operation
of a system requWes that the system
basically
understood
qualitatively
and to some degree quant$tatively.
is also necessary that an adequate computation, capabflity
is employed
Then one of Iwo basic approaches to modeling
execute the equations.
system must be selected:

the
be
It
to
any

1)

Initially
include all factirs
and influences
by complete snd
rigoroue
modeling and derivation
of equat.Ions, later sirnnplify to
make the simulation
practical
as various smaller effects
can be
proven negligible.

2)

Start with a simplified
model, try it
factors
as they are proven significant.

The first
approach is ideal,
and was ueed by the authors.

out and later

but the second is often

add additional
llpore practical

The basic model for simulating
the greenhouse is shown in Mgure 10 by
an electrical
analog and the equations.
Amicr~computer
(orprogramable
calculator)
such as a Texas Inatrdment
SR-52 or a Hewlett Packard HP-67 is
barely adequate and requires
several manual operations.
A Texas Instrument
SR-59 in conjunction
with a printer
is perhaps the best match of the computational
requirement
and capability;
of course, anyth=LngmorepoweHulcanbe
emnl oyed.
realistic
values
The prooees nf determlning
can be done by various means or a combination:
1)

Measurement,

2)

Calculations

3)

Running
refining

4)

Sophisticated

from the mea-:mte

the program tith
the estimates,
methods,

for

the constants

and the physical.

laws Involved.

estimatee.
comparing the results
repeating
and converging
(V~5aIl
such as Kalman filters

of a model

with 63tuals,
and error'"),

and optimization

criteria.

The approach employed was a combination
of (l),
(2), and (3).
Generally
the constants that were known most precisely
were fnserted and then the
elmulation
was run to pinpoint
others (empirically).
Additional
log5c had to
be omployed to facilitate
this proueae,
Examples:
+ To dete,! *.tine the ef feotive
thermal inertia
(or heat capacity)
of greenhome L .;erior
surfaces it was advantageous to uT3e configuration
#l,
which does not inalude water tubes with their large thermal inertia.
*

To detezmine the effect of solar insolation
Impinging on the opaque
ends, it was advantageous to use data from mornings (8m and gem) and
afternoons
(3pm and 4pm).

The one factor which wan originally
left out of the basxc model b:ut
which proved to be significant
and bad to be added was the solar effects
"BPpeeast and west components
on the east and west rrendsl* of tbs. greenhouses.
of insolation
had to be incorporated
despite the ends beopaque.
This need was observed in the first
tr%al RIIPS by noting a divergence
between the simulation
model and acta& data for the morn&~ and late afterthan the models for these periods.
The
noon. The greenhouses ran hotter
first
cut or "basic model” was adequate for simulation
of mid-day and
nighttime
operation,
but had to be *roved
with east and west insolation
and aide parameters to ashleve full 24 hour accuracy.
Figure 11, presents
mente and the simulation
of the model.

the resulta
of both the actual greenhouse measurefor greenhouse #3 for ease of evaluati.q
the success

DISCUSSIONOF RESULES
Themal

mass storage,

contribute to an environment
merits of these in conjuction

double glaz%ng tisulatlon,
snd ventdng, all
in which plants will flourish.
“plhe relative
with greenhouses #l, #2 and #3, am discussed

below.
Greenhowe #l disp"laye oharacterI.etSx
euah bs awere overheating
and
severe aold that v.quld prevent It from befns a uaef’ul year round powkng
oausee 0verhealt;ng which at tlmee reaches
environment.
The laak of ventthe 140°F level and the absence of thermal storage and inaulatfon
a&use a
tendenay to follow the ambient aAr temperatures
during the periode of no sun.
Greenhouse #2 with its 1200 lbe of thermal mass storam reduaee wee
heating to some extent and carrlee
the solar ener@ gain Into the ni@&
The lack of air movemertt past the warm tubes severly bampere any heat
transfer
that might help keep the average interior
air temperature
sufficiently
above ambient to createa healthy growing climate.
“I”he October data
shows that thermal masa storage temperature
remained higher above the average
air temperature
in greenhouse 2 than in #3 which bears out the theory of
lower heat transfer
coefficients,
In November the lack of a double glazed
oover and north side insulation
explains the average aAr temperature”e
tendanoy to beoome very oloae to ambient dulliing severely cold woa%ber.
During warm weather there waa again the problem of severe overheating
whish aould be solved by either ehadlng and or ventllatlon.
During all the periodsexamined
greenhouse #3 out-performed #2 by a
substantial margin due to it's double cover, insulation
and forced a%r
movement. Greenhouse #3 has a better heat transfer
eoefflcient
than #2
has due to the circulating
fan which pushed the warm air from the top of
the greenhouse over the tubes creatfng
a smaller difference
between aver-e
air and average water temperatures.
In November the data was t&en

during

an unusually
cold spell
IIWITI the
At this point the enthe greenhouse exhibited
tempera-s
that hardy plants oould
auxiliary
heat, assumitq sunny conditions.

night time temperatures dropped to the 13OF level.
vironment
withstand

inside
without

!I!his greenhouse displayed
the most even temperature
ment
througbat
After reviewlng
the dataltbeeomes
evAdent that
all the testing
periods.
this type of greenhouse couldoperate
(with merventw)
jPor9months
out
of the year with little
or no auxiliary
heat.

critical
cients

The resulte
up bo this point have shown consistantly
that there is a
coeffineed for summer time venting and for higher heat tranefer
between water and air.

There is simple equipment avallable
which could be used to passively
These actuate between 68" - 73"
control
vents in tns ends of the penhouse.
and could be ueed in both the lower and upper pofion
of the greenhouse to
create a thennosyphoning
effect
for cooling during: April - September.
This
cooling mode if carried out durm
the ni@kt would create a cold eink by cooliaag
the storage water thereby coolIn& daytime air temperatures.
A eheot of Sun-Lite fiberglass
sheetin& attached to the
tubes (straight
across the front from end wall to end wall)
openings along the top and bottom would help create a natural
current past the tubes thus increastia
heat transfer
rates.
ehould be upgraded to 2" of Styrofoam to cut down heat loss
Uhfortunately

from the readln@a,
totalannualheatrequlred
maeon.

themonthe
the three

front of the
with continuous
convection
!Fhe insulation
as much as possible.

of December, January andFebxuaryuere
omLtted
most critioal
mon+hs for detearmigat%on of the
from auxiliary
to provide a coklnuous
growing

CONCutTsIONS
Incorporation
of thermal maae and insulat%on
2~ of utmost importance
1)
in the dreign of any greenhouse structure
along with the coupling of tb&e
mars to the air.
Produc%e are currently
avaIlable
that make the bwUd%ng of new green2)
houses or retrofitting
old greenhase
titmctures
with both massive storage
and venting procedures,
technically
and economIcally
feasible.

A well dseigned solar greenhouse incorporating
currently
available
paseive solar technolgies
will
aatiefaction
for years to come.

3)

the carrect blend of
protide
food, heat, and

Reeulta
from exteneive monitoring
of three exper%mental greenhowee
and the mathematioal
eiti&ation
of greenbouee perfomne
~onfirx~ the
theoriee
and conolueione
presented in Ka2wall~n original
Feper on solar
powered greenhoueee,
The reeults
clearly
ebow the value of ~noorporat%ng
the following
alemanta in pee&owe
design?

1)

Thennsl

2)

lInsulati:g

3)

maas etorags
glazl:lge

devices

auah as WwalbDe

such as Kalwall~

Solar Stirage

Tubea.

s UNnlite.

A meana of circulating
air armznd the thermal
devicea to increase hea.t transfer.

ma80 storage

The inolucrion
of these low cost elements will protide
a more cons-t
temperature
and controllable
groMng conditions,
Add%tiona.l modi~catione
to be ooneidered are tha ueo of ver;trs and night oooling to lower tk=sr
aira temperaturee,
and methods of increasing
heat transfer
rates both “Anto
and out of the thennal mase etorage.
R-CES
1.

**Solar Powered Greenhouses”*, a paper presented
D.A. Gillett,
New England Solar Energy Association
Piret Annual Conference,
Weoiaion
Making in Solar Technology, I’
University
of Massachusetts,
Massachusetts,
June 24-27, 1976.
Alnhurat,
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BASIC

FTGURE 10

ELECTRTCAL

SIMULATION

MODEL FOR TEST GREENHOUSES

ANALOG

%*A1
Uwindow

a A3

T amb

EQUATI@NS
iI1 A Qwater = Q&l - (Tw-Tair)
h+ub,, A5
#2 ATwhew) = Tw + Qwater/(Cwater
N)
X3 nOair = ah%! + (Tw-Tair)
ht,,b., Agr('JJair-Tati)
#4 ATair

(new)= Tair

+

Qair/

(Cair,ctc

(UwindowA3 + Uend*4)

N)

DEFINITIONS
Qv = hourly insolation,
vertical
component
horizontal
component
Qh = hourly insolation,
to water tubes
AQwater = heat energy added (or subtracted)
aQair = heat energy added (or subtracted)
to greenhouse
interior,
air
A1 = vertical,
front facing area of tubes
A2 = horizontal
floor area, illuminated
portion
Aj = window area
A4 = enclosure
area minus windows
effective
heat transfer
area of water tubes to interior
air
A5 =
Tw = temperature,
water
and surfaces
interior
air
Tair = temperature,
Tamb = temperature,
outside
ambient
Tw(o) = initial
water temperature
=
initial
greenhouse interior
air temperature
Tair (01
Cwater = heat capacity
a': water in tubes
heat capacity
of interior
air and
Cair, etc = effective
surface
skins
htubes = heat transfer
coefficient
from tubes to interior
air
=
heat
transfer
coefficient,
glass
portions
of
Uwindow
enclosure
or weighted U-factor
for other portions
Uencl = effective
of enclosure
N = number of iterations
per hour
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LlGHT LEVELS IN SOLAR GREENHOUSES:
Some Recommendations

David Y. MacKinnon*
Introduction
My interest
in the light
levels in solar greenhouses increased
this summer (1977) when I noticed that the plants in Rodale's Flagstaff greenhouse grew slawer (with some phototropism)
than similar
The Flagstaff
greenhouse was designed with only the
outside plants.
south facing surface transparent
not only to maximize winter light
but to reduce summer overheating
by
collection
and heat storage,
But this approach to reduce overheating
may
limiting
light
levels.
Just how much does this design limit summer light and
not be best.
how does it affect plant growth?
Furthermore,
if the opaque walls
severely limit
light during the summer, then what are their effects
during the rest of the year?
In this paper I provide tentative
answers to these questions.
Using data developed by Sellers
(1965) and contained in the Ashrae
the daily total of
Handbook of Fundamentals (19721, I calculated
direct radiation
(Btu per square foot) that would pass through
single glazed surfaces-(double
strength glass) on the south and
north facing roofs, and the east and west side walls for various
The direct
radiation
passing through these walls
times of the year.
was further
broken down into amounts striking
selected points on the
The shading effects
of wall supports
greenhouse floor
(horizontal).
(2 x 4 studs, for example) are not included.
I have not included quantatative
analyses of diffuse
and reThis, however, will not affect
flected
light
levels in this riper.
Nevertheless,
I discuss qualitatively
some
the major conclusions.
problems and solutions
concerning
diffuse
and reflected
light
in
solar greenhouses.

* Dave is working as a research scientist
for Rodale Press, Inc. in
the H. S. Colton Research Center at the Museum of Northern Arizona
in Flagstaff.

Procedure
Sellers
(1965) gives complete geometric equations describing
These equations can in turn be
the sun's path across the sky.
modified to describe the sun's path across an arbitrarily
oriented
flat surface with respect to an arbitrary
point in space.
These
modified equations
can then be simplified
to describe the "rising"
of the sun with respect to any point on the greenand "setting"
house floor for each of the surfaces composing the greenhouse
The direct
radiation
striking
a yofnt on the greenhouse
structure.
floor,
then, is the sum of the light
contributions
from each surface
between "sunrise"
and "sunset".
during the period oIF illumination
The light
contributions
from each surface depend on the angle
at which the sun strikes
the surface and the transmission
properties of the glazing.
Moreover, the amount of sunlight
striking
the surface depends on the solar constant,
the transmission
properties of the atmosphere, time of day, time of year, and'latitude.*
Rodale's Flagstaff
greenhouse is 20 feet in the east-west
direction
and 12 feet in the north-south
direction.
At the midpoint along the north-south
direction,
the greenhouse peak rises
to approximately
9 feet.
The transparent
south facing glazed
surface (roof) slopes away at 56 degrees to a vertical
1 foot high
kneewall at the greenhouse front.
An opaque, insulated
north
facing surface (roof)
slopes away at 44.5 degrees to a 4 foot high
vertical
kneewall at the back.
The kneewalls and (vertical)
sidewalls are opaque and insulated.
Results
Using the previously
defined equations,
methods and greenhouse
dimensions,
1 calculate
the direct
radiation
passing through the
various surfaces (some opaque surfaces are assumed transparent)
and
illuminating
specified
points on the floor at selected times of the
The results
are presented in Tables 1 through 6 as the
year.
amount of light
energy per unit area or light flux striking
the
The exact positions
from the southwest comer are denoted
floor.
by the numhers along the X and Y axes of the tables.
The flux at
these points is given as a percentage
of the outside values.

* The transmission
properties
of the glazing and the (clear sky)
atmosphere, and the solar constant were obtained from the Ashrae
Handbook of Fundamentals (1972).
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0

2

4

6

8

10

79.1
80.2
43.3
55.5
67.0
74.2
43.3
58.7
70.4
78.1
82.3
83.7
43.3
61.9
74.4
81.1
84.1
85.9
86.5
86.6
43,3
66.2
79.3
84.7
85.9
85.9
42.9
72.8
83.9
85.9
68.6
68.6
34.3
68.6
68.6
68.6
9.0
0.Q
cl.Q
0.0
a.0.
0.0
percent
of the outside
total
Table l-- Calculated
daily
direct
beam 'solar radiation(BTU
per square
foot)
passing through
the south sloping
surface
(56 degrees)
at selected
points
on the Flagstaff
greenhouse
floor
on December 21. The calculated
outside
total
daily
direct
beam radiation
on a
horizontal
surface
is 875 BTU per square foot at
The numbers along the perlatitude
35 degrees.
imeter
of the Table locate
the floor
position
in
feet from the Southwest
corner at (O,O).
12
10
8
6
4
2
0

12
10
8
6
4
2
0

0

2

4

6

8

10

39.5
40.5
41.3
41.7
41.9
42.0
0.0

49.0
51.3
54.3
58.0
63.6
72.9
0.0

55.1
59.0
63.3
68.8
75.7
81.3
0.0

59.9
64.9
69.7
74.7
79.5
83.2
0.0

63.0
67.6
72.7
77.5
81.6
83.7
0.0

63.9
68.6
73.9
78.6
82.1
83.8
0.0

Table 2-- Same as Table 1 except
the outside
total
daily
horizontal
tion of 1789 BTU per square foot.

12
10
8
6
4
2
0

for

March 21 and
surface
radia-

0

2

4

6

8

10

0.0
0.0
5.7
31.9
36.0
36.7
4.5

0.0
0.0
11.5
44.1
52.3
60.5
7.8

0.0
0.0
11.5
52.6
61.7
68.7
8.6

0.0
0.0
11.5
58.3
66.4
71.3
8.7

0.0
0.0
11.5
61.9
68.3
72.1
8.8.

0.0
0.0
11.5
64.3
69.0
72.4
8.8

Table 3-- Same as Table 1 except
the outside
total
daily
horizontal
tion of 2178 BTU per square foot.

for

June 21 and
surface
radia-
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,,12
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8
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6
.,:I
4
2
0
Table 4-9 Same
a north sloping
0"I,\1'
j.. I
!!\\;i
I'
,,.,,;.:. . I,I
:,
;‘, .,
;ij.;p;‘~~~$
;
I.2
;;i! \
I -' 10
,:,iL
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8
'.:pf
dj$,':;
6
li 1'.
,
4
2

0

2

4

6

8

10

32.0
39.1
34.9
8.6
3.7
1.0
0.0

49.8
51.1
39.0
8.6
3.7
0.0
0.0

63.1
62.1
46.8
8.2
3.7
0.0
0.0

63.9
70.3
54.6
5.7
0.0
0.0
0.0

63.9
76.5
65.3
3.2
0.0
0.0
0.0

63.9
78.2
69.7
0.0
0.0
0.0
0.0

as Table 1 except for June 21 and
surface(44.5
degrees).

0

2

4

6

8

i0

36.3
S5.1
34.2
33.5
33.1
33.0

34.4
32.2
29.5
26.3
21.5
12.5

30.2
26.4
22.2
18.2
10.5
3.8

26.4
21.4
16.4
11.1
5.9
1.6

24.3
19.5
13.6
8.6
3.8
0.9
0.0

22.8
17.9
12.7
7.2
3.2
0.7

Table 5--O Same ai*'!ablE'!
a vertical
West side wall.

12
10
8
6
4
2
0
Table

6--

ex!kit

fk'March

21 1;:

0

2

4

6

8

10

34.2
34.2
34.2
34.2
34.4
36.6
35.8

14.1
28.9
30.9
2923
29.2
23,2
6.7

0.7
20.8
24.5
22.1
21.2
13.6
4.7

0.0
10.5
17.4
19.6
17.1
10.2
4.1

0.0
2.6
12.2
19.0
15.1
8.8
3.9

0.0
0.0
10.3
20.7
14.5
8.7
3.9

Same as Table

5 except

l

for

June

21.

Tables 1 through 3 give the flux distribution
for the south
sloning surface only for winter
(Dec. 21), spring (Mar. 21), and
Table 4 gives the flux for the
summer (June 21), respectively.
north sloping surface during summer only (time of maximum illumiTables 5 and 6 include the sum of both sidewall
contrination).
butions only for spring (Mar. 21) and summer (June 21), respectively.
Individual
contributions
from eakh surface can be added to arrive
In all the data, the kneewalls are
at the total
contribution.
assumed to remain opaque.
Analysis

of Results

First,
the effect of the glazing
I anticipated
two results.
sheet glass) in causing shading losses
(single
layer, double strength
by reflection
and absorption
beyond a normal 10 percent or so is not
Second, most of the greenhouse shading is caused
very signif icant.
by the structural
members (opaque walls,
support pieces).
More
importantly,
Tables 2 and 3 show the transparent
south face severely
limits
light during the spring (fall)
and summer months along the
back and side perimeter
of the greenhouse.
In this connection,
sprl.ng light
levels can be significantly
improved by creating
transAt this time, a transparent
north slope does not
parent sidewalls.
However, summer light
levels
add to the interior
light
levels.
(June 21) are significantly
improved by adding a transparent
north
roof.
Discussion

of Results

The results
immediately
suggest that if maximum year around
the solar greenhouse should have
vegetable
production
is desired,
The first
is opaque insulated
certain
flexible
design components.
The
second
is transparent
walls
walls that can be made transparent.
that can be modified to allow more ventilation
as light
levels
increase.
The first
can be achieved by building
a greenhouse with almost
and then installing
removable insulation
all transparent
surfaces,
The second can be achieved by removiug large
as the seasons change.
sections
of the transparent
insulation
for free air flow, and adding
screen if insects are a problem.
Additional

Considerations

The results
in these tables do not include the effects
of
The reflected
light from interior
reflected
and diffuse
light.
surfaces becomes important
in winter months when such light contributes significantly
to the total light
at plant level.
The diffuse
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light
from external
sources increases
the total light slightly,
over the greenhouse floor.
If the glazing
more or less uniformly,
is diffusing
as well, then the uniform illumination
totals
increase.
By its very nature, this glazing prevents some external
light from
passing into the greenhouse initially.
However, the glazing would
improve the poor distribution
of light
during the summer from south
and east-west
facing surfaces.
In cold, cloudy regions,
where most of the winter light
is
diffuse,
there is no clearly
defined design for the solar greenhouse:
opaque walls reduce the light
levels,
clear walls increase the heat
In general,
when the outside light
levels are diffuse
and
losses..
low, the plant growth may not be much better
in a greenhouse with
mostly clear walls than with mostly opaque walls.
Another slightly
paradoxical
situation
occurs with interior
reflecting
surfaces.
Diffuse surfaces
(painted flat white for
example) give uniform illumination
to plants.
Specular surfaces
(aluminum foil,
for example) can create non-uniform
illumination
and
Yet, a large fraction
of the intercepted
light
can be rehot spots.
flected
back out of the greenhouse from diffusing
surfaces.
But
specular surfaces generally
reflect
light
to interior
absorbing surfaces such as plants,
ground, or heat storage systems.
Thus the
advantage of the specular surface is that little
light
leaves the
greenhouse.
Obviously,
something with the desirable
properties
of both types
of reflecting
surface is needed.
Figure 1 shows a configuration
of
reflecting
surfaces called a specular diffuser.
Such a device, if
placed properly
along interior
greenhouse walls, would provide maximum
uniform plant illumination
with little
loss of reflected
greenhouse
light.
One final note:
house attached greenhouses have the significant advantage over freestanding
units in that excess heat can
easily be piped into the house.
On the other hand, a freestanding
unit with removable opaque walls may collect
more light
in the
s ut‘ter months than a house attached unit,
thus-providing
greater
vegetable production.
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direct

beam solar

Figure
l-- One possible
configuration
of specular
and diffusing
surface
forming
a so-called
specular
The spacing and length
of diffusers
dediffuser.
The surface
area
pend on roof angle and latitude.
of the diffuser
exposed to points
external
to the
therefore
the amount of light
greenhouse
is small,
scattered
out of the greenhouse
is negligible.
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Greywater For The Greenhouse
bY
CARL

LINDSTROM

and ABBY

ROCKEFELLER

The greenhouse we will describe here is one which , combined witn the effects of a
composter and a greywater roughing filter,
closes the cycle of
Clivus Multrum
waste conversion/water
purification/food
production
in the home. Having a
ecological
means of keeping kitchen and toilet
wastes out of the
practical,
to experiment with a greywater-irrigated
water - the Clivus - was the inspiration
The reason for this is that toilet
wastes and, when there is a garbage
greenhouse.
the most troublesome pollution
load to
grinder,
food wastes as well, constitute
As long as that water is burdened by these wastes,
the water leaving the house.
there can be little
incentive
to separate,
and wisely treat,
the greywater
(water
which has been used for washing only).
However, once the combined toilet
and kitchen
wastes are turned to an advantage by cornposting,
the opportunities
for making final
good use of the remaining wastewater
in the course of its purification
are inviting,
if not compelling.
It is a simple matter to prepare greywater for use as an irrigation
and nutrient
source for gardens and greenhouses.
Since it carries
only small particles
such
sink, it can be passed througn a
as lint,
hair, and bits of food from the kitchen
(It is toilet
paper and feces whose'
roughing filter
instead of a septic tank.
large size and slow degradation
makes the septic tank necessary as the conventional
The effluent
from this filter
will be
means of pretreating
combined sewage.)
relatively
aerobic as compared to the perfectly
anaerobic effluent
from septic
tanks.
This is an advantage to its use as irrigation
water in garden soil.
(Septic
effluent
may promote anaerobic.processes
that would be harmful to the plant roots.)
- in addition
to the smaller size and greatly
reduced
Greywater has advantages
quantity
of particles
- that improve its potential
use for irrigation
purposes:
there is 40% less of it than total combined sewage (the flush toilet
accounts for
roughly 40% of total water use in the home), and the character
of the organic and
nutrient
content is such that its breakdown (and therefore
potential
use by plants)
is much more rapid than is the case in combined sewage. It is also probably of
positive
significance
that most of the nitrate
and sodium salts are deposited in
the Clivus Multrum (between 85% and 90% of the nitrogen produced as a waste product
in the home are concentrated
in the urine).
Most of the nitrates
in the Multrum
l,.Vill be stabilized
into organic compounds for slower release in the garden.
If most
of the domestic nitrogen
were present in the washwater, some of it, in the form
of nitrates,
might be wasted by leaching rapidly
through the soil.
It was our idea that a greenhouse would for several reasons make an ideal leaching
bed at the same time as the greywater would serve the nutrification
and irrigation
needs of the growing plants.
It would provide a sheltered
and therefore
stable
area for the purification
of the wastewater.
Ordinary leach lines are, at least
in the northern
latitudes,
laid at least 2 feet below ground level because of
freezing.
In the greenhouse these perforated
pipes could be laid as close to the
surface as desired
(ours are 2 inches below the surface).
This means several
favorable
things:
1) Access to them for inspection
or cleaning is very convenient;
The relatively
warm and stable climate favors the activity
of the decomposer
2)
organisms responsible
for purification.
In contrast
to the outdoor leachfield
these

101

creatures
will be active year round; 3) The lines being near the surface are in
the topsoil
where by far the greatest
activity
of not only bacteria,
but the
These help greatly
in metabolizing
whole ecosystem of invertebrates,
takes place.
and
the organic particles
deposited by the wastewater and , 'by their tunneling
keep the soil aerobic even directly
around the leach pipe.
chewing activities,
Conventional
leach lines are laid deep in ,the subsoil where the biological
community is likely
to be less diverse than that near the surface.
4) Perhaps
most important of all is the fact that with shallow distribution,
the plant roots
have an opportunity
to take up the nutrients
prepared for them by the microAt the time when the conventional
leaching fields were designed, the
organisms.
sanitary
engineers were not concerned with protecting
groundwater,
but rather
It
only protecting
public health from surface water and well water contamination.
is now important
to recognize that soils unaided by plant uptake have a Xmited
capacity to absorb nutrients
and that even the best laid conventional
leachfield
is designed to eventually
cause groundwater pollution
because few plant roots can
reach these nutrients.
In order to satisfy
the requirements
of greenhouse-as-leach
bed it was necessary
Namely, instead of using shallow (usually
to make one significant
modification:
9 inch deep) benches, we made soil boxes 3 feet deep. This is because the shallow
bench would have no chance to purify
the amount of greywater produced in the home.
The greenhouse we used is the English one from Burpee of the lean-to variety with
It is raised up on a 3 foot concrete block
only a window leading into the house.
With 2 foot wide soil boxes (one
foundation,
and its dimensions are 6 ' x 12'.
L-shaped at the end) there is only 54 sq. ft. of growing space.
There are 6 cu.
This soil is entirely
a mixture of half commercial topsoil
and half
yards of soil.
backyard-made leafmold.
It was our thought that it should be as organically
rich as
to the sanitary
engineers practice
of
compatible with plant growth, contrary
favoring an organically
poor medium such as sand in the belief
that percolation
They are probably right for the first
week the leach field is
would be better.
But in a very short period of time a slime layer builds up in soils where
used.
nutritious
water is regularly
delivered , and it is only the invertebrates
such
as earthworms, springtails,
and mites that penetrate
and metabolize
it.
We have
dug our leach lines twice in the year that we have been using this greenhouse,
once in May and once in November. At neither
time was there a trace of anaerobic
odor or bacterial
slime, even directly
beneath the perforations
in the leach lines.
Earthworms, potworms and springtails
were present in startling
numbers especially
around the leach pipes.
It appears certain
that it is they who are responsible
for
the sweet smelling and slime-free
nature of the soil , and the excellent
percolation.
These deep soil boxes have turned out to be beneficial
in several ways to the
vegetable producing
function
of this greenhouse as well as to its water purification
function.
For example, root depth ceases to be a limitin?
factor in what can be
grown.
We raised salsify
successfully
last winter as well as carrots,
beets and
turnips.
In a larger area shrubs or small fruiting
trees, whose perennially
deep
roots would retrieve
the deeper nutrients,
could be grown. The volume has itself
a
stabilizing
influence
on temperature,
moisture,
pH, and the greenhouse ecosystem.
Temperature:
Greywater is between 10 and 15 degrees higher than sewage containing
toilet
water.
A good proportion
of its heat is retained
in the soil which acts as
a heat recovery or exchange medium. This is especially
significant
in the winter
when, if there is a sudden drop in the air temperature,
the relatively
slow-changing
soil protects
the plants.
Moisture.
In a similar
way the plants are protected
from
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the intense drying effects of the sun by the deep moisture reserve which induces
them to send their roots downward rather than to develop a shallow root system as
Because of this
they might do where insufficient
top-down watering
is practiced.
one can leave a greenhouse such as this one unattended
for well over a week without
watering.
PH. The large volume of soil acts also as a buffer to sudden changes
Ecosystem.
And, finally,
a diverse and balanced
in the pH oFthe greywater.
population
of soil invertebrates
can thrive in this environment as it could not
do in shallow bench whose micro-environment
is subject to too great fluctuations
Earthworms, for example, must be able to
of the factors described above.
by dehydration
from above.
retreat
to deeper, moister levels when threatened
The stability
of this environment. provides a habitat
for the predators
of
greenhouse pests as well as to the decomposer organisms so necessary to maintenance
This soil is well populated by rare
of soil health and water purification.
The
and jumping spiders.
beetles,
ground beetles,
predatory
mites, centipedes
natural parasitic
and predatory
enemies of whitefly,
aphids, and two-spotted
It appears that mass of soil is as important
a criterion
mites can also thrive.
Low maintenance
to the stability
of the greenhouse as it is to Like compost heap.
is the sum of the benefits
arising
from the stability
of the greywater irrigated
greenhouse with deep soil boxes.
An initial
question we had was what the implications
would be to both plant
growth and water purification
when all the wastewater
(excluding
laundry)
from
Before investigating
two to three people is pumped into the growing boxes.
this question,
let us give some elementary facts and figures pertaining
to the
wastewater and rece;ving
medium: The dosing occurs whenever any of the washing
After any particles
which would cause plugging
in the
facilities
are used.
ieach lines have been filtered
out by the roughing filter,
the greywater is
pumped automatically
to the greenhouse where it is distributed
along the length
The
oE both growing beds through 14" pipes with %" perforations
at every foot.
If not already saturated,
rich, abscrbant soil acts hoth as storage and flywheel:
it will hold some portion of the dose; what it cannot hold, although introduced
One 30 gallon shower will dribble out the bottom drain
rapidly,
will exit slowly.
The soil boxes have drains at the lower end of their slightly
for over an hour.
A 2" layer of 2-3" crushed rock at the bottom helps the drainage.
sloping bottom.
, it is self-evident
that the more
From the point of view of water purification
greywater is introduced
per cubic yard of soil per day and the faster its rate
the
of percolatirn
the less effective
the treatment will be. Conversely,
the better will be its treatment.
slower the water percolates
through the soil,
a more critical
factor than either
On the other hand, for the plants well-being,
the volume of rate of water passed through each cubic yard per day is the oxygen
level in the growing medium. The slower the percolation
rate in the soil the
more oxygen will be consumed, and the plants could be correspondingly
harmed if
anaerobic conditions
prevail.
(We observe here again that where a septic tank
is used as the pretreatment
for greywater,
the effluent
from it will. be thoroughly
anaerobic.)
In our greenhouse, however, the percolation
rate is rapid because of
the high organic content of the soil,
and ?:herefore,
although there is considerably
more water introduced
than either
the sail can hold or the plants can evaporate,
the oxygen content of the soil is high.
The set-up consists in this respect of a
hybrid between conventional
irrigation
and hydroponics.
But we feel it combines
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The stability
of the soil as growing medium (e.g.,
the advantages of both:
diseases are spread less rapidly
in soil than in water , and soil makes the whole
range of micro-nutrients
available
to the plants) , and the nutritious
irrigation
and aeration of the rapidly moving effluent.
Preliminary
tests on the post-greenhouse
effluent
show it to be free of fecal
Total coliforms
were only 1% as many as found in average
coliform
bacteria.
The BOD was high in the first
test when the soil hadn't yet settled,
greywater.
but down to secondary sewage effluent
on the second test.
It is rendered
biologically
stable at least to the extent that it will not develop foul odors
after being stored in a tight container.
The pre-greenhouse,
post-roughing
has a characteristic
greywater odor, and when
filter
effluent,
by contrast,
stored even for a day becomes fully
septic.
Experience with the effects
of this set-up on plant growth is so far encouraging.
Last winter we grew a wide variety
of greens and root crops.
All grew luxuriantly.
There was only one case of disease in which the centers of a variety
of Chinese
There were enough salad greens throughout
the winter
cabbage rotted slightly.
for three hearty salad eaters.
In the summer we grew eggplants,
melons, peppers,
The cucumbers and eggplant produced a good crop.
cucumbers and tomatoes.
The
In the middle of the summer a severe
variety
of tomato plant set no fruit.
outbreak of two-spotted
mites nearly decimated the crop.
We introduced
the
predatory
mite Phytosalis
persimilis
and within
three weeks there was no more
Other pests, aphids and white-fly,
have been kept
sign of the two-spotted.
It is significant
under good control
by the presence of indigenous
enemies.
Without attention
to
that in the summer we neglected the yreenhouse entirely.
venting or watering,
growth was abundant which, whether we
either cooling,
ate anything from it or not, was good for the water treatment aspect.
We will say something about the heating and cooling of this greenhouse the
elements of which, although not innovative,
have contributed
substantially
to
its demanding so little
maintenance.
The floor consists of a 2" concrete slab
(the soil boxes sit on top of this) *under which is a rock storage the same
dimensions as the greenhouse and 3 feet deep.
This serves as a thermal "storage
battery"
to temper both highs and lows.
The hot solar-heated
air from near the
peak is drawn down an opening in one end of the slab and through the rocks by a
The cool ground air is simultaneously
blown
thermostatically
controlled
fan.
A most important
consequence of this arrangement is
up into the growing area.
that venting in the winter is not necessary:
It is a closed ventilation
system
which stores,
instead of loses, the captured solar heat of the day, and returns
it by radiation
through the floor at night.
We should note that we tried
charging the rock storage with heat from supplementary
solar panels, but found
that for this size rock storage and in relation
to this size greenhouse, at least,
the loss in the cooling effect
too much outweighed the benefit
of the extra heat.
Moreover, we found that the waste heat from the central gas heater, when blown
directly
into the greenhouse instead of up the chimney, made a very satisfactory
source of heat for nighttime
and cloudy days.
The high CO2 content was certainly
partly
responsible
for the rapid plant growth in the winter.
Of course, if one
does this, the gas furnace must be well tuned to avoid carbon monoxide production.
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is that the waste gases must not be returned in a loop
NOTE: Even more important
because if the combustion air contains more than 1%
to feed the gas combustion,
of CO will take a sudden leap up to lethal
levels.
co2 I the production
are a number of questions which experience with this system raises and which
and regular testing
will answer.
Some of these are:
observation,
only time, careful
(1) What is the optimal amount of water that should pass through each cubic yard
of soil from the point of view both of satisfying
the needs of the plants and the
Approximately
80 gallons/day
pass through our greenhouse
purification
of the water?
If the water moves too fast and if there is too much of it, will it carry
soil.
too many nutrients
away? On the other hand, if it moves too slowly and there is
too little,
will nitrate
and sodium salts build up in the soil to toxic levels?
(2) IS pathogen contamination
of plant roots a danger with greywater
irrigation?
It seems likely
that the risk here is much slighter
than when total sewage is used
But little
work has been done in this
raw to fertilize
or irrigate
vegetables.
particular
area (indeed, the very idea of "greywater"
is in its infancy),
and
it is known that there are fecal coliforms
in greywater
(though what this really
(3) Will the soil in the greenhouse boxes eventually
says is hardly certain).
go anaerobic and plug up? The soil,
of course, will settle and the organic particles
this will have implications
for
in it will eventually
become mineralized;
and therefore
on the question of whether the soil will
purification
and irrigation,
need to be replaced.

There

In conclusion,
our experience to date suggests that the greywater-irrigated
greenhouse indeed constitutes
a good integration
of waste conversion,
nutrient
water purification
and vegetable production;
that it can be built and
recovery,
maintained
economically
on the small urban or suburban lot as well as in rural
areas.
(The one described is in a city on a lot less than a quarter of an acre.)
We were not interested
in optimizing
any one factor , either solar heat, plant growth,
or water purification.
Rather, we wanted to solve in an aesthetically,
psychologically
and environmentally
satisfying
way whatever household functions
were compatible with
the greenhouse environment.
Regarded in isolation
many household functions
are
troublesome both to the homeowner and to the environment.
Rational
combinations,
however, can have the synergistic
effect of doing no environmental
harm, of producing
positive
benefits
to the household,
and of inuJlvj.ng minimal maintenance,
a
This greenbousa has demonstrated to us again,
psychologically
important
factor.
what should be obvious - that what is waste treated one way is a resource treated
another, and that such transformations
do not require complex or centralized
technologies.
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THE MAINE VOCATIONAL REGION TEN HYBRID SOLAR GREENHOUSE
Charles

G. Wing

INTRODUCTION
Although Maine has only a small amount of commercial
greenhouse business (36 acres under glass),
it became apparent
several years ago to the Maine State Department of Education
that future horticulturalists
would benefit
from, if not require,
In the spring of 1977, the
some training
in solar energy.
Maine Audubon Society contracted
to develop a solar horticulture
Cornerstones
School
curriculum
for Maine's vocational
schools.
for Energy Efficient
Building
in Brunswick, I&, was engaged to
design and supervise construction
of a l'solar greenhouse" for
the use of a pilot
program at Vocational
Region Ten in Topsham,
The
students
in
the
masonry
and
horticulture
programs
ME.
constructed
the 12' X 32' hybrid solar structure
in May and June
of 1977, under the direction
of Cornerstones
teacher,
John
The structure
will be extensively
monitored this
Crowley.
winter as a prototype
for vocational
greenhouses to be built
throughout
the state.
THE DESIGN PROBLEM
The design
greenhouse":

program was the construction

of a "solar

by vocational
school students and teachers.
: for use Monday - Friday,
9 AM - 3 PM, excluding summer.
. with maximum flexibility
as to temperature
regime.
. to use no auxiliary
fuel through a Maine winter.
to be freeze-proof
over weekends with no attendance.
: located against the south wall of an existing
horticulture
program building.
The program therefore
dictated
that the greenhouse not
require exotic materials
or exceptional
skills
in construction
and that it have a very high level of thermal performance.
These contradictory
requirements
pointed toward a hybrid solar
An active system would have required skills
not
structure.
available;
a totally
passive system would not have had the
required
thermal performance.
(Figure 1)
Few of the construction
details
are unique:
concrete perimeter
wall insulated
outside with two inches of
construction
using one-half
Styrofoam to frost depth, lean-to
of an APA rigid-frame
design, framing of 2" x 61', 24" on-center,
R-19 fiberglass
insulation
in opaque walls, double-glazing
of
The only
Kalwal outside and Monsanto 602 polyethylene
inside.
shutters
constructed
unique features
were the 4.' x 8' exterior
and the use of 500-5 gallon polyethylene
of Simplex Thermopl
government surplus Y
s nobuoy cases for thermal storage.
Detailed
blueprints
are available
through Maine Audubon Society or
Cornerstones.
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A review of the literature
on existing
greenhouses revealed extensive material
on construction
details
but almost
nothing on quantitative
thermal design procedures.
The single
of TEA in which an equation
exception was a paper by Michall
for the dynamic thermal response of a solar collector
is preIn the particular
form given below, the equation
sented.
demonstrates
clearly
the separate influences
of glazed area,
received radiation,
thermal resistance,
and thermal mass. It
is in a form easily programmed on a calculator
and can be used
to predict
the temperature
inside the greenhouse as a function
and outside temperature.
of time, incoming radiation
We used
the equation as a design tool to select glazing area, insulation
size of thermal mass, and blower requirements.
R-values,
THE EQUATION
The equation,

ATIN

as we used it,

= Ll - e

is:

e

- (T IN,START - TAI'&

= temperature
inside greenhouse, OF
= change in inside temperature
in the
time interval
t. HR.
= average, outside-temperature
during
interval
A
= area of glazing,
Sq. Ft.
= radiation
transmitted
by glazing,
Sg
BTU/Sq.Ft.Hr.
= specific
heat of mass m, BTU/F'Lb.
ii
= mass coupled to greenhouse air, Lb.
= heat loss coefficient
of building
envelope
'e
normalized
to A
g'
The two outstanding
features
of the equation are:

where:

TIN
ATIN

TAm

1)

The iterative
form whereby the temperature
change can be
calculated
in any desired increment of'time.
(We most
commonly used increments of one hour, as this was the
form of available
radiation
and temperature
data.)

2)

The ease with which design
will be elaborated
below.

'Glazed Area Insulation
C.'J. Michal,
Design.
NH 03450

parameters

are separated

as

and Thermal Mass in Passive Solar
Total Environmental
Action; Harrisville,
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USING THE EQUATION
A. AVERAGETEMPERATURE. If we wish to find the average
temperature
for a 24 hour period, we simply sethTIN
equal to
and radiation
conditions
That is, if daily temperature
zero.
were identical
for successive days, we would expect TIN to be
the same each day at the corresponding
hour, or ATIN 24HR = 0.
equal
For this to be true, one or both of the brackets must'also
For the left bracket to equal zero, the exponential
term
zero.
must equal unity which requires
either
the heat loss coefficient
to be zero (zero heat loss) or the thermal mass to be infinite.
While desirable,
neither
is possible,
leaving the right bracket.
Therefore:

(TIN,START - TAM3)2&HR =
difference
between
In other words, the average temperature
the inside of the greenhouse and the outside air is the transmitted radiation
averaged over 24 hours, divided by the average
value of normalized
greenhouse heat loss coefficient.
term is of the
B. THERMALTIME CONSTANT. The exponential
form e-t/Yso
often encountered in nature. yi.s
the time
constant,
or time in hours required for an initial
dimence
between inside and outside temperature
to decay by 63%. During
a second time constant the temperature
difference
will decay
63% of the remaining difference
and so on. We can therefore
easily calculate
the time required for the greenhouse to reach
freezing,
given any starting
temperature
and any average outWe used this particular
term to predict
side temperature.
that thg Region 10 greenhouse could be left unattended starting
from 70 F during average January weather for at least three
days before freezing.

c.

calculated
Iterating

can be
TEMPERATURESWING. The inside temperature
hour by hour by iterating
the full equation:
means
TIN,HOUR 2 = TIN,HOUR 1 +ATIN

' etc'

We calculated
TIN for January days having clear radiation,
Hourly values
and 25% of average radiation.
average radiation,
of S were obtained from ASHRAE solar radiation
tables and hourly
Tm from Brunswick Naval Air Station
computed averages.
As Michal pointed out, use of the equation assumes that the
thermal mass and the greenhouse air are perfectly
coupled, i.e.
the storage mass and the greenhouse air are always at the same
In a totally
passive structure
this assumption is
temperature.
However, in a hybrid system where greenhouse air is
dubious.
cycled through a large thermal mass of large surface area, the
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approximation
can be made arbitrarily
good. Calculations
for
the Region 10 greenhouse show the thermal mass (2500 gallons
of water stored in containers
with a 1 sq. ft./gal.
surfacg to
volume ratio)
and air temperature
tracking
to less than 5F .
RESULTS
Figure 2 shows the predicted
thermal performance of the
greenhouse through 24 hours of average January clear sky condiCurve A &s the outside ambient temperature,
rBnging
tions.
from a low of 17 F just after sunrise to a high of 27 F at 2 PM.
Curve B shows the temperature
record of a greenhouse of identical construction,
but without
insulating
shutters
or any thermal
mass beyond thag of the structure
and furnishings
(estimated
mC = 3000 BTU/F ). Tnis greenhouse exhibits
unacceptible
temperature
excursions
from below freezing
to over 100 F even
.though it has less glazing and more insulation
than conventional
commercial structures.
Curve C demonstrates the effect of
increase perforadding shutters
of R value 10. The shutters
mance in two ways. During the day the top reflective
surface
increases the received radiation
by an estimated 30%. At
night the shutters
reduce heat loss through the glazing by a
factor of 5. In general,
the effect
is simply to raise the
average operating
temperature.
The temperature
sruing is still
undesirable.
On a really
cold night the temperature would
still
dip below freezing
without auxiliary
heat.
The upper
temperature
on all of the curves is clipped at 80°F representing venting of excess heat,
Curve D show8 the effect of iBcreasing the thermal mass from 3000 BTU/F to 24,000 BTU/F by
installing
500 - 5 gallon water-filled
sono buoy cases under
and behind the rear plant bench,
A l/3 HP blower forces air
from the top of the greenhouse over the container
surfaces.
The air exits at floor level.
Curve D seems, at first; glance,
to have a very high level.
In fact,
its average value is less
than that of curve C, disregarding
venting.
The effect of the
additional
thermal mass is thus simply to prevent temperature
extremes - not to raise average temperature.
Curve E combines
insulating
shutters
and thermal mass and is the predicted
performance of the Region 10 greenhouse as built.
The effect
of incorporating
both shutters
and mass is to raise the average
temperature
to an acceptable
level and then to keep it there.
Of course not all days are clear days.
In fact, received
radiation
is sometimes as low as 5% of the clear day value.
With radiation
values of this order there is little
point in
opening the shutters,and
plant growth will simply slow in the
cool dark periods.
Received radiation
and ambient, inside air, and thermal
mass temperatures
will be monitored simultaneously
this winter.
Hopefully,
the results
will show that Michal's
equation is a
powerful design tool for hybrid solar buildings.
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A PRELIMINARY
ASSESSMENT
OF THE UNIQUE
A PAR.AE3LIC
AQUACULTURE/CREENHOUSE

FEATURES

OF

b7
Davi s Str aub
Evan Brown
ECOTOPE
GROUP
Seattle,
Washington
The unique features
of the parabolic
aquaculture/greenhouse
at
.4BSTRACT.
Pragtrse
Farm
are enumerated
and described.
The importance
of each feature
is analyzed
using the framework
developed
by Balcomb,
et al.
Data taken from
the greenhouse
is analyzed
to determine
the performance
of the design and to
point to further
research
objectives.
The data collection
system
developed
for
monitoring
aquaculture/greenhouse
performance
is also described.
Current
reoearch
work with the aquaculture/greenbouse
systems
at
Pragtree
Farm is being conducted
under a Cooperative
Agreement
between Ecotope Group and th; United S&ten Department of Agriculture, Agriculture
Research
Service
“Solar
Heating and Cooling of
Greenhouses
and Rural Residences”
program.
Ecotope Group is presently
carrying
out research
on two aquaculture/greenhousae
located at Pragtree
Farm
in Arlington,
WA.
These hvo greenhouses,
named for their primary
forma -- the parabolic
and
the small rhombicube
octahedron,
have been built in

@5=nm 1 l-1

-

‘R-W

WArC

CrtECY

l”li~iC

albr

cooperation
with Bear Creek Thunder of Ashland,
OR,
designers
of the parabolic.
The parabolic
greenhouse
(Figure
1) incorporates
a number of design features
which are ,unique in passiva solar design and as such have received
scant documentation.
We expect our research
to determine
the
_ efficacy
of each of there features,
ao well as validate
or/and
improve our design methodology.
The design
features
of the parabolic
greenhours
are:
1. Inter ior concentrator
coupling of solar
-- direct
radiation
incident on the south face to thermal
rtorage mass with a parabolic-shaped
reflector
formed
by the north wall of the gtcenhouse.
2.
High thermal
rtorage
mars-to-aperture
ratio -104 Btu’s storage
per square
foot of aperture.
3.
Restricted
thermal
coupling
of heat storage
mass
to interior
space.
4.
Heavily
insulated
north,
east and west walls
(R=ZJ).
5.
Tight construction
to minimize
infiltration.
6.
Options for double glazing with interior
vinyl
covers
and for night shuttoring
with polystyrene
doors to further
reduce hoot loss.
7.
Solar chimney to provide
ventilation
of overoperated
by a heat
heated interior
air, passively
motor.
Douglas
Balcomb and his associates
in Now Mexico have provided
the clearest
and most accessible
documentation
of simulation
and experimentation
oa passive
Using
design (Balcomb,
et al.,
1975, 1976, 1977).
one can describe
the parabotheir
simulation
analysis,
lic greenhouse
as a variation
on the direct-gain
passive solar building
in which “storage
is placed in the
room in the direct
sun but loses heat only to the room.”
This model is djlferenThis is their GseY4
(1075).
tiatod from others where the storage
mass is not in
direct
sunlight
(picking up its heat from the warmed
interior
air) or the mass is near the glazed area
(losing heat directly
to the outside).
It is the solar
building
modeled as Case 4 ehae is most effective
m
capLuring
solar energy.
In the parabolic
greenhouse,
direct sunlight
is
focused
by a reflective
north parabolic-shaped
wall
This allows
a
into a 4800-gallon
heat storage
tank.
direct
coupling
between the sunlight
and the interior

thermal
~lrtlon.

storage

mass

INTERIOR

as envirionnd

in Balcomb’s

sim-

CONCENTRATOR

The north wall of the parabolic
greenhouse
is
heavily
insulated
and ita interior
side is covered
with an 8 mil vinyl backed with aluminized
mylar
and
This reflector
is atrurfaced
with l/2 mil Tcdlar.
tached to Z-foot wide sytrofoam
(TM) boards and does
not provide
a sharp
focus but a more qMfuse one
Both the east and weet walle are reflec(Figure
2).
toriaed
to further
enhance the light in the tank and
growing
area.
l)iffure

Focus

of

Interior

Figure

As the elevation
of the sun rises
through
the
seasons,
the rays are no longer parallel
to the parabola’s
axis.
The focus becomes
increaeingly
diffuse
and shifts
to the north of the tank.
Only when the
sun ia below 15O elevation
and in the southern
sky
would the focus shift into the plant-growing
area south
of the tank.
Length
(Height) of the Parabola.
The placement
of the
ridge (the meeting of the aperture
and reflector)
is determined
by four conditions:
(1) June 21 noon sun
should hit the north side of the tank so that shading
is minimized,
as shown in Figure
4.
(2) The south
face/aperture
should optimally
be normal
(i.e.,
per pendicular)
to the late fall and early spring sun.

Concentrator
2.

Shading

at

Solar

Noon,
Figure

coneenThere are three aspects of the interior
trator
which are basic to its function:
tho tilt of the
axis of the parabola,
length (or height) of the parabola, and the south facing glazing.
Tilt of the Axis.
The axir of the linear
parabolic
reflector
forms a 150 angle with the horizon,
as shown
in Figure
3.
This 15’ tilt corresponds
to an average
solar elevation
of 15O at 47.5’
N latitude
for the three
hours about solar noon on the winter solstice.
At this
time,
the sun’s rayr are parallel
to the parabola’s
axis,
The rays are focused
into the tank four feet south of
the north wall.

Axis of Psrsbols tn Relation
to Saasona1 Sun .uc1rr

Summer Solstice
4.

(3) The length OI the parabola
shosfd be limited because is*---sing
the height progressively
yields
less increase
in light to storage while conaiderably expanding
the volume and surface
area of the
At the vertex,
the parabola
wall is perstructure.
As we move away from the
pendicular
to its axis.
he parabola
is increasingly
vcreex a!ung the c1cve.
Therefore,
the longer the curve
parallel
to its axis.
the less effective
are the end points
of the parabola,
of the curve at intercepting
solar radiation.
If we take an example
in which the pitch of the
iouth face is fixed,
then as this face 1s moved aol:h.
widening
the north-south
width of the greenhouse,
both
the hei&:
of the greenhouse
and the length of the
This increases
less
furv?f the parabola
increase.
useful vertical
space within
the greenhouse,
increases
heat losses through the enlarged
glazed area, and
makes progressively
less effective
use of the parabolic curve.
(4) The focus of the parabola
should be placed
to maximize
growing area.
As the focus is moved
south, the area needed for water storage
(and fish
raising)
increases.
As the focus moves north,
more
plant grcwing
area is available.
On the parabolic
greenhouse.
the first
condition
ECOTOPE
GROUP

While this Lo some extent validates
our use of
these calculati
ens, measurements
of actual radiation
entering
Ihe interior
and storage
compared
with measured incident
radiation
will validate
the predictions
used in the design (Reichmuth.
1976).

Figure 5.

THERMAL

met -- one fool of the water tank on
is not precisely
the north side is shaded at noon on June 21.
The
south face is steeply
pitched at 60’ to meet Lhe second
condition.
Condition8
3 and 4 are roughly
met in this
prototype.
In a further
refinement
of the design (Barnes
and
and de19771, a 45O pitch of the aperture
Reichmuth,
creased
height of the parabola
are incorporated
into
and particuiarly
glass,
the design.
As most glazings,
exhibit wide acceptance
anglem, the pitch of the south
face is not as crucial
as the other factors
in optimizing solar gain.
However,
lowering
the pitch would
increase
the interior
growing
space.
South Face Glaminq.
A transparent
(nol translucent)
glaring
is necessary
to preserve
the coherency
of the
The south
sunlight
so it can be focused into the tank.
face (aperture)
of this greenhouse
consists
of reused
glass and mullions
Laken from an abandoned
greenhouse.
The small (16”x18”)
glass and considerable
number of
while low in initial
cost, are
light-blocking
mulliona,
not to be preferred
Co large sheets with wider
spaced
supports.
with direct
gain solar
hearmg is
The problem
storage
that the sun may have a hard time reaching
as we live and work bebeen
Ihe aperture
and the
storage,
In this Case, we noted that tall plants in the
south growing
beds have the potential
of blocking
radiTall tomato
plants did that Lo some
ation Lo the pond.
Low-lying
crop& are usually
extent this summer.
grown in the fall and spring and should not interfere
with radiant
coupling
to storage.
In order to accurately
assess the solar energy
input into the greenhouse
interior
and storage,
both
direct
and diffuse
radiation
need to be measured.
In
the design phase, average
solar radiation
calculations
by Baker (1975), using data from the University
of
Washington
meteorological
station,
determined
solar
radiation
incident
upon a 60’ south wall for this latitude.
Actual values were measured
December
1976
to August 1977 in the horizontal
plane by a Kipp & Zonen
sola:imeter
wired
lo a Lambda LX-500 integrator.
Figure
6 compares
these actual values with the predicted horizontal
values from Baker,
Reasonable
correla.tfon
between predicted
and actual average
radiation is noted.
PARABOLIC

STORAGE

MASS

The 4800 gallon fish tank occupying
talf of the
interior
horizontal
space has a thermal
masr
ratio of
104 Btu’sfft2
of aperture.
This in a particularly
large
thermal
mass in terms of its relationship
to both interior
volume and to aperture
area.
The high thermal
mass
of water
(1 Btu/lb)
and ita transparency
contribute to its effectrveness
aa thermal
storage.
Rapid
internal convection, considered
a bemfit
in water wall
designs where the routh wall is cooled by convection,
leads to temperature
stratification
Ln the parabolic
tank.
Large
solar inputs and low heat loss ratea are
required
to sharge this thermal storage
up to temperatureo
necessary
to sustain optimal
fish growth.
Such
a large
mass provides
a relatively
stable thermal
environment
for a fish population.
The usefulness
of such a large thermal
mass is
called
into question by Bakemb.
et al..
(19751, who
imply that 30 Btu’s of storage
per square foot of aperture
is optimal.
Balcomb,
et al. (1976) have further calculated
that a model home ir Seattle with a
Trombe
wall of 30 BLu’s/It2
aperture
receives
67% of
its heating
from molar radiation striking the wall.
Howard
Raichmuth
(1976) in him preliminary
design analysis
for the parabolic
greenhouse
indicates

that:
The thermal storage must be large enough
to redistribute
the energy occuring
on
above average solar deys to the below avThe distribution
of the aerage ones.
bove average and below average days has
been found by Liu and Jordan (19.60) to
be fairly
reliably
associated
with the
cloudiness
index, Kt.
This distribution
associated
with Kt IS the basis for a
rough estimate
of the thermal storage
requirements

in

the

A typical

Northwest.

Northwest winter
Kt of .3 implies
s thermal storage of six times that sapplied
by a typical
Southwest winter
Kt of .7.
Passive systems studied
by Balcomb (7.975)
for Kt = .7 show good performan
e for a
thermal storage of 50 Btu/oF ft 5 of aperture.
Therefore,
the starting
estimate
fos the Northwest Kt - 3 is 180 Btu/oF
ft
aperture.
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April
Figure
7 indicates
the tank’s ability
to store
solar radiation
from a sunny day for use on the next
day.
Excessive
haat losses from the building
muted
this effect.
Further
experimentation
will take place
which will indicate
whether
the tank is able to provide
long term storage.
Performance
of the tank to date
is discussed
in the following
ssctions.

THERMAL

COUPLING

Decouptrn.g the storage from
the spaca provides
for both high storage
temperatures
and longareterm
storage.
The design Ui (coupltng rate between storage and interior)
for the parabolic
is quite low: a
range from 2.0 Btulft’
aperture
for an uncovered
tank to .86 Btu/ft2
aperture
for the tank covered
with
clear vinyl lily pads (Reichmuth,
19?6).
There are two reasons
for this Low coupling
coefficient.
One is the 2:l ratio of aperture
area to
tank surface
area afforded
by the interior
concentrator . The other is the small storage
surface
area
i.n
contact with the interior
as compared,
for
example,
with 55-gallon
drums.
Balcomb,
et al. (1975) show
that a low thermal
coupling
coafficient
(Vi) correlates
to a high utilization of solar energy
by the passively
heated building,
particularly
in Case 4 which correspcnds
to the parabolic graenhoure.
Balcomb
further
states,
“Case
4
is unrealistic
for low values of Ui because
the sun

must shine through the room to reach storage
and
this implies
transparent
insulation.
” Through the use
of an interior
concentrator,
we are partially
able to
simulate
transparent
insulation.
In spite of the low design Ui, early meaeurrments indicated
that the tank was losing heat too raHourly data was
pidly to the interior
(Figure
8).
gathered
for a night to determine
heat loss rate from
tank to interior
(Figure
91. The tank t dropped to
overnight,
indicating
a tbrmal
coupling coefficient
of
Vinyl covers were installed
about
3 Btuift2
aperture.
in July 1977 in order to raise tank temperature
to a
level sufficient
for fish growth bv reducing
Ui.
Four options for control
of Ui are possible:
(1) leave the tank uncovered:
(2) the present
situation,
vinyl covers
to be removed
on sunny days: (31 swimming pool covers
(bubble packing)
lying directly
on
the water
surface:
and (4) floating
styrofoa.n
covers
taken off during the day.
The present vinyl covers
have substantial
leaks
although this’ may be cleared
and are prone to fogging,
Bubble packing maup through
the use of Sunclear.
terial
will restrict
oxygen diffusion
into the water.
The styrofoam
covers are susceptible
to degradation
and re&ire
a good deal of attention
as well as storage space.
Further
experimentation
will be carried
out in
year
tc determine
the thermal
coupling
the coming
coefficient
under a variety
of conditions
and with a
number
of pond coverings.
ECOTOPE
GROUP
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Figure
7 indicates
that the tank was able to absorb enough solar energy to both heat the greenhouse
interior
at night and have carry-over
to the next day.
When solar radiation
decreased,
the tank quickly
iost
It clearly
was not providing
storage
betroeen
heat.
This was considered
to
intermittent
solar infIuzes.
be due in great part to the high heat loss of the builFurther
experimentation
after
ding (diacursed
below).
the installation
of the data collection
system will test
the usefulness
of the large tbsrmah mass when the
building
heat lose is controlled.
HEAT

LOSS

REDUCTION

The problem
of maintaining
adequate
tank temperatures
may be solved in an entirely
different
manLows r
ner than through control
of thermal
coupling.
than predicted
interior
and tank temperatures
have
been accorded
throughout
the operation
of the greenThese have preliminarily
house (see Figures
8, 10).
been attributed
to high infiltration
rates.
While
Recorded
data is somewhat
contradictory.
lower-than-predicted
outside temperaturea
have been
the differences
between
interior
consistently
recorded,
a0
80

70
60
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and exterior
temperature
was about that predicted
(ll°F
flu-m January through August 1977).
It was decided to record hourly
temperatures
(interior
and exterior)
and tank temperature
over one night to +etermine the amount of heat given up by the storage
tr
the interior
and consequently
the heat loss rate to the
exterior
(see Figure
9).
Data was collected
with handheld thermometers.
making accuracy
somewhat
less than satisfactory.
It
from
the data, however,
that the
was determined
building
heat loss rate was twice that predicted.
Conthe east and west doors were weatherstrip.oequently,
cracks
siliccrled,
the south wall
ped. all possible
caulked
and siliconed
at the lap joint,
and arnall holes
No hourly data has yet been taken to deterpatched.
mine efficacy
of these improvements.
The data collection
system about to be installed
is particularly
aited
to measure
heat loss rates
from the building and from storage
to the interior.
Numerous
experiments
will be carried
out after
its
installation
to determine
the heat iosa rates under
lfarious
modes of operation.
VENTILATION
The parabolic
aquaculturelgreenhouse
does not
transmit
all the incoming
radiation
into rtorage.
More incoming
radiation
is directed
to storage
in winter ‘&an is directed
to the plants.
In summer this
ratio is reversed,
with more solar input going to the
In addition,
the regrowing
beds, less to stcraga.
flector
is net perfect
(estimated
reflectivity
of 70%)
are not totally
transparent.
This
and the pond covers
rituation
leads to unrtorcd
thermal
energy overheating
the greenhouse
even in winter.
A sola:- chimney has been designed to deal with
overheating,
It rises 24 feet above the ground,
about
The pressure
12 feet above the top of the greenhouae.
differential
cawed by the ricing
warm
air in the chimSolar energy pcnney pulls air from the greenhouse.
etrating
the glazed routh eurface
of the rolar chimney
adds heat to the rising
air, causing it to rige even
faster.
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the bottom of the chimney
10 a 2’xt’
styrQtoam
The heat motor
-ondoor opened by a heat motor.
aiatr of a tube of paraffin
encasing
a rod which ir
pushed out when heat in the greenboww
air expands
the paraffin.
The door closes with a spring,.
The performance
of this ventilation
11 atem is
predicted
by the equation:
Cl= a,4mAG
where:
of air moved (cubic fecbt/minutel
Q = thu quantity
A = the croaa section
of the atack
H = the height of the atack
At = the effective
temperature
difference
be?ween
the ambient temperature
and the temperatire
in the stack
up t0
For this dsmign, we expect air movements
900 cfm on aunnv davs.
Thir heat loar to the solar chimney
represents
an inefficiency.
Many experimental
commercial
solar
greenhouses
utilize
a ridge fan to tuck hot air from
the ridge and place it into rock bin storage.
A similar process
is possible
here: the air lift pump could
draw
warmed
air down and bubble it through
the tank,
the air releasing
ita heat to the water.
At night the
pump cod3 recirc*ulnta
air from anderncath
the pond
covers with some holes left for oxygen diffusion.
Interruutions
in use of the pump for tank aeration
would disrupt
this plan.
At

DATA

COLLECTION

SYSTE,M

The long term efficacy
of the design decisions
will be tertcd and monitored
by the data system.
The
principal
research
queations
at this point are: the effeet of the interior
concentrator,
the necessity
and
performance
of the large thermal
storage
mass,
the
optimum
thermal
coupling
between the tank and the
greenhouse
interior,
the thermal
performance
of the
building
ahell, and the cffectivenerr
of the thermal
stack.

APr

Mv

JUM

July

Au

To monitor
the performance
of the parabolic
continuous
measurementa
need
aquaculture/grrenhousa,
to bqr collected
over a period of time to establiah
the
relationships
between rolar
input and heat absorption
in water
and soils,
as well aa heat loss and thermal
The accuracy
and length
chin-nay
ventilation
rates,
of time needed for data collection
indicate
the need
for a collection
system that would have the following
feal.ure8:
1. Accuracy
of at least ;tO. l°C.
2.
Flexible
data sampling
rates for each sensor.
readout
of temperatures.
3. On-site ‘direct
*.
Recording
of data (including
channel numbers
:nd time) and transmission
of recorded
data into
lvsal university
computer
for analysis
and graphic
output.
Back-up
power ‘upply
to maintain
data collec5.
tion during power interruptions.
A r.?arket eurvey of available
data collection
systems
ir.dicatcd
that moat products
were either too
expensive
($5,000-$10,000
and up) or were too timeconsuming
(arch as reading
raw data from a multipoint strip cha:t recorder,
also costing
several
thouA micro-computer
($2000-540001
could
sand dollar*).
have been use<, to collect
voltages
given off by existing
Considering
solar and temperature
measuring
devices.
the size and complexity
(and low budget) of the taak at
to be inappropriate.
hand, this wa:, considered
The t.ardware
selected
for the job is a “bare
bones”
microprocessor
system
(Motorola
.MC 6800
D2 Evalu;.tlon
Kit) containing
a minimum
amount of
One of the impor memory
and interface
hardware.
taut feat,lres
of this Evaluation
Kit is its ability
to
record
*:ata on an inexpensive
audio cassette
tape recarder.
Several
factors
influencing
the decision
to develop a lour cost, flexible
programmable
data collection
system i;lclude
the comparatively
good support software
Also,
expertise
and the Evaluation
Kit cost: $235.
ECOTOPE

GROUP

is available
to Ecotope
Group for aesembling
the hardTotal
ware and devloping
the programming
software.
cost for hardware
for the system
is about $500.
Syatcm Operation
Voltagea
generated
from either
thermisters.
solare directed
by
or wind speed generators
arimetera.
the microprocessor
to pass through an Analog to Die
The digital
data is stored in a memital converter.
When the buffer
ic full,
the tape recorory buffer.
der is activated
and the data is transcribed
to the
tape (30 seconds recording
time).
The microprocessor
controla
the flow of data
and allows the user to select the sampling
rate (i.e..
from one sample per minute to one sample every
For information
such
four hours) for each channel.
the processor
will function
as an
as solar radiation,
summing
up data sampled every minute
integrator,
and outputting
an integrated
value for a specified
time
Temperature
data
period such as fifteen
minutes.
This can be integrated
will be changing more slowly.
using longer sampling
ratea
or recorded
directly.
After several
days of data are collected
on a
cassette
tape, this will be transported
to Seattle and
fed into a University
of Washington
CDC computer.
The format
of the tape (Kansas City standard)
is not
Therefore,
compatible
with the CDC input format.
another Evaluation
Kit will be used to feed in valid
This kit will also be able
data over the phone lines.
to further
assemble
the data for clear
presentation
of
as well as carriage
return
time and channel outputs,
and line feed.
of
The powerful
CDC, with its full complement
support software
and graphics
hardware,
will perform
necessary
computation
and interactive
development
necessary
for thorough
data evaluation.
Solar radiation
is measured
with three Kipp L
Zonen CM-5 solarimetem
(Its% accuracy),
also known
Two soiarimercrs
are mounted at
as pyranometers.
A shadow band
60’ tilt (aperture
angle) to the south.
DATA

- -3nemometcr

humidity
_ kpdicators
MC 6600
micromroce330r

Placement
of Sensors
Data Collection
Figure
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(adjuetad weekly)
on one allows only measurement
of
The other measures
total
diffuse
solar radiation.
The difference
between
the two (total minus
radiation.
diffuse)
is the direct
radiation
incident
upon the greenThis is important
because it is the direct
house.
beam component
of solar radiation
that is reflected
by
the parabolic
mirror
into the greenhouse’s
aquaculture
tank.
The third solarlmeter
is oriented
at the horisontal position
for a comparison
with world-wide
standard
An analysis
will be
solar radiation
measurements.
made of the relationshipa
between horizontal
and 600
Solarimedirect
and diffuse
radiation
measurementa
ters will from time to time be placed inside the building to determine
the amount of light at plant canopy,
in the water
(using a submersible
ppanoat focus,
meter)
and at other locations.
Temperature
measurement
is made with thermiYellow Springs
Instrument
Thermalinear
Theretere.
misters
are a two-thermirter
compoeit
that produces
When
range.
a linear
output (& l°C)
over a specified
connected
in an appropriate
Wheatatone
bridge
network
the millivolt
output is the
with precision
resisters,
This produces
an
same as the temperature
in ‘C.
on-site
readout and direct
recording
of the temperature without having to use any processor
time or memory to calculate
the temperature.
A thermal
stack will be used to ventilate
in perThe low air velocity
traveling
iods of overheating.
up the stack (estimated
at only 20 cm/second)
will be
measured
with a propeller
anemometer
made from
Rotation
of the propeller
will
lightweight
polystyrene.
induce a voltage in a tiny DC generator
which can be
eenaed
when sampled
by the processor.
110 volt power
will be transformed
to the k’3
The standard
60 cyclea
volt needed for the processor.
per second line frequency
will be used to synchronize
a programmable
timing clock that will output the day,
Back-up
timing,
in case of
the hour and minute.
will be provtded
by a cryatal
oscillator.
power failure,
“glitches”
are absorbed
in a large
capaSmall power
citor.
Temporary
brownouts
or blackouts
will cause
power to flow from the I2 volt lead-acid
battery
backup.
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CONCLUSION
To date the parabolic
has operated
well in spite
Two crops have been
of its incomplete
construction.
grown’as
of August 1977 will good yields and fast
growth recorded.
Much more refined
data collection
and axperitintation
is expected to begin in the last
quarter
of 1977.
It is expected
that the contribution
of all the features
of this unique greenhouse
will be
evaluated
and that the design data will be confirmed
or corrected,
thereby
pointing to possible
future
direction in design strategy
and analysis.
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Washington
The potential
of solar energy
to meet the aeration
ABSTRACT.
and waste treatment
requirements
of aquaculture
systems
is exThe two greenhouse
configurations
and their filtering
amined.
systems
at Pragtree
Farm
are des-cribed
and related
to their
Simple
tests to determine
aeration
and
impact
on water
quality.
waste
treatment
needs are described.
Current
rssesrch work with the rquaculturc/graenhouse nystema at Pragtree
Farm ‘ia being conducted
under a Cooperative
Agreement
between Ecotope
and the United State3 Department of Agriculture,

Agriculture
Cooling. of

Research
Crecnhoumes

Group

Service “Solar Heating and
and Rural Residences” program.

INTRODUCTION
Water,
which has
one of the highest
heat
capacities
of any liquid,
is an ideal storage
medium
for solar
energy,
A large
quantity
of water
directly
coupled
to the sun also provides an excellent
medium
for fish production.
Integrating
aquaculture
with a solar
greenhouse
allows
the space devoted
to storage
to also be
used for food production.
Ecotope
Group and Bear Creek
Thunder
have constructed
two solar heated aquaculture/
greenhouses
at Pragtree
Farm
near Seattle,
Both structures
use water
as a heat
WA.
storage
medium,
passively
heated by a direct
light couple.
One structure
is a small rhombicube
octahedron
contructed
of poles and plastic.
This
dome-like
structure
has a circular
2500 gallon
tank in the center
which is used for experimental
aquacultur
e.
The second structure
is a solar
greenhouse with a parabolic
mirror
on the north
wall which focuses
low angle winter
sun into
a 4800 gallon aquaculture
tank.
This wellconstructed
and well-insulated
structure
provides a year-round
growing
environment
for
both fish and plants.
NATURAL
VS. HIGH DENSITY
AQUACULTURE
Most current
aquaculture
research
has
focused
on issues
associated
with high density
fish cultures.
These
systems
which
attempt
to maximize
fish production
intensify
certain
problems
associated
with fish culTwo of these,
gas exchange
and
ture.
waste treatment,
can significantly
impact
the energy
use of the systems.

The normal
gas exchange
rate between
still
water
and the atmosphere
is not sufficient to remove
carbon
dioxide
(CO;?) and replenish
oxygen
(02) to the water.
As a result,
if some aeration
system
is not available,
fish can die from either
too little
02 or from
a build-up
of CO2.
Excess
feed and fish
wastes
pollute
the medium
in which the fish
feed and respire;
therefore,
the water
must
be continuously
flushed
or recirculated
through
a waste
treatment
system,
These support
systems,
necessary
for high density
fish culture,
can represent
a significant
energy
input.
Obviously
waste treatment
and gas ex;
change. do occur naturally:
however,
these
processes
cannot serve an unlimited
number
Once the capacity
of the natural
proof fish.
cesses
is reached,
additional
energy
inputs
Each increment
of fish added
are needed.
requires
an additional
increment
of energy.
The basic premise
of a passively
heated
greenhouse
is to free food production
solar
from
electricity
and fossil
fuel energy
depenIt is far more in keeping
with the
dence.
nature
of solar greenhouses
to design an aquaculture
system
which can
have as many of its
needs as possible
met by solar energy.
Aeration
and waste treatment
will most
likely
be needed at times
in any aquaculture
intelligent
judgments
can
system.
However,
be made as to when and how often they are
A tank of warm
water which has
needed.
direct
solar
input
provides
a reaction
vessel
in which
the treatment
of waste products
can
occur
simultaneously
with and complementarily to the production
of these wastes.
An
aquaculture
system
need not be tied to out-
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side

energy
sources
to be productive.
In a natural
system,
when organic
wastes
enter a stream
there
is a proliferation
of
heterotrophic
bacteria
which will
convert
(NH3) and to nitrates
wastes
to CO2, ammonia
if sufficient
02 is available,
Much of the CO2
and NH8 produced
by the bacteria
are lost to
the atmosphere.
Soluble
nutrients,
such as nitiates,
will
cause a bloom of microalgae
and
higher
plants
somewhere
downstream,
provided there is sufficient
light and warmth.
In the process
of photosynthesis,
algae
use CO2 and produce
02, measured
in a sysThe 02 protem as dissolved
oxygen
(DC).
duced by algae will
most likely
also be lost
to the atmosphere
like the bacterial
CO2. The
algae can then provide
food for herbiveroua
The waste products
fish and zooplankton.
from the fish will
begin the cycle
again.
By
allowing
all of these processes
to occur
simthe waste products
from
one proultaneously,
cess can be used as nutrients
for another.

Figure

1.

Since solar
energy
is the driving
force
behind photosynihesis,
the amount
of oxygen
produced
is directly
related
to the amount
of
The capacity
of any greenhouse/
solar
input.
aquaculture
system
will
be dependent
upon
solar input to the tank.
EXPERIMENTAL
AQUACULTURE
The greenhouses
at Pragtree
Farm
differ significantly
in their
tank configuration.
The solar
gain for the rhombicube
approximates the average
monthly
insolation
for a
horizontal
surface
at 47. So N latitude
(Baker,
1975) multiplied
by the surface
area of the

tank and by a factor
to account
for the transmission
of the polyethylene.
The solar
gain of the parabola,
on the
other
hand, varies
both according
to the irsolation
and the reflection
effects.
The concentration
by the reflector
increases
the solar
gain in the spring,
fall and winter.
In the
summer,
however,
when the reflector
does
not contribute,
the solid north wall partially
shades
the tank. and a walkway
and railing
obstruct
the light path.
Figure
2.
A variety
of tests were performed
on the
water
in the rhombicube
and parabolic
throughout the summer.
A LaAMotte water
quality
test kit was used for weekly
measurements
of pH, dissolved
oxygen
(DO), CO2, NH3,
nitrate,
phosphates,
calcium
and magnesium
ions,
and alkalinity.
The results
of the testing
showed high
DO and an absence
of NH3 throughout
the
summer.
Therefore,
no supplemental
aer ation or filtration
was used.
Since dissolved
oxygen
is an essential
consideration
in fish culture,
as well as a
solar
sensitive
variable,
we hope to include
a DO sensor
in our data collection
system.
Using this parameter
as a biological
indicator,
more
accurate
relations
between
solar
inp*lt
and its impact
on water
quality
can be derived.
Although
our water
quality
data consists
of instantaneous
readings
taken once a
week,
inferences
about the correlation
between DC and solar can be drawn.
Our measurements
began in late March
1977, by which time the solar gain of the
rhombicube
was already
ahead of the parabolic.
The DO levels in the rhombicube
rose
faster
and stayed consistently
higher throughThe difference
in the
out the summer.
tanks’
DO levels
in late July and early
August
was dramatic,
with the rhombicube
at time showing
DO levels
of greater
than
The highest
level recorded
for
20 ppm.
the parabolic
was 12 ppm.
By the middle
of August,
the DO levels
The
in the rhombicube
began a sharp drop.
levels
of the parabolic
also began to decrease,
Measurement
but much more gradually.
from August
21 and 28 showed DO levels
in
the parabolic
higher
than those in the rhombiFrom
that time
cube for the first
time.
on, DO levels
in the two greenhouses
stayed
This corresponds
approximately
the same.
quite well to the predicted
intersection
between the decrease
in solar
gain to the rhombicube
and the increase
in solar gain to the
parabolic
due to seasonal
interior
light refIection.
The rhombicube
is most suited to a high
It can
density,
fast-growing
fish population.
support
more fish per cubic feet in the sumECOTOPE GROUP
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mer than can the parabolic,
but its fishgrowing
season is very limited.
The parabolic was designed
to support
fish growth
throughout
the year.
Predicted
solar
gain
for the parabolic
should maintain
a respectable level of algae photosynthesis
through
10 months
of the year,
During
the fall,
winter
and spring
in the
Pacific
Northwest,
a stretch
of overcast
days
is not uncommon.
Consequently,
there
will
be times when supplemental
aeration
and
waste treatment
methods
are needed.
Providing
intermittent
aeration
is a simple
matter,
provided
that the aeration
method
is
separated
from the’ filtration
system.
Pumping air through
air stones,
or pumping
up
water
and letting
it cascade
back to the tank
will provide
needed aeration
with a minimum
of problems.
Intermittent
filtration,
however,
does
present
certain
problems.
A filter
bed must
remain
“conditioned,
” even when not in use,
so that it will
be able to provide
filtration
when needed,
A conditioned
filter
bed has
an active
population
of the bacteria
necessary
to ensure
that the conversion
of wastes
to
NH3 and nitrates
occur
simultaneously.
If
of ammonia
occurs
which
innot, a build-up
hibits
the nitrification
process
and is
toxic to fish.
AQUACULTURE
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At Pragtrec
Farm
we have two diffsr.
types Of filtration
syateme
in our greenhouses.
The first
one built was a two-stage
biological
filter
external
to the tank.
Water
with dissolved
wastes
is pumped
from the
tank through
a 10” layer
of gravel
and oyster shells
where the wastes
are oxidized.
The water
then flows to the second stage,
where
small
aquatic
plants
are grown.
After passing
through
the two stages,
the water
is aerated
as it flows down a trickle
collector and splashes
into the tank,
This filter
system
has proven
to be very
adaptable
to intermittent
use.
Since the filter is external
to the tank,
it deals only
with dissolved
wastes
and whatever
solide
remain
in suspension.
Therefore,
the
waste
handled
is proportional
to the
amount
of water
which flows through
the filter.
When
the pump is not circulating
water
through
the filter,
there is no waste accuThe tank is shallow
mulated
on the filter.
enough to allow the filter
bed to remain
predominant
aerobic
even when not in use.
”
This is evidenced
by the lack of H2S odor
when the pump is again started.
During
those times
when the solar
input
is sufficient
to provide
the high levels
of
02 necessary
for nitrification
of suspended
the filter
is able to remain
aerobic.
wastes,
ent
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in terms
of our interest
in intermittage,
tent use, is that it continues
to accumulate
wastes
via sedimentation,
even when the
filter
is not in operation.
If an excess
of
nitrogenous
wastes
are accumulated
without
sufficient
oxygen,
ammonia
cannot be converted
to nitrites
and nitrates.
This results in a build-up
of toxic NH3 which may
inhibit
nitritication
bacteria.
Even when sufficient
oxygen
is available,
effective
oxidation
of nitrates
cannot occur
in the filter
bed.
As the waste build-up
continues,
the filter
bed can eventually
become anaerobic.
An anaerobic
bottom
is
not an uncommon
occurance
in pond cultures.
It becomes
a problem
when the bottom
is
disturbed
and the toxic metabolites
are released
into the water.
Unfortunately,
when
the pump is turned on in this filter
configuration,
the toxic gases are sucked out of
the filter
bed and released
throughout
the
s ys tern.

Solid wastes
which
sink to the bottom
of the
aquaculture
tank may become
anaerobic,
but
this will not be a problem
unless
the bottom
is stirred
up.
In the case of an external
filter , that situation
would exist whether
or
not the filter
was running.
The filter
system
in the parabolic
greensignificantly
from that in the
house differs
The entire
bottom
area of the
rhombicube.
tank contains
a layer
of gravel
and oystershells
on a perforated
fiberglass
floor.
Lift tubes extend
from the apace beneath
the fiberglass
floor
to a point above the
Air is pumped
down each
water’s
surface.
of these tubes and released
through
air
The aerated
water
rises
to the top
stones.
of the lift tubes and splashes
back down to
Water
is thus
the surface
of the water.
circulated
through
the gravel
bed, where
the necessary
purification
processes
are
then conducted
by the filter
bacteria.
The advantage
of this type of filter
over
that in the rhombicube
is that its large
filter
area in intimate
contact
with the water
allows for a more rapid
and uniform
breakIts disadvandown of nitrogenous
wastes.

SYSTEM
OPERATION
The operator
of an aquaculture
must develop
a familiarity
with the

system
system
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to determine
when
s *ation is needed.
Obviously,
a full range of water quality
tests could be run daily to monitor
the
However,
by becomhealth of the system.
ing sensitive
to certain
changes in the tank,
an operator
can make intelligent
choices
about actions
needed with nothing more than
a secchi
disc,
and an eye toward
pH paper,
the sun.
The pH of water
gives some very useIf there is a strong
algae
ful information.
bloom,
the algae may extract
all of the dissolved CO2 from the water.
CO2 is then
extracted
from bicarbonate
ions in the water
to leave hydroxide
ions.
HCOi -+ CO2 t OH:
This production
of hydroxide
ions will raise
the pH of the water
to above normal.
In early
summer,
as the pH of the
water was on the rise,
the following
relation between
pH and 02 was recorded
at
Pragtree
Farm
(see Figure
3).
there
is not a direct
relationHowever,
ship between
pH and 02 concentration
at all
time s.
For instance,
we found the pH of
the system
began to fall due to a decrease
i.n solar input,
the 02 level did not fall off
at a rate consistent
with the decrease
in
Likewise,
at a pH of 7, 02 concenPH.
tration
ranged
between
1 and 8 parts
per
million,
a pH of above 8 indiOn the average,
cates a eufficient
02 level.
Once the pH
reaches
7, aeration
may be necessary.
If
the pH drops below 7, this indicates
a
build-up
of CO2 which reacts
with water
to
form carbonic
acid.
CO2tH20
-+ H2C03~
Aeration
should definitely
be
H+ t HCOj .
used in such cases.
A secchi disc is a wood or metal
disc
8” in diameter
painted
with alternating
quarters of back and white.
It is attached
to a
cord which is marked
in inches or centimeter 8.
The disc Ia lowered
into the pond
until the black and white quarters
becorn;
indistinguishable.
These measurements
indicate
the density of algae present.
If a decrease
in the
amount of algae is noted without
any noticeable decrease
in solar input or temperature,
additional
fertilizer
may be necessary.
During periods
of heavy sunlight,
the algae
growth can become
nutrient-limited.
Because of this,
we fertilized
our water
with
manure
a number
of times during
the turnmer
to keep the phosphate
level up.
The most important
parameter
to watch
is the solar input,
A few days of cloudy
weather
will certainly
decrease
the amount
of oxygen being produced.
However,
during
that time,
CO2 will be building
up so that
algae will be able to resume
a high rate
AQUACULTURE

of 02 production
on the next sunny day.
During
the fall and winter,
a decrease
in
pond temperature
will likewise
decrease
the photosynthetic
activity.
At lower pond
temperatures,
02 deficiency
will occur
even more rapidly
during
cloudy weather.
CONCLUSION
In nature,
solar energy
meets the
aeration
and waste treatment
needs of all
fish growth.
In tank culture,
many of
these needs can also be met for low and
moderate
fish densities
-- provided
that
there is sufficient
solar
input.
A greenhouses’
aquaculture
system can
be designed
around the amount of solar
gain
received
by the tank and the resultar t 02
produced.
By allowing
the capacity
of the
natural
system
to determine
the amount
of
supplemental
aeration
fish to be raised,
and waste treatment
will be needed only
occasionally
-- if at all.
An aquaculture
system’s
supplemental
aeration
and waste treatment
must be
The system’s
adaptable
to intermittent
use.
operator
can easily
learn to recognize
when the supplemental
system
is needed.
Through
Ecotope Group’s
ongoing research
it is hoped that the reat Pragtree
Farm,
lationship
between solar input and water
quality
can be clearly
determined
in a
Research
closed
aquaculture
system.
should also lead to description
and analysis
of
the relationship
between
solar input,
stocking
densities
and fish growth.

REFEIIBNCBS
Baker, II. Steven and John S. Reynolds, 1975,
mlInsolation on South Facing Tilted
Surface: Pacific Northuest locations.”
Center for Environmental
Research,
University
of Oregon, Bugone.
Lteryckx, Wordy and Becky Deryckx,
1976.
mo Solar Aquaculture-Greenhouse
Systems for Western Washington: A

Praliminrry Report. A Tilth PubIic&ion,
Arlingtcn, WA.
Nuct, Y., 1970. Textbook of Fish Culture:

Breading and Cultivation
of Fish.
Fishing News Books, Ltd., Surrey,
England.
HcLearney. W.O. and John Todd, 1974,
“Walden II: A Complete Guide to
Backyard Fish F&wing.”
The Journal of the New Alchemistr
Woods Hole, MA.
of Algae
Oswald, W.J., 1973. “Productivity
in Sewage Disposal.”
Solar Energy 15:
107-117.
Oswald, W.J., 1973. Fish and Invertibrate
Culture: Waste Hrnagement in ClosJ
Systems. John Wiley and Sons, Somerset. NJ.
Stumm, W.-and J.J.Morgan,
1970, Aquatic
~Z;~Z:~;y.~~fohn
Wiley and Sons,
Zweig,

SUPPORT

126

Ronald 0.. New Alchemy Institute,
Personal Communication, July 1977.

Evaluation
of a Solar Heated Greenhouse
for the Environmental
Farm Project
Canyon Park Junior
High
Bothell,
Washington
ECOTOPE GROUP
Seattle,
Washington

The greenhouse
at Canyon Park Junior
High School is one of
several
experiments
conducted
by Ecotope Group to verify
the
concept
of solar heated
greenhobses
for the Puget Sound region
of Western Washington.
The Canyon Park greenhouse
is a component of the ‘lEnergy,Food
4 You” program and is jointly
funded
by a grant
from Environmental
Education
and the Washington
State Office
of Public
Instruction.
Greenhouse materials
were
purchased
with money collected
from classes
offered
by the
program for teachers.
The Canyon Park greenhouse
will
demonstrate
that a greenhouse can operate
without
auxiliary
energy inputs
and will
show the feasibility
of local.
year-round
vegetable
production with
fossil
fuel conservation
resulting
from the decreased
transportation
of food.
Vegetables
and flower
seedlings
produced
in the greenhouse
will
be distributed
to schools
with teachers
participating
in the program for use in each
schoolts
organic
garden.
Solar

Greenhouses

vs.

Conventional

Greenhouses
-I-

Solar
greenhouses
were distinguished
from conventional
greenhouses
by T.A. Lawand (1974).
He documented
the improved
performance
of greenhouses
given a well-insulated
north wall
covered with a reflective
surface.
This configuration
cut
heat loss and still
maintained
adequate
light
at the plant
canopy.
A further
distinction
drawn by Lawand was the orientation
of a greenhouse.
Conventional
greenhouses
have been oriented
on a north-south
axis with the majority
of the glazing
facing
east-west.
Optimizing
solar
exposure
requires
the greenhouse
to be oriented
on an east-west
axis with the majority
of the
glazing
facing
due south for optimum solar exposure.
A final
distinguishing
characteristic
of solar
greenhouses
is the use of interior
mass to store
solar heat and modulate
the interior
greenhouse
temperatures.
The impact of this
technique
has been documented
by several
resea.rchers,
including Reichmuth
(1976,1977),
Mazria
and Baker (1977) , and
Wilson and Price
(1977).
Thermal mass performs
a two-fold
function
for the greenhouse.
First,
it acts as a storage
medium to provide
heat
when the primary
heat source -- sunlight
-- is not available.

Thermal mass 1s most effective
when it receives
eirect
IlIumination
from solar
radiation.
Direct
coupling
of light
to the
thermal
mass allows
for maximum collection
and absorption
of
solar
energy.
Solar heat can also be absorbed indirectly
through
convection
from trapped
hot air within
the greenhouse
by forcing
the hot air over the thermal
mass.
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The thermal
mass also acts as a moderator
of air temperature by storing
the excess heat during
sunny days when overheating
would otherwise
require
ventilation.
Mazria
and Baker
(1977) have clearly
described
the function
of thermal
mass
for moderation
of interior
temperature
in direct
:gain collection of solar
radiation.
Conceptual

Des ign

The energy/heat
requirements
of a greenhouse
are determined
by the interaction
of desired
design
temperatures,
local
weather
conditions,
solar
input,
the contribution
of heat
from the earth,
the rate at which the building
materials
lose
heat,
and the ability
of the greenhouse
to store heat.
Althouth
there is some question
concerning
the effectiveness of solar
heated greenhouses
in the cloudy
coastal
zone of
the concept
has been verified
for
the Pacific
Northwest,
Western Oregon by students
from the Department
of Architecture,
The Noti Greenhouse maintained
interior
University
of Oregon.
temperatures
above 45OF while
outside
temperatures
dipped into
This was accomplished
without
auxiliary
heating
the low 20rs,
(Hoff et al, 1977).
The Canyon Park greenhouse
was conceived
as a passive
The term “passive”
describes
solar
solar heated greenhouse.
heating
systems which rely,
for the most part,
on natural
This generally
means that the building
forces
in the building.
envelope
is used as the collector
rather
than externally
sys terns use
‘!Active”
attached
solar
collection
devices.
external
devices
such as flat
plate
or concentrating
solar
These require
distribution
systems with elaborate
collectors.
controls
for collection
and utilization
of solar
heat in
the space,
The Canyon Park greenhouse
is designed
to incorporate
the
important
features
of a passive
solar
heated greenhouse.
These features
include
the following
elements :
has three distinct
and inde1. STORAGE. This greenhouse
pendent storage
systems :
a. The first
is an opaque north wall built
of concrete
blocks
forming
the 26-foot
long by 12’-6”
high north wall,
of the east and
and the 4-foot
long by 11” -6” hign portions
concrete
blocks
are filled
The 16” x 12” x 8”
west walls.
with pea gravel
and concrete
to provide
a total
storage
of
block
and gravel.
9502 Btu/oF
in 408 cubic feet of concrete
These walls
are also insulated
to R-20 to reduce heat losses.
b. The second storage
system is a translucent
“water
wall.”
One thousand
gallons
of water is stored
in 200 clear
These
polyethylene
cubes measuring
eleven
inches on each side.
are stacked
two deep on four metal shelves
directly
behind the
The polyethylene
cubes
four-foot
tall
southern
glass wall,

serve a dual purpose
-- allowing
light
to enter the greenhouse
and offering
a medium for heat storrrge.
Total water wall
storage
is 8803 Btu/OF.
It is assumed that the water will
collect
30% of the light
pas’sing through
it as heat.
The
water wall
receives
additional
sunlight
from a reflective
shutter
which is opened to a horizontal
position
during
sunlight
and closed as an insulating
wall if direct
gain is
not possible
(at night
or on cloudy
days).
Lowndes 8
McDaniels
(1975) indicate
a 25% enhancement
in incident
solar radiation
in the winter
using horizontal
reflectors.
c. The third
storage
medium is the earth itself.
The
floor
is subterranean,
recessed
18” below grade for storage
of heat and for heat contribution
from constant
earth heat.
Most of the heat storage
during
the winter
will
be a result
of direct
solar
gain from the water storage
wall
and the
block wall.
It is assumed that the earth will
provide
stored
heat to the greenhouse
when interior
temperatures
dip below
SOoF. (The constant
temperature
of the earth is considered
to
be SOoF at a depth of 18”.
Further
research
will
be done
to verify
the ground heat contributiono]
The total
heat
capacity
for this depth is 29,160 Btu
F using a floor
area
of 300 ft2 and a density
of 108 lb/ft f (42% moisture)
with
a heat capacity
of 0.45 Btu/lb.
See Table 1.
2. GLAZING.
The east-west
orientation
of the Canyon Park
greenhuuse
gives the glazed surface
maximum exposure
to direct
solar
gain.
The glazed
area includes
a three-faceted
wall
facing
south and east/west
end walls
(see illustration).
All surfaces,
except the south vertical
ball,
are double
glazed.
The exterior
layer
of glazing
is glass recycled
from a salvaged
greenhouse,and
the interior
layer
is 4 mil
clear vinyl,
The glazing
is supported
by recycled
1” x 2”
cedar mullions.
The facets
of the south-facing
glazed area are arranged
in the following
ay:
a. A 100 ft !I vertical
glass wall
is located
in front
of the metal racks which hold the plastic
water containers.
A movable,
exterior
shutter,
the same size as the vertical
wall,
is hi.nged to the wall
at the bottom.
The shutter
is
constructed
with two lengthwise
sections
of 2’ x 2 p frame
holding
1%I1 Styrofoam
SM (trademark)
rigid
board insulation,
The inside
of the shutter
is painted
with glossy white
latex paint
for reflection.
b, A 4S” double glazed surface
extends from the vert$cal
wall to a 2” x 8” structural
beam.
This surface
is 150 ft .
It exposes the block wall
and greenhouse
floor
area to a
maximum year-round
southern
direct
gain while providing
structural
integration
between the vertical
and overhead
horizontal
glazing.
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.

c. The overhead
It
is double glazed.
top of the north wall.

glazing
extends

is 200 ft2 on a 19O slope and
from the 2” x 8” beam to the

d. The end walls
are double glazed and each is approxiThese surfaces
join
the end block walls
with
mately
50 ft2.
The
east
has
a
door
and
the
west
end
the vertical
glass wall.
supports
a thermal
ventilation
structure.
The 19O sloped glazing
was placed
over the greatest
portion
of the plant
growing
area to allow maximum use of
Because
of
the
large percentage
of diffuse
diffuse
light.
1igh.t in the Pacific
Northwest,
it is felt
that the additional
The tradeoff,
glazing
will
be beneficial
for plant
growth.
is the net benefit
of diffuse
light
for plant
of course,
loss of heat from the glaced surface’.
growth vs. increased
Preliminary
thermal
analysis
indicates,
however,
that the
addition
of thermal
mass coupled
to direct
sunlight
could
offset
the losses,
Greenhouse ventilation
is typically
3. VENTILATION.
controlled
by one of two methods -- manual-opening
windows
The Canyon Park
or mechanical
ventilation
by electric
fans.
applying
the stack effect
through
greenhouse
uses a chimney,
In addition
to the stack effect,
there
natural
convection.
is a solar boost created
by the chimney’s
south face which
is glazed,causing
it to act as a solar
collector
to increase
This increases
the
the temperature
in the insulated
stack.
The chimney
ventilation
in phase with solar heat gain.
ventilator
avoids
the construction
problems
and expense of
large area vents which usually
e.xtend the total
length
of a
greenhouse
at the peak and ground level.
The chimney
The cross section
of the chimney is 2.2 ft2.
rises
approximately
25 feet above the ground and 14 feet
It is made with a 2” x 2”
above the greenhouse
vent opening.
square frame stabilized
with plywood
gussets.
Board insulation
(l$ff Styrofoam)
is nailed
and glued onto three sides of the
The fourth
side is covered with a layer
of 4 mil
frame.
To absorb solar
radiation,
the inside
Tedlar
clear
glazing.
The air flow in
is painted
with black
flat
latex
paing.
the ventilation
stack increases
when the temperature
rises
Expected
performance
of the stack
from increased
insolation.
is given in Table 1.
Ventilation
will
be controlled
by either
manual operation
The phase
of the opening
or by a passive
phase change motor
change motor resembles
a hydraulic
door closing
machine.
A
tube containing
paraffin
changes from solid
to liquid
when
a
The expansion
causes the vent to open by pushing
heated.
piston
which is attached
to a rod on the door of the vent.
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1

The formula
which
natural
convection
is
12 =

8.4

Al/h(ti

describes
the
given below:

stack

effect

through

- to)

where:

s

= air flow in ft3/minute
= area of vents
height
of venting
h= total
temperature
tic inside
temperature
to- outside
Table
Expected
Cti

-

to>

ft3/min

;:
::
64
81
100

2.
of Solar

Chimney

estimated
equivalent
electric
fan

92.4
184.8
227.2
269.6
462.9
554.4
646.8
739.2
831.6
924.0

4’
9

Greenhouse

Performance

system

;;;;o

hP

l/70
:::i

l/70
l/70
l/40
l/30
l/20

Performance

The greenhouse
performance
is determined
by the interaction
of solar
heat gain,
storage
mass, interior
temperature
and exterior
temperature,
This interaction
is described
by
the general
formula:
Pb (ti

- to)

=iFs

(ts

- ti)

where:
= building
heat transfer
ib
= heat transfer
coefficient,
ts = temperature
of storage
S

(where

heat

loss

coefficient
storage
wall
equals heat gain)
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mass to

interior

air

Average measured insolation
data recorded
at the UniverThis
sity
of Washington
was used for performance
analysis.
data was adjusted
for estimated
angular
effect
of the three
tilted
surfaces
using a program deveioped
and published
by
Baker and Reynolds
at the University
of Oregon (1975).
By comparing
insolation
adjusted
for transmission
losses
with skin (conduction)
and lung (infiltration)
losses
for the
we can predict
the performance
of the greenhouse.
building,
Since this
greenhouse
presents
a complex set of storage
conan arbitrary
standard
of 650 day temperature
and a
ditions,
400 night
temperature
was chosen to compare against
monthly
The results
of this analysis
is sumaverage highs and lows.
This suggests
that the performance
of
marized
in Figure
1.
the greenhouse
will
be adequate
in the context
of monthly
aveif the greenhouse
is able to store most of
rage temperatures
the insolation.
The performance
of the storage
is analyzed
for a single
8-hour period
in which the exterior
temperature
remains at
200F and the interior
storage
temperatures
begin at 50oF
of the analysis,
the water wall is
(Table 1) . For purposes
is losing
heat equally
from
assumed to be isothermal
(i.e.,
The
remaining
masses
are
divided
into
3w
the entire
mass).
the
the surface
layer
losing
heat to the interior,
layers,
next “layer”
losing
heat to the surface
“layer,”
and so on.
The ground
3” layers.
The storage
wall is divided
into
four
storage
is assumed to be eight
3” layers
to a depth of 24”.
the temperature
for the surface
given
In this
analysis,
an interior
temperature
is:

Tgt = tg - fg(tg

- ti)

t Qg

where :

Tg'
53

= the temperature
of the mass at the conclusion
of the hour
= the temperature
of the mass at the beginning
of the hour
coefficient
between the ground and the
= transfer
= the heat capacity
of the surface
layer
in Btu/‘F

Qg
fg

For

each

succeeding

layer,

the

temperature

is

given

air

by:

where :
K = the
t,= the

conductivity
particular

of the storage
3” “layer”
of earth

Table 1 was derived
using these equations
for the concrete
wall
and the earth,
and assuming the water wall to be approximately
isothermal.
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Conclusion
The Canyon Park greenhouse
was completed
and put into operation
in September
1977.
As yet insufficient
data has been
collected
to validate
any of the overall
performance
calculations.
However,
the analysis
presented
here indicates
that
the greenhouse
should maintain
an adequate
growing
environment
through
a typical
Pacific
Northwest
winter.If
the storage
temperature
can be brought
to SOoF, even under unfavorable
circumstances
a substantial
heat demand can be accomodated
by the
storage
without
the greenhouse
temperature
falling
below 40°F.
The heat storage
systems perform
adequately
and provide
a variety of opportunities
to analyze
the affectiveness
of the storage masses and the interaction
of storage
masses.
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EVOLUTION OF A SOLAR GREENHOME
Robert Ginsburg
Southern California
Santa Monica, CA

Institute

of Architecture

Jack Park
Helion, Inc.
Brownsville,

CA

Solar Greenhome has its roots in the works of Bay Charoudi, the New
Alchemists, Ken Kern, and all of the commonsense one discovers when one
realises that it is possible to live inside a solar collector,
and remain
comfortable, and happy. Solar Greenhome is a term coined by Helion to use
as a descriptor for completely integrated solar greenhouse/dwelling structUlWS.

The Solar Greenhome to be briefly described here is a passively tempered
structure of approximately 1400 square feet else, with 100 of that allocated
to the greenhouse portion.
It was designed as a student project at Southern
California
Institute
of Architect-,
at Santa Monica, California.
The
author served as energy consultant (he is a member of the teaching sta:ff)
and he and his wife acted as client in the traditional
architect/client
mode. Before discussing certain features of this Greenhome - which is to
be built at Brownsville, it would be well to briefly relate some of the
steps leading to the concepts evolved in the creation of this dwelling.
Helion's original project in Solar Greenhouses was the alteration
of a
domestic swimming pool at the author's home to become root-cellar/solar
greenhouse (figure 1). Thermal problems arose owing to a lack of sufficient
mass to temper the structure;
structural
considerations with the pool roof
structure limited the weight allowable for this purpose. Accordingly, some
early crops were subjected to heat stress, and resulting failure.
Elliott
Weeman joined the project with several ideas for low mass passive tuning
by airflow.
Impxwements were made and the structure began to perform much
closer to desired.
Higher mass would no doubt improve it as it stood, but
Helion moved to a ranch in No&tern California
to explore concepts of
domestic autonomy.

A new greenhouse was built similar to the first, but using structural
concepts advanced by Elliott's
new company, Provider Greenhouses*. The
structure was built as a validation
of the working plans he now offers
to the hobby greenhouse do-it-yourselfer.
The curved membrane north wall
was concsived as a quasi-focusing reflector.
Painted white, it illuminates
the growing chamber during winter months and is shielded fern intense summer
sun light by an overhanging roof Elliott
has added to the structure,
At
this writing planting has begun, and evaluation of thermal mass snd venting
schedules is in process.
Need for an immediate dwelling at the new ranch has resulted in procurement of an ancient mobile home. In preparation for the forthcoming cold
winter, a small wood-burning stove was added to the structure,
along with a
new insulated roof, and a lean-to solar greenhouse patterned after those
constructed by the Solar Sustanence group. Immediate summer benefits
included cooler day-time dwelling temperatures (the gas refrigerator
stopped defrosting every day), and a nice evening spot was created to enjoy
* Provider Greenhouses - Box 49708, Los Angeles, California
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If w8
mint juleps without bother of the usual entourage of ranch flies.
It inClud88 80lar
go no further, the strUCtUr8 was worth the effort.
heaters for domestic wat8r, a water storage tank (to be added) on top
of the tower (se8 figure 21, and a COIIIpOsting tOglet.
North wall of the gr88nhouse is a whft8-painted south trailer
wall, and
uow inelud8s a Trombe wall/brick
plantsr with moist soil.
The maas has
changad again the qualitative
climate and fall evenings which now cool
quickly to the low8r SOOFrang8 are paSaiVely tamper8d inside well past
th8 structure is naaring
bed-time to th8 7O*F rang8. At this writing,
Owing to building codes, addrtionu such a8 this greenhouse
completion,
cannot b8 attached to our mobile horns; many air l8a.k~ must bs S8al8d before
thermal p8rformance is entir8ly MleVant.
Al: of the Brownsvill8 ranch
projscta have b88n started since F8bruary, 1377, and no amount of magic
s88ms to complete them overnight.
Figure 3 is a diagram of the Solar Gmenhmne as it is conceived by
the author and its d8Sign8X-6, Debi Stro%hr, Jon Kasaaro, T8my Rainsy,
and Bob Ginsberg, The diagram illuStrates
the structure configured for
winter heating.
Tha greenhouse is isolated structurally
from th8 drrcrlling,
but therm8lly, not se Windows from th8 al88ping loft and offic8 level
open into the gXWenhOU88
ar8a and direct hsated airflow fmm a Trosbe
wall into the dw8lling.
A north block wall and soil berm serve as 1;
Ccoler air
thermal sink to draw heat8d air in a south to north loop flow.
returns from th8 north wall, through a plmm b8lOW the office 18~51 to
the ‘hxnbc wall where it re-enters the gr88nhouae 8nvirone, completing th8
loop, An 8normoua thermal mass stands wP:hin the dwalling, serving as a
structural
housing for show8r, 8tov8, and ffr8place;
i&8 thermrrrl purpora
is to dampen any t8mperatur8 swings brought on by inappropriat8
attsntion
by the occupants or comput8r to the configuration
of the atructum,
Insulated reflective
doom slide down fmm abov8 to insulate and isolate the
grcenhousa from outside h8at loss, or heat gain. Th8 GFaenhom8was designad
as part of a Stat8ment by H8lion on its concapt a~ an appropriate technology,
and a$ part of the ongoing autonomow dW8lling 8xperimsnt.
It was dasignad
with occupant operation and configuration
control intended; humans ar8 at
A
least as asnsitive to their envimnment as, say, a Hon8ymll thermostat.
computccr control system ilo planned as part of th8 proj8ct. as a parall
monitor and control mechanism.
Indeed, with computar monitoring as cheap a8 it is today, th8 Gr88nhOfM
atructur8 will contribute greatly to th8 emerging body of und8rstanding of
passive structure design, ApprOpriat8 monitors would 88em to ba ths
plants, th8mS8lVeS. The Solar menhome d88crib8d har8 is plann8d to be
a part of the experiments necessary to guids us in such an appropriate! direr?
tion.
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Figure 1
Prototype
Solar Greenhouse
Modifications
by Freeman
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Figure 2
Solar Greenhouse Attached
Mobile Home by Author
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THE EVOLUTION OF A SMALL SOLAR
E.

Provider

Greenhouses,

GREENHOUSE

R. Freeman
49708, Los Angeles,

Box

C3 90049

Abstract-This
paper reports
the evolution
of a small
solar
greenhouse
being developed
for commercial
sale.
The greenhollse
requires
little
or no energy other
than direct
solar
energy to provide
a year round
The design
environment
for healthy
plant
growth.
process
and prototype
construction
are described.
Also the results
of evaluation
and the modifications
which precipitated
from the evaluation
are discussEd.
INTRODUCTION
as originally
developed
by Helion
Inc.,
Brownsville,
The greenhouse
California
is a srall
greenhouse
designed
to provide
a healkhy
in whjch
to grow plants
using natural
processes
and a
environrrent
passive
system to requlatc
temperature,
sunlight
ent.ry,
air circulat ion and humidif.y.
Reliance
on natural
processes
would eliminate
or cireatly
reduce the need for increasingly
expensive
and scarce
fuels
to power aq\liprnent
which
maintain
environments
in conventional
greenhouses.
DESIGN
The s'tructurc
shape which was chosen is one with a curlied rear or
The side walls
are vertical
and the front
or south
nort i1 wall.,
This
angle
provides
excellentsunlight
wall is at a 60' slope.
penctratiQn
during
winter
months when the sun is at a low angle.
The angle is also relatively
easy to lay out during
construction
This sloped,
and allows
for efficient
use of interior
floor
space.
sol-l1 h wali
is the only
glazed surface
allowing
surrligh'.
entry.
The insul.ated
are opaque and insulated.
The
rear and side walls
walls
wi1.L help maintain
warmth within
the structure
during
cold
and reduce sunlight
entry
when it
is desirable
C-o do so
per,iods
cl:lri.nq sumnier rr:onths when the sun is at high angles.
‘The
curved rear wall of the greenhouse.
offers
additional
features:
one beina that it encloses
maximum space with minimun!
exposed
In addition,
the interior
wall
surface
further
reducing
heat
loss.
reflects
s!.!nlight
into
the growing
area at low sun angles focusing
vorc liqhk
on t\le growin
area when it is most needed.
4

PROTOTYPE CONSTRUCTION
The prototype
was constructed
in southern
California
in the San
Its size was approximately
8 feet by 12 feet
Fernando valley.
and the structure
k:as fabricated
with 2x4’s,
plyWoOd.and
Plasonikc.
The side walls
tlad a 3/8 inch plywood exterior
and a 1-1asonite

interior
surface
separated
with 2x4's.
Adoor
was installed
in
The two side walls
were supported
upright
and
the east wall.
separated
along the curved,
outer
edge with a series
of 12 foot
2x4's acting
as stringers
similar
to aircraft
fuselage
construcOver these 2x4's,
3/8 inch plywood was curved and attached
tion.
to form the exterior
surface
of the north wall.
Masonite
was
again used for the interior
surface.
For both the north wall and
blanket
fiberglass
was used for insulation.
side walls,
The bases on which construction
materials
were selected
were that
th.ey should be inexpensive,
readily
available
and renewable.
An
additional
goal was to design
a greenhouse
which could be Bssembled with basic tools.
Glazing
on the south wall consists
of a double
layer of thin,
flat
sheets
of fiberglass
cut from'rolls.
Rigidity
is provided
by an
outward
bow in each of the four sections
of the fiberglass.
The
double
layer
provides
an insulating
air gap.
Fiberglass
was
reasons
including
strength,
weight,
chosen over glass for several
light
transmission
characteristics
and cost.
Another
characteristic
of fiberglass
which is advantageous
is its ability
to diffuse incoming
light.
INITIAL

EVALUATION

Initial
evaluation
of the greenhouse
indicated
that,
in spite
of
attenuation
of direct
siinlight
in summer months,
light
which did
enter
was diffused
sufficiently
to eliminate
heavy
shadowed areas
and allow
healthy
plant
growth.
.
Further
e*Jaluation
of the greenhouse
made one
thing very apparent:
that a good ventilation
system is indeed a necessity,
especially
in a southern
California
location.
As a result,
some design
changes
were incorporated.
MODIFICATION
Vents were added at the base of the
rear wall and above
the glazing
on the south
wall.
In the prototype,
rather.
than
trying
to actually
modify
the rear wall,
the rear vents
were
approximated
by installation
of a large screened
opening
in the side door.
In addition,
an extension
of the rear wall curve was made over the front
glazing
in the form of louvers.
This provided
additional
shadirq
at high
sun angles and it was thought
that the louver
arrangement
would
assist
in discharging
hot air through
the upper vents when an outside breeze was present.
Figure
1 is a cross-section
of the greenhouse
showing the basic design
concepts
and the prototype
greenhouse
is shown in Photograph
1 with the modifications
incorporated.
These modifications
of the greenhouse.
tenlperature
within

were made for the purpose
of cooling
the inside
They seemed to help tremendously
as the maximum
the structure
dropped 10 to 15°F.
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Cross-Section,

Provider
Figure
1

Greenhouse

this
point
the shape of the greenhouse
was proven.
Adequate
interior
and a ventilation
light
was available
to the greenhouse
system was developed
to reduce temperatures
in the gre-nhouse
to
It was desired
though to modify
the fabrication
tolerable
levels.
It would be advantageous
if the
method for marketing
purposes.
The components
could
greenhouse
could be assembled
in modules.
location
and marketed
in kit
Form
be manufactured
at one central
and company
or owner assembled
at the site.
In addition,
the
length
of the
greenhouse
could be changed to suit
individual
needs
merely by adding a sufficient
number
of modules.
The qrcenhousa
could also be expanded in scale,
not
only increasing
the
length
but also expanding
widthwis e without
drastically
chanqinq
tlje
design and construction
method.
At

The rear wall was redesigned
by Provider
Greenhouses
into sections
of curved sandwich
panels
each
4 feet
wids.
The exterior
surface
is l/4 inch plywood;
the interior
surface
is l/8
inch
Masonite
Tk?
with
a 2 inch core of polyurethane
foam separating
the
two.
foam provides
rigidity
to t,he structureinaddition
to its outstanding
insulating
characteristics.
The

units
walls

side
with

are

wall
one

also

components
wall
having

sandwich

are
the

type

designed
as one piece,
pie-shaped
door opening
cut
olrt.
The side
construction
similar
to t.he rear

panels.

CONSTRUCTION
A second greenhouse
was constructed;
the size,
8 feet by 12 feet,
similar
to the prototype
but incorporating
the new construction
methods.
All components
were prefabricated
and the greenhouse
assernblkd
at a tfnlion,
Inc.
site
in northern
California.
The curved panels were manufactured
using
a jig arrangement
and
a series
of clamps.
The inner and outer
panel surfaces
were
separated
wi1- h curved,
laminated
pine beams manufactured
previcusly
on the
jig.
These pine
beams were arranged
in the pa*lels in a
tongue
and orcove
fashion
for the subsequent
assembly ot t:h? parlc1s
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into
the rear wall.
The jig and several
clamps are shown in
The foam core was poured in place,
allowed
to expand
Photograph
2.
and set while
the panel was clamped to the jig.

Component pieces of the sidewalls
were laid out on plywood sheets,
cut and assembled
into the sidewall
pie-shape
with 2x2's.
The foam
core was applied
using a different
method than with the curved
The foam was poured between the 2x2's and allowed
to expanels.
pand while
the Hasonite
for the interior
wall was being attached
to
Photograph
3 shows the two side walls
prior
to applicathe 2x21s.
tion of the foam and Masonite.
The fabrication
of the vents and
door was done in a similar
manner.
With all the components
now fabricated,
ass%tJly
began with the
fitting
together
and attachment
of the.rear
panels using the tongue
Once mated together,
the rear wall was
and groove arrangement.
raised
on the foundation
and temporarily
supported
With 2x4's.
The
procedure
is depicted
by Photograph
4.
With the limited,
temporary
support
the rear wall showed a satisfying
amount of rigidity
indicating
that increased
greenhouse
length
and expanded scale would be
possible
with this construction
method.
At this point
the side
walls
were moved into place and fastened
to the rear wall curved
The basic greenhouse
shape was now apparent
and the vents.
edge.
and doors were installed
with off-the-shelf
hardware.
Tne final
step in completing
the greenhouse
was installation
of
the glazing
and glazing
supports.
In this design,
corrugated
fibarglass sheets were used.
As in the prototype,
a double thickness
was employed
and the glazing
was bowed outward
for strength.
Unlike
the prototypa
there were only three sections
of glazing,
a one-toone ratio
to the rear wall panels.
During
this
installation
process and also during
the assembly of the
larger
components
it was found that the prefabricated
components
were dimensionally
correct.
In other
words,
things
went together
pretty
much according
to plan.
This was very satisfying
since,
eventhough
this was a prototype
of the construction
method,
it gave
validity
to the prefabricated
concept
for this greenhouse.
The
con\pleted
greenhouse
is shown in Photograph
5.
FINAL

EVALUATION

The Provider
Greenhouse
was completed
in early
July of this year
and proved the construction
method but the question
remained,
"Will
it work?".
As yet, of course,
no information
has been obtained
relating
to the greenhouse's
ability
to retain
heat.
That will
have
to writ
until
the winter
has come and gone; however,
the northern
California
location
will
provide
a good test.
Through the summer
and into the autumn healthy
plant
growth
took place.
The venting
system has been effective
in elimitating
excessive
heat build
up in
spite
of very high temperatures
outside
and no effort
to pr,ovide
additional
cooling.
Inside
temperatures
could be reduced further
with some simple
steps:
one being to use the vent design most
effectively
by providing
extensive
shade behind tb.e structure.
This
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shade

will

help

to cool

the

air

entering

through

the

rear

vents.

FUTURE MODIFICATION
As evaluation
of the Provider
Greenhouse
continues
it is anticiThe
pated that some modifications
will
be made to the design.
purpose of some of these modifications
will
be to improve perforwill
be made to attempt
to meet individual
customers'
mance; others
needs.
As stated
earlier
the greenhouse
size can be increased
by
increasing
the scale or by simply
adding more rear panels and
glazing
sections
to lengthen
it.
Automatic
controls
can be added
to operate
the vents,
opening
and closing
them at predetermined
Other materials
will
be investigated
which might
temperatures.
be better
suited
to mass production,
shipping
and on site
assembly.
The greenhouse
can also be attached
to a building
and configured
to provide
space heating.
CONCLUSION
?lost of the basic concepts
of the greenhouse
design
have been
Enough sunlight
for healthy
plant
growth enters
in spite
proven.
of shading by the rear wall during
summer months.
Shading and
the venting
system keep temperatures
at tolerable
levels
during
summer months and the prefabrication
and on site assembly
inethod
has proven viable.
What remains
to be proven are the heat retaining
capability
and the number of adaptations
which can be
incorporated
in this structure
to fully
utilize
the capabilities
which exist
for solar
greenhouses.
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Completed

Provider
Greenhouse
at Helion,
Site in Brownsville,
California
Photograph
5
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A Home-Built,

Low Technology

Solar

Greenhouse

Ed MacDougall
*Brookhaven

National

Laboratory

Introduction
Greenhouses for the homeowner have long been useful for
raising
flowers and vegetables
in cold weather and starting
plants
early in the spring.
With the price of utilities
rising,
solar greenhouses
become more attractive
economically
since a good deal of the
Rising utility
costs also make
heating is done by the sun.
power ventillation
of excess heat in the greenhouse more costly.
New ideas in using this excess heat are needed.
This paper describes the construction
owner built
greenhouse and also describes
is used to preheat the domestic hot water

and operation
of an
how the excess heat
of the owner's house.

Description
The solar greenhouse is located in Bellport,
L. I., N. Y.,
and is situated
in an open area 30 feet east of the house.
Figure 1 shows the greenhouse as it appears from the house.

FIGURE 1
*Work performed

by the author

privately
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at Bellport,

L.I.,

N.Y.

The greenhouse is of standard wood frame construction
with
Homosote sheathing and 2" styrafoam insulation.
Where the sun
ligh', strikes
most of the day (the top, the south and parts of
Beneath this
the -rest side),
Kalwal plastic
.025 inches is used.
with 1 inch wood separators
are 2 layers of 4. mil polyethylene.
The footing
is insulated
with lrr styrafoam,
12" deep around the
Figure 2 shows an elevation
from the west side.
entire perimeter.

FIGURE 2
The door is located on the North
door with 2" styrafoam insulation.

side and is a screen

The storage medium is water and is contained in 5-55 gallon
drums set vertically
1 foot into the earth along the south wall.
a 4.0 gallon water tank 16 inches by 4.8 inches high
In addition,
is located 30 inches above the ground in the northeast
corner.
The greenhouse is 12 ft. long and 10 ft.
120 sq. ft. and the volume 660 cubic feet.
The heat loss has been calculated

7560 BTU-2.22 KW including
an infiltration
a perimeter loss of 264 BTU.
Solar

wide;

the area is

by ASHRAEmethods to be
loss of 300 BTU and

Energy Available

The monthly estimates of
BTU per sq. ft. are shown in
month figures
were multiplied
the amounts shown in Col. 8.

total solar energy available
in
Appendix A. The single day of the
by the days of the month to get
The yearly total is 562,092 BTU/sq.ft.

The exact amount of solar energy that will be available
for
growing in the solar greenhouse is not known since an efficiency
study has not been completed.
might
triple

Since a typical
efficiency
for a solar water collector
range from 25-50s and since the greenhouse has a good
light
emitting
area and is well insulated
all around,
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it

I
I

is conservatively
estimated that the greenhouse has a 25% effiThe annual solar energy captured by the greenhouse is
ciency.
562,092 BTU/sq. ft. x .25 = 140,523 BTU/sq. ft.
computed as:
The sloped area of the greenhouse that is covered by Kalwal is
the total estimated solar energy cap138 sq. ft.;
therefore,
tured is:
140,523

BTU/sq.

ft.

x 138 sq. ft.

= 19,392,000

BTU = 5680

KWH

All of the BTU's listed
above would be available
to the
area where the greenhouse stands even without the structure.
the plants would freeze without an enclosure and
Obviously,
The solar greenhouse appears to be the logical
way to
heat.
keep the earth warm enough to grow plants year round while
using a minimum amount of utility
energy.
Storage

Design

In designing
the storage of solar energy, the objective
was to have enough storage to minimize the use of commercial
power and at the same time to maximize the space for growing
vegetables
and starting
plants in the spring.
In the selection
of a storage medium, water was chosen
Rock
over rock to reduce the space required
for heat storage.
requires about 2.7 times as much volume as water (Ref. 3).
The amount of water
1.00 cu. ft.

was computed from (Ref.

rock/sq.

ft.

Conversion

= 138 cu. ft.

of collector

to water

4) as follows:

= 1.00 x 11.5'

x 12'

138 f. 2.7 = 51 cu. ft.

(Ref.3):

The containers
for storing
the water are 55 gallon drums 3 ft.
The volume of each is 9.4 cu. ft.;
high and 2 ft. in diameter.
the total number of drums therefore
is:

51

CU.

ft.

$

9.4

CU.

= 5+

ft.

An alternate
method of computing
(Ref. 5).
as follows:

firms.

storage

volume re,quired

Water Heat
C.A. x 20 = 138 x 20 = 44 cu
Bin Volume =
= Collector.Area
Where C.A.
= Constant
20
= BTU/cu. ft./degree
F of water
62.4

ft

.

.

.

This method requires

l

slightly

less

The five barrels were placed upright
a 4.0 gallon tank was set in the northeast
30 inches above the ground.
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than 5 barrels.
in the south end and
corner with its 'base

is

Temperature readings showed water at the top of the barrel
to read 58 degree F when the water at the bottom of the barrel
read 40 degree F (see Figure 3).
It appears that better heat transfer
to the earth would have
resulted
from laying the barrels
on their 3 ft. side, but less
space would then have been available
for growing plants.

FIGURE 3
Greenhouse Operation
In general,
cold weather vegetables
have been grown during
the winter months.
The most scecessful
have been lettuce,
swiss
chard and spinach; others that have not done so well are peas and
beets.
During one summer, tomatoes were grown, but there were
few good tomatoes with many having green growth on stems and leaves.
For the winter months, a 200 watt thermostatically
controlled
heating tape was set to maintain a minimum of 40 degrees earth
temperature.
The earth temperature
was measured 3 inches below
the surface in the center of the greenhouse.
The heating tape
was installed
6 inches beLow the surface around the entire perimeter.
In addition,
a thermostatically
controlled
1320 watt
heater was placed in the greenhouse and set so that the air
temperature
would not go below freezing.
Figure 4 shows how dramatically
the temperature of the
greenhouse rises on a typical
warm sunny day. When the sun came
onto the structure
at about 10 A.M. the temperature went from
70 degrees F to a peak of 158 degrees F at 1 P.M.
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Figure 5 shows
greenhouse air, the
water temperature
in
ings were also taken

a series of temperature
curves for the
water tank set in the N.E. corner and the
the center drum. These temperature
readon a single warm summer day,

Figure 6 shows mean temperature
over the initial
water warm
up time T/31-8/22 with some weather notations.
The above grade
storage tank has been consistantly
warmer than the in-ground
barrels;
the inside air follows
the outside air temperature
quite
closely.
Figure 7 shows more recent
morning on the days shown.

temperatures

The operations
have been successful
ther vegetables
have been available
all
40 degree F earth temperature
the plant
the very cold weeks.

taken at 7 A.M. each

in that the cold weawinter..
However, at a
growth has been slow on

Domestic Water Heating
Since the need for the greenhouse decreases
outside temperature
rises,
and since considerable
required to reduce the inside summer temperature,
cided to use the greenhouse as a water preheater
months.

sharply as the
power would be
it was dein the warmer

Figure 8 shows the layout of the piping system.
is 3/4” P.V.C.
It runs from the existing
cold water
around the 5-55 gallon drums to the raised 40 gallon
back to the oil fired furnace.

The tubing
supply
tank then

Figure 9 shows furnace connection.
The friction
loss for
the 130 ft. of P.V.C. was figured
at 13 ft. and the house pressure system raised to make up for this loss.
If additional
pressure is needed, a Grundfos model 25-42SF will be installed.
This pump in turn will be controlled
by an Hawthorne Industries
H-1510 Varifly
Controller.
To date neither
has been required.
Table
preheating
insulation
Since the
efficiencies

1 shows various possible fuel savings with solar
based on 330,034 BTU/sq. ft. which is the available
on Long Island for the months April through September.
efficiency
has not yet been determined,
various
are Fhown.

The water temperature
in the raised 40 gallon greenhouse
tank has run as high as 105 degrees F (See Fig. 6). However,
when connected to the domestic water heating system, the tank
temperature
ranged from 72 to 90 degrees F.
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FLOW DIAGRAM
SOLAR GREENHOUSE USED AS WATER HEATER
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FIGURE 8

Est.
L

Eff.
15

Equiv.

Energy to Water
(BTU)

#2

49,505
66,007
82,509
99,010
115,512
132,014

20

25
30
35
40

Gal.
Oil

Gals.

Oil

138 sq. ft.

035
-47
.58
.7o

48
65

.81
l 93

111
128

80
97

TABLE 1
The water temperature
in the raised 40 gallon greenhouse
However,
tank has run as high as 105 degrees F (See Fig. 6).
when connected to the domestic water heating system, the tank
temperature
ranged from 72 to 90 degrees F.
costs

The material

for the original
structure
was approximately
The additional
cost for the material
necessary
to use the greenhouse for a water preheater was approximately
$80. Most of this expense was for PVC tubing as neither
a
pump nor special
controls
were necessary.

$160 in 1975.

The energy used by the 200 watt heating tape was figured
by timing the hours of use with an electric
clock and reading
The eleven day
the data daily during certain
cold periods.
period from Jan 24 ‘77 to Feb. 3 showed the soil cable on for
69 hours.
69 Hrs.

x .2 KW x $.05/KWH = $.70

It should be noted
This projects
to about $2,lO/month.
that this was an extremely cold time with readings as low as
A similar
11 day period was checked when
2 degrees F outside.
This showed a projecthe outside temperature
dipped to zero.
tion of $3.00 per month.
first

Table 2 shows readings
half of March.

of the 1320 watt

The projected
yearly operating
is about $22 based on the following:
Est.

cost

heater

during

of the electric

the
heater

! 4811 annual degree days = $22.00
Cost = 12 KWHx $.05 x
131 degree days
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COST FOR OPERATING 1320 WATT HEATER

1977 Date

313
';
6
7
8
9
10
11
12

13
14
15
16

Out Temp

7m
30
30
24
30
39
t26
39
40
39
40
50
49
46
44

In Temp

7m
40
32
40

Degree
Days

KWHUsed

-13

4.82

24

22

::

5.61
i.45

none

cost

.Ol

.24
.a8
007

::

42
32
39
29"
::
49
lc6

50
131
TABLE 2

FIGURE 9
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12.21

$

it.60

Conclusion
This solar greenhouse has proven to be a worthwhile
project and has served as a means to produce a small amount of
fresh vegetables
in the winter months.
It has also been useful
as a place to start vegetables
and flower plants early in the
In addition,
it has the potential
to supply a small
spring.
amount of domestic water preheating
during the summer months.
All of the above has been done at very little
cost in
comparison with initial
and operating
costs of similar
commercially
available
greenhouses.
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590

1033

32023

1414

2060

1.46
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918

1340

37520

Mar.

1852

2308
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1.06
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1530

1622

48660

May
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2552
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.96
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2434

.92
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2083

1916
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2534
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.95
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462

1703

1788

55428

Se+.

1788
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385
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1848
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1348
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1065

1555

48205
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942

1636

1.74
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686

1194

35820
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1480

1.89
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523

988

30628

Avg.

1776

2114

1.31

352

1298

1540

46841

Jan.
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Feb.
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A SIMPLE, INEXPENSIVE UNHEATEDSHELTER FORAWINTHRGARDEN
AT THE NORTH SHORE SCIENCE MUSEUF
PLANDOMHMANOR,NEWYORR
Joseph And Leafie

Freda

There is obviously
a great deal of on-going research into the design and performance
of energy-conserving
greenhouses and similar
structures.
Much of this research has
been devoted to solid,
well-constructed
bwild~ngs
for large-scale
operation,
where
a high initial
cost may be acceptable.
The objectives
of our experiments
at the North Shore Science Museum are, on the
contrary,
to achieve a design that will not be considered
a building
at all by the
that
will
be
inexpensive
to
construct,
that
will
cost
nothing
at all
tax assessors,
to maintain,
and that will permit the raising
of certain
vegetables
throughout
the
coldest winters that are likely
to be experienced
on Long Island.
We want something
that can be recommended to the gardeners in our area , most of whom have relatively
small growing areas and are not prepared to erect a structure
that will be costly
or will add to their already high taxes.
It is to be hoped, therefore,
that this
that I' . ..any papers stressing
low-impact
and appropriate
would be welcomed."

paper will
solutions

meet the sponsor's
which are simple,

suggestion
inexpensive

We call our structure
a winter shelter
rather than a greenhouse because it really
does form a shelter
over a 9' x 23' garden plot and because it consists of an
uncovered frame for a portion
of the year.
All vegetables
are planted in the soil
of this plot in late summer when the frame is not covered, and nothing is raised
in containers.
During winter and early spring the edifice
may seem, at first
glance, to be nothing
more than a quite ordinary
plastic-covered
greenhouse.
On closer examination,
however, it will be found to incorporate
several novel ideas, some of them borrowed
from the experimental
greenhouses and "arks" constructed
at the Rodale Experimental
Farm in Pennsylvania
and at the New Alchemists
on Cape Cod. These structures
will
undoubtedly
be described
in other papers of this collection.
FOUNDATIONAND SUPERSTRUCTURE: There is really
no foundation
at all.
The frame
for the plastic
covering is made of two by fours, and this frame is supported by
wooden posts sunk into the ground.
A cement fcundation
could be easily constructed
buk .?tis would lead to the classification
of the structure
as a building
by the
tax collectors.
The absence of a solid foundation
does make more difficult
the
problem of keeping some of the ground inside the shelter
from freezing
during the
coldest winter months.
This will require
some improvised
solutions.
THE SHAPE: The most obvious element borrowed from the structures
at Rodale and
the New Alchemists
is *he shrzpe of the shelter.
Our very first
shelter was a
simple A-frame made of two by fours covered with a single layer of plastic.
After
visiting
the Rodale Farm and the New Alchemists
we modified the structure
by removing
the slanted beams on the ncrth side of the frame and erecting
perpendicular
beams to
form a perpendicular
north wall and gently-sloping
north roof when the plastic
covering is in place.
The great advantage of this shape is that it makes possible
additional
insulation
(besides the plastic
covering)
of the north wall and the
north roof by one of several methods, some of them inexpensive.
It also enables
US to place along the inside of the north wall some heat storage units such as
black-painted
cans filled
with water.
We have proven to our own satisfaction
that
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this shape is just as functional
in a simple plastic-covered
shelter
as it is in
It
the more elaborate
buildings
to be found at Rodale and the New Alchemists.
certainly
has prevented a great deal of the heat loss characteristic
of conventionally
designed plastic
greenhouses.
The illustration

below shows the basic

shape of the modified

structure.

(This would be illustrated
INSULATION: Having rejected
cost and tax considerations,
such a design would provide

in a slide

talk)

a solid foundation
and superstructure
because of
we could not expect to achieve the kind of insulation
for the north wall androof,
so we had to improvise.

During cold weather,
the present shelter
is covered with two layers of plastic.
The inner layer is Aircap,
the bubble
The outer layer is 6-mil polyethylene.
Insulation
and protection
of the
type of plastic
ordinarily
used in packaging.
north roof is provided by loosely nailed sheets of plywood put in place before
the plastic
is installed
and painted white on the inside.
Bags of leaves, of
which there are plenty on Long Island in the autumn, have in the past been piled
This year we expect that the outer layer
against the outside of the north wall.
of polyethylene
will extend about a foot beyond the north wall and another layer
w:Lll be attached
to the frame.
The space between these two layers of plastic
will be filled
with loose, dry leaves.
The leaves will thus be protected
against
rain and snow.
Insulating
the
of the absence
the outside of
at another time

ground inside from freezing
is a more difficult
operation
because
of a foundation.
Our present plan is to dig a trench bordering
the shelter
and fill
this trench with styrafoam.
We will report
on the effectiveness
of this solution.

BEAT STORAGEAND DISTRIBUTION:
It was planned to have ready for
1976-77 an array of black-painted,
water-filled
cans to be placed
of the north wall to absorb the sun's heat during sunny days and
to the interior
of the shelter
at night.
We did not have enough
that winter.
They are now ready for the coming winter and it is
will contribute
measurably to tile effectiveness
of the shelter.
of Earl Barnhardt of the New Alchemists,
the cans will be stacked
as to leave spaces between them.
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the winter of
along the inside
reradiate
the heat
cans ready for
expected that they
At the suggestion
in such a way

we are planning
to design and install
Also at the suggestion
of Mr. Barnhardt,
near the ceiling
of the shelter
a large fan powered by a rotor-type
windmill
on
This, it is hoped, will circulate
the warm air that rises
top of the structure.
to the ceiling
area.
VENTILATION:
sophisticated

This is provided by a door at each end of the shelter.
A more
system of ventilation
will be considered
for later installation.

WHEN IT IS NEITHER A SHELTER NOR A GREENHOUSE: Probably the most unconventional
thing about the Museum's shelter
is that during the late spring, the summer and
the early fall it is not a shelter
at all.
From the beginning of our experiments,
the plan has been to start a garden growing on the plot some time in August to
get good growth before the frosts arrive.
This cannot be done if the shelter is
covered during this period.
The plastic
covering is on the shelter only during
the coldest months, largely
to protect
the growth that has already occurred.
Here on Long Island the covering is attached about the middle of October.
In
late Spring the interior
will get too warm, so the plastic
coverings are then removed.
With careful handling,
we have been able to get two years of use from the plastic
in spite of this putting
up and tearing
down.
WHAT GROWSIN THF, SHELTER: During the coldest months the shelter will protect
only those vegetables
which are inherently
fairly
hardy but which still
cannot
be grown without some protection.
The hardy
leaf vegetables we have grown are
lettuce,
spinach, kale, kohlrabi,
parsley,
cabbage, collard,
chard, celery
and dandelions.
The root vegetables
are leeks, onions, carrots,
beets, oriental
radishes.
This summer (1977) we did plant some warmth-loving
plants,
not so much
with the idea that they would grow through the winter,
but to see just how far
These include tomatoes,
we could extend their season into the colder period.
egg plants,
peppers, cucumbers and some flowers.
A SEASONALCHRONOLOGY: The following
is a list of suggestions
we make to gardeners
who have built
or will build a structure
similar
to the Museum's shelter.
We
are including
it unchanged in this papel; even though there is some repetition
of
of what has already been said, because it summarizes the basic procedure in using
the shelter
from a somewhat different
angle.
+!JUWk?p: We start

off with summer because if one is building
such a shelter
for the
first
time it must be ready for summer planting
and will not yet be covered with the
will have been removed
plastic.
If the shelter
has been used before, the plastic
some time during the spring.
Summer
is the time to plant the garden inside the
frame.
One does not expect vegetables
to really
grow during the coldest part of the
winter,
so the idea is to get good growth before the onset of very cold weather.
You will then be able to keep harvesting
until the deep freeze is over and warmer
weather comes back again.
We found August to be the most appropriate
planting
time.
As noted before, we plant directly
in the ground, not in containers
of any kind.
Some time about the middle of October (this is for Long Island,
remember) the
north roof is covered with plywood and the entire
frame is covered with the two
layers of plastic.
At this time or somewhat later the north wali will be insulated
with bags of leaves on the outside,
and the fluid-filled
cans will be placed
You will have had good growth up to this time; and
along the inside of the wall.
with the structure
prepared for the winter,
growth may continue well into November,
depending on the weather.
On warm days, the gardener must remember to ventilate.

Fall:

There is not much that can be done in the winter except to repair any
Weeds will not be a problem.
damage that may be done by storms.
Watering will
though
a
bucket
of
water
should
be
kept
in the shelter
not generally
be necessary,
after the outsida water has been turned off, just in case you might want to transplant something.

_FJinter :

As soon as the coldest depths of the winter are past, the vegetables will
begin to grow again, and by the beginning
of March, long before anything much is
growing outside,
growth will be luxuri.ant
in the shelter.
You will enjoy harvesting
a rich crop of tasty food when others are just beginning
to think about what they
will put in their gardens.
The shelter
is also an ideal place to harden off the
seedlings
of warm-weather plants which you started
in a warmer environment.
It
can act, after all, as something of a large cold frame.
In late spring the plastic
covering is removed and put aside for use in the next season.

Spring:

RESULTS:
The winter of 1976-77 could be regarded as a definitive
test of an enclosed
--.
shelter without
complete insulation.
It was the coldest winter in a century in
the New York area and it is doubtful
that anything at all could have been saved
in the original
A-frame shelter.
For the final
test of what can be accomplished
when we have installed
the "works",
we shall have to wait (not very anxiously,
we
must tell you) for another such winter.
During this bitterly
cold winter we did
lose quite a bit of our planting
when the temperature
dropped at times to around
zero and stayed below ten degrees at night for quite a continuous
stretch.
What
amazed us was how much we did not lose.
Visitors
to the Museum were tremendously
impressed with what we were harvesting
in the depths of the winter.
Color photographs taken on January 18, 1977 leaving people who see them murmuring "incredible".
There was absolutely
no time during the winter when we were not harvesting
some
vegetables
for the table
of our own family and that of Peter Rickert,
the grounds
About the middle of February
caretaker
who does most of the growing in the shelter.
the plants began growing again and by the end of March the inside of the shelter
was a lush jungle of all kinds of goodies, long before anything was growing outside.
MAYBE WINTER IS THE GNLY TIME YOU CAN GROW: Many Long Island plots are so densely
covered with trees that nothing much can be raised during the normal growing season
when the trees are in leaf.
So it strikes
us that it might be possible
for the
With the leaves off
owners to raise a vegetable garden only in the wintertime.
the trees, it should be possible
in many cases to situate
a winter shelter properly
An unusual, but not necessarily
to get enough winter sunlight
for good growth.
impractible,
idea.
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VT 05344

Energy
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of

Environmental
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paper

is

Action,

Harrisville,

NH 03450

two-fold:

1.

To briefly
which
have

describe
two energy-conserving
been constructed
at Marlboro

greenhouses
College,
and

2.

To present
an abbreviated,
vary
simple
method
the added solar
gain on vertical
south
surfaces
of equal-area,
horizontal,
specular
reflectors.

for

estimating
through
use

PART ONE: GREENHOUSE DESCRIPTIONS
Physical

Descriptions

Drawings
of the two greenhouses
are included
in Figures
1,2 and
3.
Both greenhouses
havAe 12' x 18' outside
dimensions
and face
because
this
is the orientation
of
of due south,
about
15' east
the Marlboro
College
science
building
to which
they are attached.
The walls
are insulated
to R=20 and the opaque portions
of the
The frost
walls
and the undersides
of the concrete
roofs
to R=30.
The main differences
between
the
floors
are insulated
to R=lO.
two greenhouses
are outlj.ned
below:
Greenhouse
Height

of

vertical

Length

of

roar

Roof

glazing
glazing

angle

Reflective,

insulated,

Interior

wall

Removable
*Installed
winter,

surfaces

insulation
all

retractable

shl.tter

reflective
under

roof

in November
and
exposed
glazing

glazing*

removed
in
is covered

March.
with

8'

#2
-1
5

5'

8'

15O

3oo

Yes

No

Yes

No

Yes

No

Thus,
insulation

bl

during
at

the
night.

Insolation
The
on the

average
external

amount of direct
glazing
of the

and diffuse
solar
two greenhouses
is
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radiation
falling
given
below
for

Dee
,Feb
' /
0

0 '/
,

.

.m.
.
.
1

.
. .

4

facing east.
2. Greenhouse #I, cross-section
Sun
angles
for
solar
noon
are
: jy:l'.
given for the 21st day of Feb, Apr, Jun, Aug, Ott
shutter and remov& Dec. Use of reflectorized
able roof insulation
is indicated.

Figur;;a;e&

I I I II/ I I I
167

,Oct

Figure 3.
Greenhouse #2,
cross-section
facing east.
Scale: 9' : 1'.
Sun angles for
solar noon
eC,
are given for .:a
the 21st day .;.:
of Mar, Jun,
Sep & Dec.
F

the 15th day of each month
(l,?).
It is estimated
that
with
reflection
losses
and absorption
by the glazing
about
75% of
this
radiation
will
enter
each greenhouse.
The contribution
from the equal
area specular
reflector
on greenhouse
#l has
been added,
but the added increment
caused
by reflected
radiation
from the immediate
environment
has been neglected
for both
greenhouses.
Table

1:

Average
month.

insolation
Values
are
Day

for the 15th day of each
in thousands
of BTU/day.

15

181*

225

Jun

15

213

256

Ott

15

223

231

Mar

15

220

241

Jul

15

217

260

NOV 15

159

157

Apr 15 208
*Insulation

238

Aug

15

225

263

Dee

15

124*

132

per

day

for

roof

252

Sep 15

Feb

under

15

- #2
242

15

May

glazing

iI 2

- d1
218

Jan

178

-- i/ 1
211

aDay

-- t 1
156*

Day

#2

values
given

24 hours
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these

months.

Identical
plant
growth
in order
each greenhouse
eliminating
roof
giazing
be seen from the lighting
have been taken
to insure
house 81.

are being
carried
out in
experiments
to determine
any deleterious
effects
of
in greenhouse
81.
As can
in the winter
diagrams
(Figures
1,2 & 31, precautions
that
light
reaches
the rear
of green-

Mass
the extra
radiation
use for heating
In order
to effecti-vely
it is necessary
to provide
the greenvwhich the plants
do not use,
Effecting
this
transfer
to storage
house with
storage
mass.
presents
special
problems
in greenhouses,
especially
when that
as in the two greenhouses
being
transfer
takes
place
passively,
arises
because
the plants,
under
maximal
described.
The problem
will
sffectively
block
most direct
transfer
growing
conditions,
some of the light
reflected
While
It is true
that
to storage.
+,r:e plant
leaves
will
eventually
strike
and be absorbed
by
off
storage,
the efficiency
of this
transfer
would be virtually
impossible
to calculate.
over the
Consequently,
experimentally
the optimal
conditions.
We expect
to
mately
the equivalent
heat
square
foot
of greenhouse
will
not be placed
in any
access
to direct
sunlight.
Heating

we will
attempt
to determine
winter,
storage
mass for our greenhouse
begin
experimentation
with
approxicapac-lty
of 40 pounds
of water
per
storage
mass
In
addition,
floor
area.
position
where
it woIlld
block
plant

and

Cooling

Table
2 contains
the results
of heat
loss
calculations
for
The first
two values
represent
predicted
five
200ft2
greenhouses.
The last
three
values
are for
values
for greenhouses
#: and i/2.
double
and triple-glazed
conventional
greenhypothetical
single,
houses.
The values
are calculated
using
8,000
and 6,000 heating
The heat loss
degree-days/season
and one air
change
per hour.
values
have been adjusted
by sllbtracting
the heat loss
for the
the listed
value
is for
existing
wall
which
is covered.
Thus,
The R value
for the
the increment
above the former
heat losq,
existing
wall
is assumed to be 14.
for
are

Also in Table
2 are predicted
transmitted-insolation
greenhouses
#l and #2 for the heating
season
calculated
from data in Table
1.

only.

values
The value-3

It can be seen that
greenhouse
#l is expected
to provide
to the
building
the equivalent
of 47 and 93 gallon;
of fuel
oil,
depending
valties
upon the number
of degree-days.
Although
the insolation
for the three
conventional
greenhouses
were not calculated,
it
can be inferred
that
all
three
would
suffer
rather
large
net heat
losses,
even at 6,000
degree-days.

Table

2.

Comparison
predicted

of predicted
heat loss.

Greenhouse
II 1

transmitted
'nsolation
Values
in millions
of

Greenhouse
f 2

with
BTU.

Single
Glazing

Double
Glazing

Triple
Glazinq

26.3
8,000

Heat
6,000

Heat

D'D
Loss

19.2

35.5

132.3

76.7

55.7

D-D
Loss

14.6

26.8

101.4

59.7

43.9

Daytime
excess
heat in the winter
is transferred
to the building
by means of a small
fan mounted
high on the back wall.
Make-up
air
then enters
the greenhouse
from a vent
low on the- opposite
end of the back wall.
This
same arrangement
serves
to transfer
heat
into
the greenhouse
at night.
Summer time cooling
of the
greenhouses
is accomplished
with
a natural
convection
arrangement
which
will
not be described
further.
Performance
As was mentioned
previously,
agriculture
experiments
are
being
carried
out to determine
the effect
of vertical
glazing
with
an equal-area
specular
reflector
on plant
growth.
In
addition,
the thermal
performance
of both
greenhouses
is being
Data are being
recorded
on a Leeds & Northrup
monitored.
Speedomax
G re'corder;
solar
insolation
data are being
recorded
with
an Eppley
pyranometer.
PART TWO:

THE REFLECTOR

This section
is devoted
to a description
of the method
for
calculating
solar
gain on vertical
surfaces
through
use of
horizontal,
specular
reflectors.
This
is a simplified
treattreatments
described
elsewhere
(3-9).
ment taken
from more rigorous
In addition,
although
little
space in this
paper
is devoted
to
this
issue,
it is assumed that
the reflective
shutter,
when
cranked
to the vertical
position,
is an effective
heat barrier.
This,
of course,
assumes that
a good seal
has been achieved.
Simplifications
Using
geometry
and trigonometry,
the performance
of any
reflector/collector
combination
can be predicted,
but the
These calcuresulting
calculations
are not easily
performed.
so that
only simple
arithlations
can be greatly
simplified,
if some of the design
parameters
are given
metic
is required,
the following
specifications:
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1.

The

reflector

is

perfectly

2.

The

3.

wall

(collector)

is

The

wall

is

due

4.

The

reflector

5.

The measurement
is made only
for the winter
months
the measurement
is made only when the solar
(actually,
when the altitude
is greater
than
altitude
is 45' or less;
450, some reflected
radiation
will
skip
over the top of
the wall).

oriented
and wall

horizontal.
perfectly
south.

are

For a detailed
explanation
of date and latitude,
as well
Chapter
and insolation
values,
Product
Directory
(10)
should

vertical.

r>f identica3

size.

of solar
altitude
as a function
as for a description
of sun angles
59 of the ASHRAE Handbook
and
be consulted.

Orientation
The optional
orlentation
for collectors
and refiectors
has
Their
findings
suggest
been analyz&d
by McDaniels,
et al.
(7).
That the collector
should
be tilted
between
70° and the vertical
t6nd that
the reflector
should
be perpendicular
to the collector
A few degrees
(+ or plane
(if
the reflector
must be fixed).
deviation
from the perpendicular
gives
small
changes
in reflector
enhancement.

10%)

Def.initions
E Jr*

Monthly

average

daily

total

extraterrestrial

Monthly
surface

average
(11,12)

daily

total

radiation

f;; ***

Monthly
horizontal

average
daily
surface

total

diffuse

y

Monthly

average

total

radiation

0

i

**

***

xt**

Cloudluess

i;; ***

Tilts

ratio:

%*

Tilt

ratio

s **

Angle

P **

Ground

*

Values
Values
To be

**
***

daily

index:

of

Et
-ii = T/H

for
tilted

reflectance
in this
easily
calculated

beam

= H/Xo

(11)

component

only

surface

(measured

(3,13)
paper
available
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radiation
on a horizontal

radiation

on a

on a tilted

from

the

horizontal)

surface

(6)

Monthly
average
daily
total
radiation
is obtained
by adding
up the total
radiation
on a surface
for each day, summing the
and dividing
by the nplmber of days in the
values
for a month,
month.
The other
sy?abols
are pretty
much self-explanatory.
Values
for each parameter
are obtained
from the indicated
references.
Procedure
total
from

The number
to &e caiculated
is,
of course,
the sum of the
T, on the vertical
surfare
and the contribution
radiation,
T is obtained
from,
the horizontal
specular
reflector.
r

E is known
x is obtained
:

This
E

=

BEAM/H
BEAM

+

f

stations
at
equation,

DIFFUSE/H

DIFFUSE

can be expanded
-(I;/H))Rb
+
(D/H)(l

(1 -

+

d'lfferent

1)

latitudes.

REFLECTED/H

(Eqn

2)

REFLECTED

+

expression
=

(Eqn

-iiXii

for many weather
from the following
=

r

where,

=

into,
+ cosS)/2

+

P(l

-

cosS)/2

(Eqn

3)

Equation
3 is not as formidable
as it now appears,.
when it is
applied
to a vertical
surface,
because
S in that
case is 90'.
The cosine
of 900 is zero.
Thus,
the equation
reduces
to,
-5
=
(1 - (E/E) )Rb
+
(D/H)/2
+ P/2
(Eqn 4)
Values
existing
The value

for R are in the Appendix
tablesbare
incomplete
(see,
for D/E is available
from

--

D/H

=

1.390

'-

4.027fi;,

+

1.
2.

Substitute

3.

Substitutei?

5.531'ii:

Sample
Schnectady,
Approach:

Calculation
NY (43'N)
-Calculate
D/H.

of
in

'jFj/?i into
into

to this
paper,
because
reference
for example,
the following
equation,
3.108Ti:

-

the
6).
(Eqn

5)

r for
December

Equation

Equation

4 .and calculate
1 and

calculate

x.
r.

are obtained
The values
of x
= 0.331
and-E
= 356 BTU/ft'/day
r‘rom the
from the Climatic
tAtlas
(11).
Rb = 1.73 is obtained
Then,
Appendix.
P = 0.1 is used for reflectance
off snow (3,13).
from Equation.5,
D/H is calculated
to be 0.550.
R, from Equation
4,
Then,
T = RxH
= 655 BTU/ft2/day.
is calculated
to be 1.84.
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Effect

of

Reflector

We know the value
of x on the reflector.
That value
can
be divided
into
diffuse
and beam components.
The reflected
diffuse
radiation
on the vertical
surface
is due to bcth
the
snow and the reflector.
Technically,
the diffuse
component
from
th.e snow arriving
on the vertical
surface,
which
was calculated
as the third
term of Equation
4, should
be modified
by subtracting
out the contribution
from the area which
is now covered
by the
reflector.
This
is not easy to do.
It is also not easy to
calculate
the contribution
on the vertical
surface
of the
diffuse
component
coming
from the reflector.
To simplify
the calculation,
it is assumed that
the clIffuse
contribution
from the snow field
is equal
to the diffuse
contribution
from the reflector
and can replace
that
value
in the
calculation.
Since
the reflectivity
of the reflector
3.s greater
than that
of the snow,
this
will
lead
to a slight
underestimation
of the value
of the reflector.
Since
this
calculation
is being
made for the winter
months with
a solar
altitude
restriction
of 45' maximum,
the only
reflector
loss which
must be taken
into
account
is end loss.
At all
times
other
than solar
noon,
some reflected
radiation
will
not intersect
the vertical
surface.
Obviously,
end losses
will
be greatest
when
the solar
azimuth
angle
is large,
i.e.,
during
early
morning
and
late
afternoon
hours.
(Solar
azimuth
is defined
as the angle
between
the projection
on the earth's
surface
of the earth-sun
line
and its
intersection
with
a north-south
line
at the observer.
(10))

\

This end loss
based on total
reflectivity
is higher
when
rat,o
of reflector
length
(east-west)
to width
(north-south)
S?GF!Z
i . For infinitely
long
reflectors
end loss
is negligible.
longer
east-west
axis
reflectors
give proportionately
This
can be seen quantitatively
in Table
Table
--L = w
0

of

end

loss.

L -

Percent
Loss
2w
L = 3w

L = 4w

L = SW

0

0

0

0

9

4

3

2

2

18~

9

6

5

4

29

14

10

7

6

42

21

14

11

8

50':
60 "

58

30

20

15

12

71

43

29

22

17

70 :

82

64

46

34

27

80 \,

92

82

73

64

56

100

100

100

100

100

90

:
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the
is
3.

the end loss
has to be subtracted
from the horizontal
Next,
radiation.
This is somewhat
a laborious
process,
since
it must
be done for all
times
of the day.
It can be simplified
by
subtracting
end loss
for each hour of the day, starting
with
the
hour centered
around
8:30 and continuing
with
9:30,
lo:30
and
11:30.
End loss
for the afternoon
hours
parallels
exactly
the
losses
for the morning
so they do not have to be directly
calculated.
Recall
that
t&e beam component,
E
is the value
to be calculated.
The fraction
of H which
occurs
durinbg'any
hour of the day is
approximately
known (3,14)
and is given
in column
3 of Table
4.
Similarly,
values
for D are also given
in Table
4.
Table

4.

Calculation
reflector

Hour Interval Centered
at:

of
for

Azimuth

the beam component
on the specular
Schenectady
in December
(43'h).
%-age

Available

of

(BTU/ft2/hr)

H

8:30

48

0.05

17.9

9:30

35

0.11

39.3

10:30

22

0.16

57.1

11:30

8

0.18

64.3

%-age

Available

fj-

Hour

of

(BTLJ/ft2/hr)

8:30

0.06

11.8

9:30

0.12

10:30
11:30

x

(ft22_

ii (for
Tbtal
Area)
(BTU/hr)

6.1

92.5

564

23.5

15.8

105.5

0.15

29.4

27.7

0.17

33.3

31.0

I15
123.5

1670
3190

D

ii -. 5 = Hb
(ETU/ft2/hr)

Area

.

3830
9250

When the hourly
percentage
values
for F are multiplied
by
E (356 BTU/ft2/day
broken
down into
hourly
components),
the
.a hourly
available
radiation
can be obtained.
Previously,
D/H
wa calculated
to be 0.550;
using
t1.e value
of H, D is 196 BTU/
ft s /day.
Thus,
in just
the same way as H, the hourly
available
D can also
be calculated.
The beam component,
then,
for each
hour is H - D = Hb.
Using
the end-loss
with
L = 2W and an
areas
at each hour
hourly
beam-component,
radiation,
H'
can
--b
reflector,
H :t , is
b
This
multiplied

value
by

percentages2from
Table
3 for a reflector
area of 128 ft
(8' x 16'j,
effective
collector
may be calculated.
by multiplying
the
Finally,
H
by the effective
area,
the total
hourly
be ca P'culated.
The total
contribution
from the
twice
the sum of the Hi values,
or 18,500
BTU/day.

assumes
a reflectance
the actual
reflectance.

of

1.0.
Thus, '"{ needs to
For the purposes
of this

be

calculation,
rzficctance

this
values

value
is assumed
to
is included
in the

be 0.95.
Appendix.

A discu;-..-.ton

of

Multiplying
18,500
BTU/day
by 3.95 and 31 days/month,
a value
of 546,000
BTU/month
is obtained.
This must be reduced
by subt-acting
that
fraction
which
does tiot get through
the glazing.
ALc we assume an average
value
of 75% transmittance,
the amount
of
r;?r!iation
from the reflector
which
actually
enters
the greenhouse
will
be 410,000
BTU/month
ior December.
Table
5 contains
a summary
in the winter.
It can be seen
from a low of 21% in December
Overall,
March and April.
the
43'N latitude
in April,
during
gets larger
than 45'.
In order
from skipping
over the top of
the reflector
is raised
above

of the calculations
for Schenectady
that
the enhancement
factor
ranges
to a high
of about
40% in October,
average
enhancement
is 32%.
At
some parts
of the day the altitude
to keep the reflected
radiation
the vertical
wall
at soiar
noon,
the horizon
by ll".

Table

for

Month

5.

Calculation

summary

ii
BTU/ft2/dav

%

Schenectady

(43'N).

Reflector
BTUxlO-6

BTUxlO+

BTUX~O-~

%
enhancement

?;

Total

Ott

820

0.420

1.02

2.66

3.68

38

Nov

436

0.309

0.45

1.65

2.10

27

Dee

356

0.731

0.41

1.96

2.37

21

Jan

488

0,406

0.66

2.77

3.43

24

Feb

753

0.441

0.95

3.20

4.15

30

Mar

1026

0.433

1.27

3.54

4.81

40

Apr

1272

0.413

1.06

2.50

3.56

5.82

18.28

24.10

42

-

32
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Appendix
Table

6.

Values
Latitude
(ON)

Date

for

Rb.
Tilt
O0

15O

3o”

Angles
45O
60’

?5O

9o”

Jan

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

1.24
1.29
1.34
1.42
1.52
1.65
1.85
2.20

1.40
1.49
1.60
1.75
1,,94
2.19
2.57
3.25

1.46
1.59
1.74
1.95
2.22
2.59
3.11
4.08

1.43
1.58
1.77
2.02
2.36
2.80
3.45
4.63

1.29
1.46
1.67
1.96
2.33
2.82
3.54
4.86

1.07
1.25
1.46
1.76
2.15
2.66
3.40
4.76

Feb

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

1.17
1.20
1.25
1.30
1.36
1.44
1.55
1.71

1.25
1.33
1.41
1.50
1.62
1.78
1.99
2.30

1.26
1.36
1.47
1.61
1.78
2.00
2.30
2.73

1.17
1.30
1.44
1.61
1.81
2.98
2.45
2.38

1.01
1.15
1.31
1.49
1 72
2.02
2.44
3.02

0.78
0.92
1.08
1.28
1.58
1.83
2.26
2.86

Mar

15

20
25
30
35
40
45
50

1
1
1
1
1
1
1

1.08
1.10
1.13
1.17
1.21
1.25
1.31

1.08
1.13
1.19
1.25
1.33
1.42
1.52

1.01
1.08
1.16
1.26
1.36
1.49
1.64

0.87
0.96
l.Ot?
1.17
1.30
1.45
1.64

0.67
0.77
0.88
2.. 0 P
1.15
1.32
1 .d=3

0 i :
0 2 .:,
0.66
Q . i’ ;:
0.93
1.10
1.32

Apr

15

20
25
30
35

1
1
1
1
1
1
1
1

0.99
1.02
1.04
1.07
1.09
1.12
1.15
1.19

0.92
0.97
1.01
1.06
1.11
1.16
1.22
1.29

0.79
0.85
0.91
0.98
1.05
1.13
1.21
1.31

0.60
0.68
0.75
0.84
0.92
1.02
1.12
1.24

0.37
0.45
0.54
0.64
0.73
0.84
0.96
1.09

0.13
0.21
0.30
0.39
0.19
0.61
0.73
0.87

izl
45
50
55

1
1
1
1
1
1
1
1

0.94
0.96
0.98
1.00
1.02
1.04
1.06
1.08

0.81
0.85
0.83
0.93
0.97
1.02
1.06
1.10

0.63
0.69
0.75
0.80
0.86
0.92
0.98
1.05

0.42
0.48
0.55
0.63
0.70
0.77
0.85
0.92

0.18
0.26
0.34
0.41
0.49
0.57
0.66
0.75

0.00
0.05
0.11
0.18
0.26
0.35
0.43
0.52

20
25
30

1
1
1

0.91
0.93
0.95

0.76
0.80
0.84

0.57
0.62
0.68

0.34
0.41
0.47

0.12
O-18
0.26

0.00
0.01
0.05

40
45
50
55

May

Jun

15

15

20
25
30

O0

Jul

14

15O

30”

45O

60’

75O

9o”

35
40
45
50
55

0.97
0.99
1.01
1.03
1.05

0.88
0.92
0.96
0.99
1.33

OL73
0.79
0.84
0.89
0.95

0.54
0.61
0.68
0.74
0.81

0.33
0.40
0.47
0.55
0.63

0.11
0.18
0.26
0.33
0.41

2!l
25
30
35
40
45
50
55

1

0.92
0.94
L.96
0.99
I .Ol
1.03
1.05
1.07

0.70
O.b3
0.86
0.90
0.94
0.99
1.03
1.07

0.60
0.66
0.71
0.77
0.82
0.88
0.94
1.00

0.36
0.41
0.51
0.58
0.65
0.72
0.79
0.87

0.1s
0.22
0.30
0.37
0.44
0.52
0.60
0.69

0.00
0.02
0.08
0.15
0.22
0.30
0.38
0.46

Aug

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

0.97
0.99
1.02
1.04
1.06
1.09
1.12
1.15

0.88
0.92
0.96
1.01
1.05
1.10
1.16
1.21

0.73
0.79
0.85
0.91
0.97
1.04
1.12
1.20

0.52
0.60
0.67
0.75
0.83
0.91
1 .Ol
1.11

0.29
0.37
0.45
0.54
0.63
0.73
0.83
0.94

0.07
0.14
3.22
0.30
0.39
0.49
0.60
0.72

Sep

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

1.05
I..07
1.10
1.13
1.16
1.20
1.24
1.30

1.02
1.07
1.12
1.18
1.24
1.32
1.40
1.51

0.92
0.99
1.07
1.15
1.24
lf35
I.47
1.62

0.77
0.85
0.94
1.04
1.16
1.28
1.43
1.61

0.56
0.65
0.75
0.86
0.99
1.13
1.30
1.50

0.31
0.41
0.51
0.63
0.76
0.90
1.08
1.29

Ott

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

1.13
1.17
1.21
1.25
1.30
2.37
1.45
1.57

1.19
1.26
1.33
1.41
1.52
1.64
1.80
2.03

1.17
1.26
1.36
1.48
1.63
1.80
2.03
2.35

1.06
1.18
1.30
1.45
1.63
1.84
2.12
2.52

0.89
1.01
1.15
1.32
1.51
1.76
2.07
2.51

0.65
0.78
0.93
1.10
1.30
1.55
1.88
2.33

Nov

15

20
25
30
35
40
45
50
55

1
1
1
1
1
1
1
1

1.22
1.26
1.31
1.38
1.47
1.59
1.75
2.01

1.36
1.44
1.54
1.67
1.84
2.06
2.37
2.89

1.40
1.52
1>66
1.84
2.08
2.40
2.84
3.57

1.35
1.50
1.66
1389
2.18
2.57
3.1!.
4.01

1.21
1.37
1.56
1.81
2.14
2.57
3.17
4.17

0.98
1.15
1.34
1.60
1.94
2.39
3.01
4.05

Dee 15

20
25
30
35
40
45
50
55

1
I
1
1
1
1
1
1

1.26
1’. 31
1.38
1.46
1.58
1.72
1.98
2.41

1.44
1.54
1.66
1.83
2.05
2.33
2.82
3.67

1.52
1.66
1.83
2.07
2.38
2.78
3.47
4.67

1.50
1.66
1,88
2.17
2.54
3.04
3.89
5.35

1.37
1.56
1.80
2.12
2.54
3.09
4.04
5.67

1.15
1.34
1.59
1.93
2.36
2.93
3.91
5.60

Reflectance

of

Materials

The value
for the reflectance
of 0.95 used in the calculations
is somewhat
idealized,
and it is only
used because
it probably
represents
about
the best
that
can be obtained.
The measurement
of accurate
reflectance
values
is extremely
difficult,
because
there
are variables
which
change
reflectivity
under
actual
use
conditions.
The best
that
can be hoped for is some sort
of
average
value.
Some of the confusion
over reflectance
values
arises
because
in the literature
distinctions
are not made between
specular
and
diffuse
reflection.
When a beam of light
is shined
at a reflective
material,
the light
will
be reflected
in all
directions
but may be
more concentrated
in a certain
direction
or aperture.
The total
reflection
is called
hemispherical
and the reflection
with
the
directional
component
is called
specular.
Thus, when reflectivity
is mentioned,
the aperture
of measurement
should
be mentioned.
some other
variables
must also be
As was mentioned
previously,
Reflectance
varies
with
wavelength
of the light,
the
specified.
In the
and oxidation
or dirt
accumulation.
angle
of incidence,
30% of incident
red light
is reflected,
case of a silver
mirror,
(E. Hect & A. Zajac,
whereas
98% of violet
light
is reflected.
(1973))
As far as angle
of
Addison-Wesley,
pp. 88-89
optics,
with
white
light
silver
has a reflectance
incidence
is concerned,
of 0.9 at normal
incidence
and a reflectance
of 1.0 as the angle
An approximation
method for reflectance
approaches
90°.
(ibid.)
calculations
for incident
angles
other
than normal
is given
in
Optical
Properties
of
Thin
Solid
Films,
Dover,
New
York.
0. Heavens,
Reflectance
values
for various
materials
are given
in a Sandia
The values
for these
materials
were obtained
Laboratory
report.
(R. Pettit
& B. Butler,
Solar
Total
using
the solar
spectrum.
Mirror
Materials
and Selective
Coatings,
Energy
Materials
Support:
Sandia
Labs (1976))
But recall
that
as the angle
of incidence
In summary,
be wary.
These
the better
the reflectivity.
moves away from the normal,
shallow
angles
are precisely
the ones most frequently
encountered
which
is the most common
Polished
aluminum,
with
flat
reflectors.
can have a reflectance
of 0.95 at those
shallow
reflector
material,
what fraction
of the 95% hemisp
angles.
The question
remains,
though,
rical
reflectance
is specular?

THE GROWTHAND RESPONSEOF VEGETABLES IN SUB
OPTIMUM GREENHOUSEENVIRONMENTS
Carla Mueller,

J.W. White and R.A. Aldrich1

Introduction
In response to fuel cost problems confronting
conventionally
designed and
Penn State University
Horticulture
Department is
operated greenhouse businesses,
developing
an extensive
solar and energy conservation
research project
for greenSix small collection
and/or conservation
houses at its Rock Springs facility.
The performance
structures
have been completed for autumn and winter testing.
Also, the performance
of each design will be compared to a control
glasshouse.
of selected greenhouse crops of established
potential
market value will be tested.
Some experimentation,
designed to observe the behavior of commercially
grown
greenhouse crops cultivated
in sub-optimum greenhouse environments, was
This paper will examine and
completed between February 15 and June 16, 1977.
discuss the results
of this work.
Materials

and Methods

Many vegetable
and flower crops grown commercially
today m&y not grow optimally
This may be due to lower or fluctuating
tcmpin "solar energized"
environments.
eratures,
and reduced incoming solar insolation
from glazing materials
or "thermal
blankets".
Four experimental
structures
were used to grow vegetable
crops reand nutritioanl
requirements.
quiring
disparate
optimum temperatures,
light,
humidity,
Basically,
variations
in house glazing material,
internal
temperatures,
humidity
and internal
levels of insolation
should produce problems associated
with growing
currently
popular commercial crops in noncontrollable,
"solar energized"
environments.
Houses*
# 1.

12' x 16' lapped glasshouse

A 20' 3 20' two-ridge,
paneling
(Acrylic
3).

12.

acrylic

in conventional

gable-roofed

house,

vault fiberglass
#3. One 20' x 20' two-barrel
in the summer and fall of 1976 (Fiberglass-2).

gable rcof
glazed with
house,

design

(Glass-6).

a double-walled

one of two newly built

Another similar
fiberglass
house aontaining
facilities
for the collection
and
storage
in
rocks
under
the
growing
of excess solar heat from the ridges,
benches.
Collection
started when temperatures
were about 75'F; zupplemental
heat was supplied when internal
night temperatures
fell below 60 F (Fiberglass-l).
i/4.

Temperatures
Each house was supplied with heat by a hot water-to-air
exchgnger located
Although
a
base
temperature
of
70 F day and
on
the
north
end
of
each
house.
-1
Professor of Agricultural
Engineering
Graduate assistant;
Professor
of Horticulture;
Ferretti
Extension
Specialist
of
Small
Fruits
respectively.
Special thanks to P.
and Vegetables.
2

Manufactured

by Rohm of Darnstadt
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60°F night was given as the best compromise for the crops grown,
temperatures
fluctuated
on occasion from 40' to 104'F, dcgending on the bouse.
On February 23,
temperatures
reached a n$nimum gf 43' and 38 F, while on March 30, temperatures
reached a minimum of 42 and 40 F in Fiberglass
1 and Fibergalss
2, respectively.
A hygrothermograph
located at plant
day-night
temperature
cycles and relative

level in each house was used to record
humidity.

Table 1 summerizes temperature maximums measured between March 2 to June 3.
Chart datawerenot
available
for the first
two weeks of the experiment,
but temperatures
were noted on a standard thermometer every other day at lo:30 a.m. and
2:00 p.m. Averages of both times for a two-week period are as follows:

Table

1.

Temperature

Fiberglass-l

7o"

Acrylic-3

75O

Fiberglass-2

7o"

Glass-6

80'

Maximums and Minimums.

Dates

Fiberglass-l
max.
min.

3/2-3/il
3/19-3/26
4/17-4/25
4/26-5/4
5/26-6/3

76
71
81
78
89

51
41
58
54
57

(PIarch 2 to June 3)

Temperature (OF)
Fiberglass-2
min.
max.
77
84
99
89
100

74
53
65
64
57

Acrylic-3
max.

min.

77
80
75
73
90

52
54
52
51
51

- Glass-6
min.
wax.
98
85
96
91
107

74
77
61
53
55

Expressing temperatures
as maximum and minimum averages does not express the fact
that fiberglass
houses 1 and 2 were cooler longer in the morning, and cooled off quite
quickly
in the afternoon;
acrylic-3
and glass 6 warmed up gradually,
then stayed warm
longer as outside temperatures
declined.
Although fiberglass
2 shows quite high daytime
temperature
peaks, this house was the most consistently
cool.
Relative humidity
curves usually
followed inversely
those for temperature.
Graph 1 shows how maximum and minimum humidity averages changed as day lengths increased
in the spring.
In March, day humidities
were lower, and there was less night-day
differential.
Starting
in April,
night values climbed,
and day humidities
were
relatively
low.
House covering material
was pr bably a major contributor
to such
large variability
in humidities
between houses.
Choice of covering also greatly
influenced
both solar and thermal transmission
into the houses.
The following
chart summerizes data obtained from Aldrich and Rotz
(1978) and manufacturer's
specification.
(4)
Material
Glass (2)
Fiberglass
(2)
acrylic
Double-walled

% Solar Transmission
90
78
83

(4)
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Thermal Trapqission*
(vat ts/m’/“c)
6.4
5.7
3.12

Crops
Three benches, each holding 8" of soil. mix, were constructed
in each house. All
with a
were supported about 3' off the ground from the top edge, then filled
Single
pasteurized
1:l:l
mixture of mushroom casing soil,
sphagnum peat and perlite.
superphosphate,
potassium nitrate
and magnesium sulfate
were added as recommended
Fertilizing
was done manually;
each bench received a complete
by soil test results.
analysis
solution
every two weeks until
about the end of April,
after which ammonium
This fertilizer
nitrate
and potassium nitrate
were given weekly on an alternating
basis.
schedule was insufficient
to maintain the crops at optimum fertility
levels,
probably
Twin-wall
soaker type irrigabecause of extensive
leaching when beds were watered.
tion hose, stretched
the length of each bed, was used for irrigation,
All crops were germinated and grown to transplant
size at the Penn State floriThe north bed in each house
then transplanted
at Rock Springs.
culture
greenhouses,
the
two
end
areas
held
"La
Reine" gynoecous cucumber
was divided into three sections;
vines, which were trained up twine attached to overhead supports in an inverted "V"
The middle bed had one row of "9102 M", an
pattern,
or attached to side walls.
experimental
field
tomato developed at Penn state, and one row of "Small Fry" cherry
The far bed contained
1% rows each of Bibb and Buttercrunch
lettuce,
tomato plants.
and 3 cultfvars
of "Cherry Belle" radishes,
directly
sown. This paper will summarize
the radishes.
and disucss data on yield and quality
of each Crop excluding
Field

Tomato - 9102 El

Both tomato varieties
were selected because they are not usually grown in
the response of commonly used varieties
such as "Vendor"
a commercial greenhouse;
or "Super M" has been widely observed in many experimental
environments.
"9102 I!"
coarse
foliage
and
grew
with
a
sprawling
habit
not
suited
to
had large-leafed,
Seeds
were
sown
on
December
6;
seedlings
were
transplanted
single-stem
training.
into peat pots on the 28th, and placed in the Rock Springs house February 19 to 26.
Table 2 documents earliness
of yield and plant performance.
All plants were terminated
on June 8.
Table

2.

Tomato 9102 PI:

Plant

and Yield
Fiberglass
1

Date transplanted
Date of first
yield**
Days transplanted
to yield
II Harvest days
Total fruit
picked
Total fruit
sampled
# Culls
Est. pounds produced***
Est. pounds produced/plant***
Ave. # fruit/plant
Ave. size fruit
weight

Characteristics.
Fiberglass

Acrylic

2
2126
513
66
37
127
77
50
11.82
1.18
12.7
2.58

2/20

4/30
70
35
299
247
52
36.37
3.64
29.9
3.13

*6a:
values are estimates for 10 plants;
**.5 Its. fruit
harvested,
*** does not include what was originally
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only

Glass
G

3
2120

4/19
58
51
339
326
13
52
5.20
33.9
3.07

6 plants

2/19
4/12
49
46
l-82
168
54
30.15
5.02
30.3
3.06

6a
-

303
280
23
50.25
5.02

were grown dn glasshouse

graded as "culls".

6.

The data in Table 2 shcws that tomato plants in glass-6 yielded the earl.ist,
Plants in both fiberglass
houses began
followed by those in acrylic
3, a week later.
In Pennsylvania
the average main
yielding
two weeks later that those in glass-6.
season field tomato begins yielding
fruit
about 75 days after transplant;
field
varieties
currently
recommended require from 64 to 85 days (11).
The total number of
fruit
harvested at consecutive
dates is shown in Fig. 2. By June, branches from
glasshouse 6 were flowering
for a second cycle of fruiting.
Numbers of mature tomatoes
available
from fiberglass-2
peaked on June 2, then sharply decreased; plants bore heavily
around this time, but most were either of very small size or deformed. An unfavorable
growing environment
in house 2 was probably responsible
for reduced fruit
equality;
besides reduced light
and low average air temperature
during early spring, soil
Mature fruit
temperatures
were about 60°F, 10' lower than in all other greenhouses.
was being picked in large quantities
by May 26 in Fiberglass
l(Pig.2).
Both tomato
varieties
in both fiberglass
houses had yet to reach peak harvest when plants were
removed.
9102 M had to be compared to criteria
established
In determining
fruit
quality,
for field tomatoes-in
Pennsylvania.
It should be kept in mind that field varieties
for greenhouse cultivation.
are not selected
Table

3.

Fruit

weight/oz.

Tomato 9102 M:

Fiberglass-l

l-3.5
3.6-6

oz.
oz.
6 oz
Eiameter/oz

Fruit

O-l.9
2-2.9
3-3.9
% culls

in
in
in
4 in
in total

% harvested
*6a:

values

with

Fruit

Quality.
Fiberglass-2

Acrylic-3

Glass 6

6a-i'

219
25
1

73
7
0

218
79
2

129
35
3

215
58
5

59
183
3
1

23
128
6
0

55
172
57
15

28
48
1 I.
0

47
80
18
0

. 17

.39

.04

.08

.13

defects

.77
are estimates for

.51
10 plants;
only

.18
.30
.34
6 plants were grown in glasshouse

6.

The fruit
was harvested and graded at the "Red Stage", with 90% of the surEace
red.
Individual
tomatoes were examined initially
as is common practice
for greenhouse
Almost all fruit
would fall in the "small" category as described
fresh market tomatoes.
in U.S.D.A. Agricultural
Handbook 1382, and a large peecentage would be discarded
as
culls,
due to insufficient
size or damage. However, it may be more accurate to trl>at
9102-M as a field
tomato grown in Pennyslvania,
out of season.
According to the Fruit and Vegetable Division
of the Pennsylvania
Department
of Agriculture,
private
company specifications
following
USDA grade guidelines
for
popular trend is to divide
process grade tomatoes are most often used. An increasingly
Criteria
for useability
tomatoes into two categories,
"useable"
and "~~11s".
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depends on its intended use, ie. paste, juice (11).
Grades for fresh market field
tomatoes follow the four categories
established
by the USDA to be used as specifications
at shipping point.
In order of best quality,
categories
include U.S. i/l, U.S.
combination,
U.S. 112 and U.S. f3 (i9).
Jt was arbitrarily
decided that "serious
damage" included catfacing,
extreme tlosdom end rot, heavy stylor scaring,
anther
scaring or extremely malformed fruit.
"Minor damage" included slight
blotchy ripening,
slight
blossom end rot scaring,
some "ribbing"
on tomatoes, triangular
or oblong shaped
fruit,
and minor sunscald.
Using either
classification
scheme, all 9102-M tomatoes,
including
all"ut
a very few culls,
could be called "usable";
or except for house 82,
all tomatoes :,::;uld have been graded as U.S. #l.
This experimental
field
tomato yielded quite
in the greenhouse when compared to yield in tons
Pennsylvania
and Canada.
Keep in mind that the
not include the "culls",
nor were tomato plants
their yield potential.
Table 4.
Field

Average Yield

of field

tomatoes

well at
per acre
poundage
in houses

the same planting
density
for field grown fruit
for
recorded for each house does
1 and 2 allowed to realize

(Tons per Acre*)

- Grown Crops
Canada:

8 $ - 10
18

(fresh market)
high yield

Pennsylvania:

29 - 25
30 - 40;t*

high yield
Greenhouse

Soil-Mix

Culture
fiberglass-l
fiberglass-2
acrylic-3
glass-6

24.75
8.05
35.39
36.42

*Varies by picking method and severity
of grading.
**Up to 60 tons per acre or more have been harvested
(var. "Royal Cheko")

in experimental

plots

in Pennsylvania

In summary, plants from the acrylic
and glass houses performed similarly
in
earliness
of harvest;
total poundage and number of fruit
in each size category.
The
acrylic
house tomatoes had the lowest percent "culls",
but along with the glass
house had nearly the same relative
percent fruit
harvested with defects.
Although
fruit
from plants in fiberglass-l
had the highest percent defects,
most damage
was quite minor in comparison to that of fiberglass-2.
Small Fry
The cherry tomato has traditionally
been considered
as a field and home garden
crop.
However, after observing the cultivar
"Small Pry'lin the greenhouse, it appears
that this type tomato has great potential
both commercially
and in non-optimum
greenhouse environments,
In general,
plants in all houses were vigorous,
heavy,
bearers even with varying temperature
conditions,
heavy white fly infestation
in May,
Sowing and transplanting
water or heat stress and little
pruning of lateral
shoots.
dates were identical
to those for "9102 M".
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Table 6.

"Small

Fry"

Yield

and Plant

Characteristics
Fiberglass
1

Total days, seed sowing to maturity
Harvest period
I/ Harvest days
Est. pounds produced/house
Est. pounds produced/plant
Total # fruit
harvested
Total I/ samples**
Ave. diameter in inches
Ave. weight in oz.
Est. tons/acre
produced
*6a
Jr*

114
533-612
31
80.41
8.04
1927
59
1.25
.67
54.73

Fiberglass
2
116
4/26-5/21
27
48.00
4.80
1163
56
1.30
.67
32.67

Acrylic
3

Glass
6

102
4/19-618
51
87.83
8.i8
2386
70
1.34
.63
59.78

93
4112-611
52
30.00
5.00
922
50
1.30
.60
36.24

6a*

5Q.00
5.00
1537

Values are estimated for 10 plants
Fruit measured for weight and diameter.

Plants from glass-6 had the earliest
harvest index, yet the estimated total
pounds produced was only slightly
higher than that from fiberglass-2
with 21 days
Acrylic-3
plants had matured
and peak potential
not yet achieved.
for harvesting,
fruit
naarly as early as those in the 'glass house, plus they had the highest estimated
Plants in fiberglass-l
and 2 quickly caught up to
total poundage and number of fruit.
an initial
two week lag behind the others once average day temperatures
warmed up.
Yields were well on the way to surpassing
those of houses 4 and 6 when plants were
pulled.
Five fruit
from each quart harvested were sampled for weight and diameter.
Samples from fiberglass
1 and 2 had the highest averaged weights; average diameters
varied no more than .2 cm between all houses, but there was a general decrease of
tomato diameter across the season, particularly
in fruit
from the acrylic
and glass
houses.
This may have been a reflection
of soil nutrient
depletion
earlier
in the
season, and/or increasing
water and heat stress as spring progressed.
There were no data available
for yield of cherry tomatoes in the field,
but this
variety
seems to have done quite well and might be a potential
replacement for the
The fruit
is not prone to the physiological
more culturally
demanding table tomato.
In North
or-morphological
deformities
to wh:ch larger tomatoes are susceptable.
Carolina,
an important
greenhouse tomato producing state,
the best growers reported
Obviously the Rock Springs crop did
average yields of 20 lbs. fruit
per plant (7).
not match these commercial yields but may have produced more fruit
with more lateral
pruni.1
Besides plant vigor and high
adequate nutrition,
and slightly
extended growing season.
cherry tomatoes are in great demand on the
percentage of quality
fruit
production,
fresh market.
In the State College area this past spring,
greenhouse grown, large tomatoes
For
wholesaled
for between 50 and 54~ per pound, depending on the grade (13).
the week of October 1 to 8, 1977, vine ripe tomatoes from California
were sellin::
For the same period, prices on cherry
for between 30 to 45~ per pound wholesale.
Prices during
tomatoes were between 92c and 1.04 per pound (or per pint) wholesale.
the year on cherry tomatoes can vary as much as $5.00 above or below average wholesale
prices,
but in general stay higher than those for large tomatoes by 30 to 80~ per
pound or more (20) (13).
Hence, there are good reasons to grow this variety
in the
greenhouse.
their uniform, high quality
Plants are easy to maintain
and vigorous;
fruit
production,
the ease of harvest packing and shipping,
plus the strong possibil.itY
of receiving
higher prices per pound than for conventional
tomatoes, might make cherry
tomatoes, a safe-risk
crop for a grower.

Cucumbers
"La Reine" gynoecous,aucumberswere
direct sown January 21 in peat pots at the
Penn State greenhouses.
On February 27, ten plants were placed in each house,
while the smaller glass house received eight.
Seedlings were spaced at about two
feet on center and trained up binder twine by the "main stem" method as described
in 'Grower magazine (5).
Due to growing space limitations,
vines were terminated
before lateral
growth progressed.
Flowers were pinched off for only the first
2%
to 3 feet of vine, instead of the recommended 4% feet for the same reason (16).
Table 7 lists
specifics
on the fruit
yields.
Table

7.

"La Reine"

Cucumber:

Yield

Characteristics:

Fiberglass
1

Fiberglass
2
-

Harvest dates
li harvest days
Total i/ recorded
Total # sampled
Pounds sampled
Est. total lbs. produced
Est. lbs/plant
produced
Ave. fruit
length (in)
Ave. fruit
diameter (in)
Ave. fruit
weight (02)

5/21-6/10
21
64
57
92.68
104.01
10;.4 1
15.87
2.21
26.8

5/14-6/10
19
62
46
89.62
120.79
12.08
16.93
2.24
27.8

*Ga:

for

Values are estimates

Acrylic
3
4/19-6/10
56
83
63
105.40
138.86
13.89
16.23
2.24
28.1

Glass
6

6a*

4/19-6/10
53
58
45
79.40
ro.!.34
12.79
15.75
2.32
28.0

73
56
98.80
128.130
12.88
-

10 vines.

Possibly due to higher temperatures
and better
light
transmission
into the
houses , plants in acrylic-5
and glass-6 commenced harvest earlier
hy 33 to 26 days, and
were past peak performance by the time those in fiberglass-l
and 2 began.
Given more
time , warm temperatures
and long days, plants in the fiberglass
houses may have out
produced the others.
Note the following
chart, which compares the Rock Springs yields
to trials
done at Stockbridge
House EHS (5).
Greenhouses
Fiberglass-l
Fiberglass-2
Acrylic-3
Glass-6
EHS main stem method

# fruit
per plant

11 per
l/100 acre

6.4
6.2
8.3
5.8
24.7

662
643
859
575
861

% Class I Fruit
100
100
98
98
63

The performance of cucumbers in all houses was limited
by a number of experimental
factors.
First,
seedlings
are often grown for two weeks under 24 hour fluorescent
lights;
this supresses flowering
and encourages vigorous vegetative
growth (6).
Also, many growers use up to 1500 ppm CO, to raise their yields up to 20% more; no
CO2 was available
at Rock Springs (6) (15j.
Due to lack of room, vines were limited
The plants stopped production
after the first
to roughly half their potential
length.
heavy fruit
set, and did not start again until all the first
cucumbers were picked
By delaying a
(12) (15).
Also, the fruit
matures only 7 to 10 days after flowering.
day or two, it is easy to harvest fruit
too large to sell at apricewhich
would cover
decreased production
potential
from fruit
abortion,
According to the Ontario Greenhouse
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Vegetable Producers Marketing Board Spring 1975 standards,
cucumbers in all houses
were harvested at the large (38-43 cm) to extra large (greater
than 43cm) length
and 1 to 2 cm larger diameter than the recommended 4 to 4% cm (16).
By making an
effort
to harvest fruit
of slightly
smaller diameter and length in fiberglass-l,
the
amount of fruit
set increased.
Gynocecous cucumbers are a good indicator
plant for
measuring growth response to the greenhouse environment.
Preferred
temperatures
are
around 80' to 85'F air temperatures
on sunny days, with 75 to 80 % humidity and 70°
soil temperatures.
Night temperature
shouldbe
around 65' to 70°F, depending on the
weather (15) (25).
Temperatures in the houses were often below these requirements.
Plants would simply stop growing without
any visible
adverse effects
until warmth and
light was available.
Favorable response to warmer, brighter
conditions
is reflected
in the earlier
harvest dates of houses acrylic-3
and glass-6.
Uowever, vines in houses
1 and 2 were-catching
up quickly
in total production
because of Longer and more sunr.y
days.
In general,
fruit
quality
was excellent
for all the houses, with very few
and vigorous,
with largest
curved fruit
or rotted ends. Foliage was most prolific
leaf areas in the acrylic-3
house, probably because this house gave the best diffused
light,
highest day humidities
and least extreme temperature
cycles.
This laborintensive
crop has great potential
as a luxury item, as already noted by growers in
Europe, and somewhat now in the U.S.
Lettuce
Seeds of Bibb and Buttercrunch
lettuce
were sown on December 28 and transplanted
to thirty-one
seedlings
of each variety were placed
to cell packs on January 5, Thirty
in the larger houses, 20 to 22 in the glass house, all at an 8" x 8" spacing for a
total of three rows.
Fifteen harvested.heads
from each house of each variety were
Both varieties
showed quite a variation
between
measured for head diameter and weight.
Separate samples of inner and outer
houses for fresh and dry weights and diameters.
foliage
were taken to test for differences
in nutrient
accumulation.
Table Y ducuments
yield characteristics.
Table

9.

Yield

Characteristics

of Bibb & Buttercrunch

Fiberglass-l
Bibb Buttercr.
7.80
.52
5.91

101
7.35
.49
6.05

7.21
,48
4.85

101
8.27
.55
6.04

1$1:?8
(g) 0:11
W 0.64

3.74
9.13
0.45
0.49

1.65
7.16
13
132

3.49
13.19
.28
.60

Days from sow to harvest
Total pounds (15)
Ave. lbs. per head
Ave. diameter (In.)
3/9
4/3
3/9
413

leaf
leaf
leaf
leaf

fresh wt.
fresh wt.
dry wt.
dry wt.

Fiberglass-2
Bibb Buttercr.

Lettuce
Acrylic-3
Eibb Buttercr.

Glass-G
Bibb Buttercr.

89

87

8.06

6.56
, 43
12.28

6.94
.46
7.43

5.00
.34
8.32

3.13
9.73
,34
.51

4.84
14.19
1.90
--

2.87
--.34

2.59
12.93
.12
--

7.12

, ha

Tissue samples from fiberglass-l
had a substantially
heavier fresh and dry weight
Possibly much of the variation
for the March 26 sampling of Bibb, than all others.
in pounds produced and fresh and dry weights originates
in house environments encouraging
larger or smaller leaf areas, or greater and lesser intake of water and nutrients.
Tlke physicr~l appcar;incc of the lettuce! varied l;rcntly
i‘fll.Yi
llOU:;i:
Cl.) lloU::C.:.
1;il.b
in IIOUSE?
6 and 1 had a tcndoncy to bronze at the outer foLi;lj:c.
‘ihi:; i;<>ner:illy
occurs when extra carbon dioxide is added with cool tcmpcrn tllrcs; h~)\~(:~~.~r,110 t'Xtra
provision
for CO2 was made during this oxperimcnt
(24).
IlLllSC
3 ldtt::Cr!
i.?;il;
Lt,Ki:121
loafed and looser in head formation
than the other ~IO~SCS.

In gereral,
Buttercrunch
was of better quality
in all houses than Bibb, especially
from the fiberglass
houses, perhaps due to lower average temperatures
and less light
or heat stresses.
However, the heads wore mature about 1 week later than those grown
in warmer houses with increased solar transmission.
times
for spring
Time needed to grow to maturity
was in keeping with established
crops of lettuce
or even a little
early (3).
Harvest was delayed 1 to 2 weeks to
observe plant response to the stress of lengthening
days and higher day temperatures.
At prime time for harvest there was no evidence of tipburn,
stem elongation
or bolting.

Some days later,
Bibb lettuce
in particular
showed evidence of elongation
and
the earliest
and most severe in house 6, then 3. Except for lettuce
raised
bolting,
in fiberglass-2,
all heads of both varieties
developed "normal dry burn" (22).
This type of damage occurs especailly
in spring,
during sunny or dry days and can
develop within
the space of a day. Leaves enclosing
the head, just underneath healthylooking outer foliage,
develop brown lnnrgins.
Incidence
of injury is also raised
by soil being too dry, or salt content being too high.
There was also some occurence of
tip burn of the innermost foliage only, with mottling
and severe necrosis of leaf
edges (22) (12).
Percent leaf burn damage by variety
and house is summarized in the
following
table.
Table

Percent
Percent

10.

Effect

Tip burn
Dry burn

of Environment.on

Degree of Leaf Burn on Bibb and Buttercrunch

Fiberglass-l
Bibb
Buttercr.

Fiberglass-2
Bibb Buttcrcr.

0
37

13
0

13
50

Acrylic-3
Bibb Buttercr,
7
7

0
0

0
48

Lettuce.

Glass-6
Bibb Buttcrcr.
5
95

59
100

Soil conditions
may have contributed
to the lettuce's
lowered quality
and
predisposition
to burning.
Soil pH was 5.6; Wittmer, Honma and Robb claim poor growth
is also sensitive
to higb salts.
Leaf
results
if pH is less than 6. Leaf lettuce
sodium values of 2427 to 4497 ppm f\;r leaf lettuce,
and corrulatc
high sodium to
interaction
with water of potassium uptake only (9) (17).
A good yield for spring sowings of greenhouse lettuce
Values for the houses
is .71 pounds per square foot (18).
11); these can be compared to figures obtained by Wittmer,
lettuce
yields grown with various combinations
of CO2 and
February 20 to April 2, 1964(24).
Table

11.

Yield

of Bibb and Buttercrunch
Fiberglass-l

Pounds Bibb/ft'
Pounds Euttercr.

Pounds Bibb/lO heads
5.2
Pounds Buttercr./lO
heads
5.9
W.H.ER. Standard Bibb/lO heads normal*
1.8

in Four Experimental

Fiberglass-2

.38
.92

per ft2

* 300 ppm CO
'* 12OO-18002ppm CO
"* 100 lbs Nh4N03/Zcre

Lettuce

.90
1.03
4.8
5.5
+Co2**
2.0

weekly
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grown in central
Pennsylvania
are as follows
(Table
Honman and Robb for Bibb
nitrogen
supplement from

Acrylic-3
.90
.82
4.8
4.3
+C02+N*"*
2.6

Greenhouses
Glass-6
.86
.67
4.6
3.4

(pounds).

Except for Buttercrunch
in house 6, yield,
were better than sufficient.
However,
the lettuce
accumulated more mass due to the lateness
of harvest.
It is not known
why values for pounds Bibb/lO heads were higher than those obtained by the other
But 'perhaps by harvesting
earlier
at a lower fresh weight, growers can
researchers.
avoid problems with burning.
In general,
leaf lettuce
has been a traditional
cool
house crop in Europe, and to a lesser extent in the U.S. for many years.
There is
no reason why a grower using a solar heated greenhouse should exclude this versatile
Based on personal experience,
crop.
fresh leaf lettuce
in March seems very popular.
Phase II
Experimentation
with crops on a more controlled
used have been constructed
1977. The size structures
conserving materials,
bed placement and solar energy
systems as follows:
(231.

level. was begun on September 15,
with combinations
of energy
collection,
storage and reuse

House 1:

Fiberglass
covered, two barrel vault
solar energy collector,
heat storage

design, thin
and recovery

House 2:

Fiberglass
covered, two barrel vault,
thick thermal blanket commercial
external
hot water solar collector,
heat storage and recovery from water
tanks.

House 3:

SDP 16 mm acrylic
covered, two-ridge
gable roof, thin thermal blanket,
external
hot water solar collector,
heat storage and
"Rutgers"
Three ground beds lined with heavy plastic
recovery from a gravel floor.
are used to hold crops.

House 4:

Fiberglass
kovered, two barrel vault,
and external
hot air solar collectors,

Douse 5:

Polycarbonate
type external
gravel floor.

House 6:

Lapped double strength
collector
or storage.

House 7:

This house will not be ready for growing
barrel vault covered with a double layer
thin thermal blanket,
"Rutgers"
extermal
will have heat storage and recovery from

thick thermal
heat storage

thermal blanket,
from rocks.

internal

blanket,
internal
and recovery from rocks.

covered, two-ridge
gable roof, thin thermal blanket,
hot water solar collector,
heat storage and recovery
Soil heated ground beds are used.

"Rutgers"
from a

glass, gable roof, no thermal blanlcet, no solar
This control
house will be 12 x 16 feet.
It is multi:
in until January.
of
it is equipped with
hot water solar collector,
and
a gravel floor.

Hot water heat will be used as a backup and supplemental
space heaters will be used as a secondary backup heat source.

heat

souscc.

a

Kerosene

Supplemental heat use is being measured with water flow meters; pyrheliomcters
and light meters are measuring solar radiation
incident
on a horizontal
surface both
inside and outside
used for the houses.
Wet and dry bulb tcmpcratr.rcs
are being
monitored with thermocouples
at locations
within
the houses, in the soil and outside.
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computer
Data will be summarized by a data logger,
be related back to crop performance in each house.

integration

system,

and resulte

will

Crops were selected
for their compatability
with cool temperatures,
and possible
The following
selections
market value as an alternative
to more heat-demanding
products.
have either already been moved into beds, or are in the process of being moved.
Vegetables
1.

"Eai,ly Top /116", an early season variety,
Chinese Cabbage:
"11ichilili.",
midseason, and "WiRter G&ant", a late type.
It takes 80 to 90 days for
a cabbage crop; 50 to 60 day temperatures
are optimum.

2.

Tomato: An experimental
cultivar
is being grown from seeds obtained
from Dr. E.A. Kerr of ;3ntario,
Canada. This new hybrid may perform well
low light and low temperatures.

in

3.

Various "Longstanding"
varieties
su6h 8s "Winter Bloomsdale" will
Spinach:
and can
be set out by November. Plants d8 w@l at 50-60 temperatures,
tolerate
brief periods down to 15-20 F.

4.

Lettuce:
varieties

5.

Brussel Sprouts:
Widely grown in Europe as a greenhouse crop.
the variety,
sprouts mature from 15 to 19 weeks after seeding.
do best in a cool house and ground beds.

6.

Also popular in Europe as a cool house crop and demands allow for
Leeks:
luxury prices in the U.S. Depending on the variety,
leeks sown from seed take
21 to 22 weeks to marketable
size.

More Bibb and Bgttgrcrunch
leaf lettuce
will be bedded.
These
are grown at 45-50 F in England, or even with frost protection
#only.
Depending on
The plants

Flowers
1.

Mysotis:
Annual varieties
bloom in late spring to mid-summer when
sown after frosts are over.
The flower is the familiar
blue "Forgetonce
used
by
florists
widely;
it
grows
best
in
a
50' house.
me-not"

2.

Lupine:
A leguminous plant with palmate leaves and a spike of keeled flowers.
If sown in September it blooms in January.
A 48' night and 55' day is best.

3.

Delphinium:
"Giant Pacific
strains"
Nother's Day until July.
The plant
blue lavendar or white hues.

4.

Centaurea:
A naturally
spring
--produces vivid blue and purple

5.

CalenJula:
If sown in August and pinched
continuously
through April.
xhese large,
blooms do best in a 45 to 50 house.

can be sown by August 1 to bloom for
sends up tall,
stately
spikes of large,

blooming plant.
It does .bcst in a 50o house and
single blooms on tall stems.
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once, these plants will bloom
orange and yellow sunflower-like

yp,‘-/,,,_) -,.
I$(; ,‘, .,
,$
.. :
1’,_
I:;,,,
“‘A
6.

Once grown quite widely in the U.S. and still
in good demand,
Snapdragons:
snapdragons are fairly
easy to grow in a cool house and are available
in a
kalidoscope
of color for each season.

7.

Chrysanthemums:
"Princess
Anne Superb"
is normally grown as a standard
si2e mum. However, this time cuttings
have been placed in 4" pots, pinched
and gigen twoosprays of B-9.
Mums usually
are grown at 55' to 65OF night
and 65 to 75 F days.

8.

Strawberries:
Two varieties
of ever-bearing
strawberries
were planted out
for the summer on Penn State's
trial
grounds, then transplanted
to hanging
baskets in early September.
Fruit production,
if any, will be monitored
through the winter.

9.

Stock:
Has cultural
requirements
similar
to Calendula.
If sown August 1,
flowers are ready for January harvest.
Its available
in a variety
of colors.
One advantage is their ability
to be grown at a close 3" x 7" spacing.

It shouid be realized
that the crops being grown at Rock Springs represent
;1 small
sample of vegetables
and flowers which might have the capability
of performing well
both in cool houses and in the market place.
Therefore,
the sort of experimental
exploration
that suits the new solar greenhouses is that which seeks out the crops
best suited to growing conditiozls
with larger fluctuations
in temperature
or finds
the best combination
ef heat co$lection
and conservation
systems for plant growth.
Growers with crops demanding 70 F days in winter now must meet soaring costs of 90 to 95c
per square fool: for the 1977 heating season (8).
Hence, there is sound economical
reason for pursuing new crops for new greenhouse environments.
In this respect,
we
would benefit
greatly
from the expertise
of northern
European growers, who have
pursued the problems GE growing in cool houses and with low light
for a number of years.
But, in general,
the discipline
of developing
cultivaticn
techniques
and crops for the
"solar energized"
age has remained an open-ended, broad and largely
unexplored subject.
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NOT1 SOLAR GREENHOUSE
Performance

and Analysis

by Edward Mazria, Steve Baker,
Eric Hoff, David Jenkins
and Jim Van Duyn
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The passive solar-heated
greenhouse at Noti, Gregon, situated
in the
Willamette
Valley 25 miles northwest
of Eugene, is owned by Ernie O'Byrne
and was designed and built
by three students from the School of Architecture
at the University
of Oregon, Andy Laidlaw,
Jim Bourquin, and John Hermannsson ,
in consultation
with Professor
Edward Mazria and Steven Baker.
The use of solar energy coupled with recycled
and locally
available
materials
indicates
the interest
of.the designers
in appropriate
and ecologically
sound technologies.
The greenhouse took two months to build, was completed in
specifications'.
the spring of i976, and has the following
Exposure:
Floor Area:

Due south

Ceiling

Maximum, 12 ft.;

Height:

12' x 17' = 204 sq. ft.
minimum,

(greenhouse)
8 ft.

Volume:

2,coo

Wall Construction:

Standard 2 x 4 framing with 3%" of fiberglass
insulation.
The interior
walls are finished
with %" Cedar; the
exterior
is sheathed with Fir 2 x 8 Tongue & Groove
decking.

Structure:

Fir pole post and beam. The poles were obtained
locally
by salvaging
them from land previously
logged.

Thermal Mass:

"Ri.p-rap",
basalt quarried
locally
and broken into
fist-sized
pieces.
The stone also serves as a
retaining
wall and is placed in a cavity between earth
fill
and chicken wire stretched
between laterally
braced columns.
Thethermalmass
forms the north wall
and part of the east wall of the greevhouse.
Weight = 28,000 lbs.
8,000 lbs. of gravel on a clay base (also acts as a
thermal mass)

Floor:

cu. ft.

Windows:

Salvaged operable residential
a polyethylene
sheet attached
glazing'(winter).

Doors:

A salvaged
properties
residential

Auxiliary
Heating

Systems:

windows (36 sq. ft.) with
to the frames for double

walk-in
freezer door with excellent
insulating
is installed
on the east with a salvaged
exterior
door on the west wall.

Under particularly
harsh outdoor conditions,
a woodburning stove in an attached sauna provides warm air
to the base of the thermal mass (stone wall) In the
greenhouse.
The sauna, located on the southwest
exposure of the greenhouse,
provides protection
from
prevailing
winter winds.
The sauna has not yet been
installed.
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Roof:

Cost:

The south slope of the roof is
double glazed Filon with a &"
north slope consists
of 2 x 4
of homosote, 60 lbs. building
6 mil plastic,
and 12" of sod.
f $900.00 (labor donated)

120 sq. ft. of
air space.
The
decking, a a" layer
paper, a sheet of

Solar heating of the greenhouse is accomplished by the direct
coupiing
of solar radiation
with a thermal mass (rock wall).
Solar radiation
entering
the greenhouse through glazed openings in the south wall and roof strikes
the
surfaces of the north rock wall and gravel floor
(thermal mass), heating these
Part of this heat is transferred
into the mass (by conduction)
masses (Fig. 3).
and stored;
As the temperathe remaining part heats the air in the greenhouse.
it is taken by a duct located near the
ture of the air in the greenhouse rises,
west end of the roof ridge and released inside
(at the base) the rock wall.
This warm air rises and transfers
its heat to the rocks in the rear of the wall.
This insures that the entire wall is used efficiently
as a heat storage mass.
in the greenhouse drop, the stored heat in
At night (Fig. 4), as temperatures
the mass wall is released to the interior
space.
The effect
of a thermal mass is to stabilize
interior
temperatures
by
absorbing solar radiation
during the daytime, converting
it to heat, and
releasing
it at night when temperatures
drop.
This process is beneficial
in
For example, it assists
in avoiding overheating
during the summer
all seasons.
months by absorbing heat during the day and releasing
it at night, moderating
both daytime and nighttime
interior
temperature.
As a further
precaution
against
summer overheating,
the thermal mass is shaded by the roof, receiving
no direct
solar radiation.
When there is a heat build-up
(Fig. 5), hot air is vented hy
opening doors and windows and operating
an exhaust fan located on the east wall
of the greenhouse.
In January,
the coldest month of the year in the Willamette
Valley, outdoor
temperatures
vary from 15* to 55°F on clear days and from 35" to 55OF on cloudy
days.
The Noti greenhouse was designed and built
to maintain a temperature
range between 50' and 70°F during this month without
the use of ANY external
energy source.
During extended periods of cloudy weather, typical
of January,
in the Willamette
Valley,
the indoor air temperature
of the greenhouse was
expected to stabilize
between 50°and 60bF, daytime, and 45" and 56)F, nighttime.
Clear or only partly
cloudy weather was expected to produce relatively
greater
interior
temperature
variations,
daytime highs of 60'to 70°F and nighttime
lows
of 5o" to 5PF.
were expected to fluctuate
between 45O and
In summary, indoor temperatures
70eF, never dropping below 45°F even during periods of completely
cloudy weather.
MONITORING GREENHOUSEPERFORMANCE
To measure actual performance,
test equipment was installed
in the greenhouse from January 12 to February 8, 1977. A Pyronometer,
placed on the
exterior
at the ridge of the roof, recorded solar radiation
and a Chart Recorder
with five sensors,
located inside the greenhouse,
recorded the following
temperatures.

1.

Indoor Air, in the center of the greenhouse,
feet above the floor level.

2.

outdoor Air, at the east end of the roof,
direct sun.

3.

Gravel Floor Temperature,
east entrance.

4.

North Wall (thermal mass) Surface Temperature,
five
feet above the floor level at the center of the wall.

5.

North Wall (thermal mass) Interior
Temperature,
five
feet above the floor level at the center of the
wall, twelve inches deep.

During
Willamette
periods of
through 13
week period.
cloudy day;

two inches

five

shaded from

deep, near the

the four weeks of observation
(January 12 to February 8), the
Valley was experiencing
a highly unusual weather pattern:
long
clear days with little
cloud cover or precipitation.
January 11
were the only consecutive
completely
overcast days during the fourJanuary 13 is selected
for closer pbservation
as a consecutive
January 28 as a consecutive
clear day.

Becuase of an equipment failure
from January 30 through February 2, high
and low indoor and outdoor temperatures
were recorded by direct
observation
from maximum/minimum thermometers placed both inside and outside the greenhouse.
More specific
data is not available
for that period.
GREENHOUSEPERFORMANCEANALYSIS
Figure 6 provides an overview of greenhouse indoor temperatures
relative
to outdoor temperatures
over the 28-day period.
Temperatures ranged from 16"
to 63°F outdoors and from 47' to 73°F indoors.
As expected, both indoor and
outdoor temperature
fluctuations
were greater during clear days than cloudy
days (January 28 vs. January 13).
The lowest indoor temperatures
occur on
clear days but never fall below 47'F.
Figures 7 through 10 demonstrate the relationship
of solar radiation
to
outdoor and indoor air temperatures.
Solar radiation
curves (at the bottom of
the charts)
that are relatively
high and smooth indicate
clear or only partly
cloudy days (for example, January 28); curves that are low and less smooth
indicate
days of extended cloud cover (for example, January 13).
Maximum outdoor air temperatures
are reached two to three hours following
maximum solar
intensity
(12 Noon) and.indoor
air temperatures
peak approximately
one to two
hours following
outdoor air maximums. At night,
indoor temperatures
decline
less rapidly
than outdoor ter,.peratures,
demonstrating
the dampening effect of
the thermal mass.
On cloudy
also small (as
higher.
In the
tures stabilize

days there is little
solar radiation
but greenhouse heat loss is
compated to clear days) because outdoor air temperatures
are
winter,
during long periods of cloudy weather,
indoor temperabetween 55"F, daytime, and 50"F, nighttime.
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THE CLEAR DAY CYCLE
Figure 11 shows temperature
readings over a 24-hour period following
several consecutive
clear days, January 28. Becuase it is in direct sunlight,
the wall surface exhibits
the highest temperature
extremes.
The wall interior
exhibits
the most stable temperature
levels (56O to 58*F), slowly storing heat
as interior
temperatures
rise and releasing
this heat as interior
temperatures
When
the
indoor
air
temperature
is
lowest,
51°F
in
the
early
morning,
fall.
the wall's
interior
temperature
is still
at 57OF. The mass wall will supply
heat to the space until
its temperature
equals or is exceeded by the indoor
air temperature.
During the daytime indoor air temperatures
rise rapidly.
This occurs
because a portion
of the solar radiation
that enters the greenhouse heats the
air directly
by heating plants and other non-massive objects
(the wood construction, for example).
After warming during the day, the greenhouse cools slowly
because the heat stored in the thermal mass is released slowly over time.
A
comparison of beginning
and ending temperatures
for the 24-hour period indicates
that slightly
higher temperatures
are carried
forward to the following
24-hour
interval.
THE CLOUDYDAY CYCLE
In contrast
to the clear day cycle, Figure
over a 24-hour period corresponding
to a third
13. During extended periods of cloudy weather,
a system with ending temperatures
for the period
temperatures.
Interior
temperatures
fluctuated
day.

12 shows temperature
readings
consecutive
cloudy day, January
the greenhouse stabilizes
as
no different
than beginning
no more than S°F over the entire

COMPARISONOF ACTUAL GREENOUSEPERFORMANCEWITH A COMPUTERSIMULATION MODEL
Professor
Edward Mazria and Dr. Francis Wessling of the University
of New
Mexico have developed a dynamic computer simulation
model to predict
solar
greenhouse performance under various climatic
conditions.
Figure 13 is a representation
of a computer model simulating
both a solid
mass stone wall and an isothermal*
mass (rubble stone wall) similar
to the
thermal mass in the Noti greenhouse.
Weather conditions
at Noti on January 28
were used for the analysis.
As can be seen by the comparison of actual performance with the simulation
curves, the thermal mass at Noti is more closely
represented
as an isothermal
mass. The rubble wall approximates
an isothermal
wall due ro its large exposed
surface area and the constant circulation
of indoor air through the interior
of
the rock wall.

* An isothermal
wall
opposed to a solid

is a mass that heats uniformly
(infinite
conduction)
masonry wall whose mass is heated non-uniformly.
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CONCLUSIONS
The environment of the Noti greenhouse has proven suitable
for plant
Conditions
are
predictable
and
provide
the
opportunity
to grow
growth.
vegetables,
potted foliage,
and potted flowering
plants year around.
Throughout the winter
the greenhouse maintained
a temperature
range of 50° to 706F.
stabilized
in the 50's.
On consecutive
cloudy days, temperatures
The greenhouse has proven to be extremely
effective,
operating
through its first
winter
WITHOUT any heat source but the sun.
While the addition
of supplementary
heating can make a temperature
range
of 60' to 70°F available
with extremely low operating
costs, the Noti greenhouse,
as is, demonstrates
the viability
of passive solar heating in cold climates.

Edward Mazria, Assistant
Professor
of Architecture
at the University
of Oregon
"The Passive Solar Energy Book" which will
is currently
writing
a book titled,
illustrate
in detail
the design and calculation
of passive solar systems.
The book will 'be published
by the Rodale Press in March-April
1978.
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PASSIVE GREENHOUSE
DESIGN IN THE GREAT LAKES REGION: A CASE STUDY
Richard

MacMath, Sunstructures,

Inc.

to an existing
ABSTRACT: A 2200 sq. ft. greenhouse addition
nature center in Kalamazoo, Michigan,
has recently
been completed (October,
1977).
The design incorporates
both passive
solar heating and energy conscious building
techniques.
Auxiliary
heating is provided by the existing
system with an additional
air handler unit.
Designed for one of the most severe
areas in the country in terms of solar heating,
6900 degree days
annually and only 48% annual possible sunshine, the project
will help to determine the potential
of passively
heated and
energy conserving
greenhouses in the region.
Simulated performance calculations
yield an expected ccntribution
of 26-45s
of the total annual heating load being provided by passive
means, depending on the condition
analyzed.
BUILDING AND SITE DESCRIPTION: The new greenhouse addition
is
adjacent and directly
connected to the existing
"Interpretive
It provides space for exhibits,
demonstrations,
workCenteF.
shops, and classes, as well as being an example of an energy
conscious building
to the 150,000 people who visit
the Nature
Center each year.
Design of the building
was determined primarily
by energy conscious techniques
(listed
below), an attempt to "blendVV with the
form and materials
of the existing
building
and site constraints
(see site plan).
The building
site is restricted
by the existing building
to the west, parking to the north, and vegetation
to the south and east which the staff at the Nature Center
wished to preserve.
These constraints
limited
the possibilities
of the form, placement, and orientation
of the new addition.
Kalamazoo is located in southwestern
Michigan,
approximately
40
miles east of Lake Michigan,
and its climate is naturally
influenced by the lake.
The lake %empers w the area's climate,
having a cooling
effect until
late spring,
and a warming effect
in the fall.
During the winter excessive cloudiness
occurs,
especially
during the months of November through January.
This
cloud cover occurs less frequently
in late winter.
ENERGYCONSCIOUSDESIGN TECHNIQUES: The greenhouse addition
was
designed to both maximize solar heat gain during the daylight
hours and minimize heat loss during the nighttime
hours of the
heating season.
Optimum solar heat gain is obtained by means of large glass
areas extending the entire length of the building--oriented
30*
east of south.
This heat gain will be minimized during the
summer months by deciduous vegetation
to the south, and a fabric
mesh shading blanket mounted on the exterior
of the glass surface.
Cooling will be aided by operating
vents and an exhaust fan when
necessary.
Of the many energy conscious techniques
building's
heat loss, the most effective
209

employed to reduce the
are the following:

1.

Earth berms: the north wall will be buried 5 feet and
the south wall 3 feet below grade to minimize exposed
surface area and reduce losses.

2.

Site placement and landscaping:
the existing
building
and surrounding
vegetation
provide shelter from wind to
reduce infiltration
losses.

3.

minimum north window area (for
Glazing:
double
glazing
throughout.
only >i

4.

Ventilation:
operating
windows and vents on the north
and at the bottom and ridge of the vertical
and sloping
south glass will permit cross ventilation
during the
summer months.

5.

Design transmission
coefficients:
the building
envelope
was designed to have as low a heat transmission
coefficient as is practical
within conventional
construction
practices.
The brief
summary below lists
the total R
factor
for each building
component.
COMPONENT
Brick veneer wall
BLOCK wall (below
Sod roof
Glazing

grade)

ventilation

R TOTAL

U VALUE

20.74
17.96
53.55
1.54

0:019
0.650

Kg:

PASSIVE HEATING PERFORMANCE: Due to site constraints,
the
Least
gree
of south, an advantage in terms
of summer cooling,
but a disadvantage
in terms of expected
solar heating performance.
Solar heat gain will be achieved
by direct radiation
transmitted
through 950 sq. ft. of vertical
and sloping southeast facing glass.
Thermal mass for storage
is obtained by one of the simplest means possible--a
gravel and
stone floor.
Perimeter insulation
below grade prevents edge
losses from the floor,and
losses down to the earth are considered
to be small in proportion.
The passive solar heat gain and storage designs were analyzed
for a number of different
weather conditions
to estimate the
contribution
of passive heating to the overall
annual heating
load.
In summary, the table below shows this contribution
in
terms of the percentage of the total monthly heating load,
assuming negligible
storage losses to the ground.
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MONTH AVE.
TEMP.
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Jan
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Mar
Apr
MaY
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50
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Floor plan
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OBSERVATIONSOF PLANT RESPONSEAND FOOD PRODUCTION
IN SOLAR BIOSHELTERS
by
Director

Kathi Ryan
of Bioshelter
Horticulture
and

Earle Barnhart
Director
of Energy Research
The New Alchemy Institute
P.O. Box 4.32
Woods Hole, Massachusetts
02543
INTRODUCTION
The New Alchemy Institute's
solar greenhouses are designed
The internal
environment
to grow a wide variety
of food plants.
is a modified version of normal outdoor temperature
and light
The growing areas include several different
microclicycles.
mates so that many different
vegetables
can grow simultaneously
By creating
a polyculture
of
in slightly
different
habitats.
mixed plants and animals, the gardener obtains a more constant
and interesting
diet and makes better use of the unique growing
conditions
of the solar greenhouse.
GREENHOUSE
CLIMATE EFFECTS ON PLANTS
Plants growing in a greenhouse are affected
by several
Differences
conditions
different
from the normal outdoor garden.
reduced wind, greater relative
include altered
light
quality,
Vegetables
humidity and absence of normal pests and predators.
which have been selected and bred to do well when grown outdoors
Some of the detriare affected
by these unusual conditions.
mental effects
can be minimized by careful
design of the greenhouse, while others may require
the development of special strains
of vegetables
for solar greenhouse use.
Light quality
inside a greenhouse is affected
by the type
Various types of materials
have been
and thickness
of glazing.
shown to exclude infra-red,
ultraviolet,
or other wavelengths
Several layers of glazing can significantly
of normal radiation.
Finally,
reduce the intensity
of sunlight
entering
the building.
the length of day perceived by a plant is altered
if the morning
These effects
and evening light
is excluded by solid walls.
place some limits
on the range of plants which can be grown.
Air movement
Reduced wind has several subtle effects.
across the surface of leaves helps exchange gases during photoGentle shaking by normal wind keeps
synthesis
and respiration.
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many plants more sturdy and compact than in still
air.
Condensed
morning dew which may encourage fungus growth is evaporated
quickly
by air movement, and some plants require wind for successful pollination.
Plants have been
The benefits
of high humidity are unclear.
shown to grow normally in very high humidity,
but may need easy
transpiration
for daytime cooling.
Relative
humidity in our
from evening until
morning, but drops
greenhouses is often 100%_-to 4-O-605 during sunny days.
The effect
of air temperature
on plants is very complex
and varies with each species.
In discussions
of greenhouse
careful
distinctions
must be made of where the
temperatures,
measurement was taken.
Air temperature
experienced by a person
may be very different
than a simultaneous
temperature near the
ground among the plants.
Soil temperature
and heat radiation
upward affect
plant growth in ways not obvious from wall temperature measurements.
Most plants have optimum growth conditions but can tolerate
a great range of temperature without
damage.
We have observed that some vegetable production
can be
limited
by high temperatures
(such as lettuce)
and some by low
such as eggplants.
temperatures,
A microclimate
which averages
a few degrees higher than another often can promote higher
production
by warmth-loving
plants such as peppers or greenbeans.
We are gradually
discovering
the best light
and heat zones within
the greenhouse for the many vegetables we want to grow.
Insect pests outdoors have many natural
predators,
such as
birds,
toads and other insects.
In a greenhouse many of these
predators
are absent and pests can spread rapidly.
Winter
frosts
and soil freezing
is also absent, which allow some pests
to maintain constant active populations.
Biological
pest control that simulates
garden processes is one alternative
to the
use of pesticides
in a greenhouse.

1977 CAPE COD ARK AGRICULTURALREPORT
Construction
of the Cape Cod Ark was completed in the fall
winter's
crops were primarily
transplants
of 1976. Our first
from the Institute's
summer gardens.
Warm, fertile,
fish pond
water from an aquaculture
project
inside the Ark provided irrigation water throughout
the winter.
The first
winter in the bioshelter
provided lettuce,
kale,
Swiss chard, spinach, parsley,
endive, onion tops, beet greens,
turnip
greens and assorted herbs.
Most of these plants produced
throughout
the winter with a slower growing period from midDecember to mid-January.
This lull
was primarily
due to the
lower angle of incoming sunlight
and the shorter daily photoperiod.
Less hardy plants,
on the other hand, such as tomatoes
and peppers did not fare as well,
The only exception was a
pepper plant that benefited
from proximity
to a solar algae pond.
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In addition
to food production
we conducted varietal
testing
of lettuce
to see which types would do best in the indoor environProblems related
to our first
winter's
experiment of the Ark.
ence curtailed
this experiment.
Despite the severity
of the 1976-77 New England winter,
the
Temperatures did get dowr to
plants in the Ark never froze.
This was due to a combinafreezing
one night in early February.
First,
a winter gale blew off the roof top
tion of factors.
This was followed by a week of continuous and heavy rains.
vent.
The combination
of frozen ground and an incompletely
landscaped
Auxiliary
heat was
exterior
caused flooding
of the building.
provided by a woodstove during that week. Towards the end of
February, day-length
increased and temperatures
began to rise
Even on partially
cloud;r days noontime temperatures
in the Ark.
would be in the high 70’s and 80's and venting would be necesMoments after opening doors and vents, honeybees would
sary.
fill
the Ark, attracted
by the scent of nasturtiums
and herbs
in flower.
PESTS AND INTEGRATED PEST MANAGEMENT
Pest problems during that first
winter were limited
to
The whiteflies
harmlessly
slugs and a handful of whiteflies.
Whitefly
inhabited
the nasturtium
during the colder months.
activity
increased around mid-April
when the minimum temperatures
Aphids and cutworms appeared in the early spring
averaged 5/r".
but generally
caused less damage than the whiteflies.
Control
Marigolds
of the cutworms consisted mostly of tiandpicking.
Although handpicking
500
acted as trap plants for this pest.
cutworms for one hour per day was a somewhat arduous task, it
proved to be effective.
Aphids were controlled
naturally
by the many predators
I observed spiders to be the most effecthat co-habit
the Ark.
tive insect predator and each morning several webs could be
Other predator insects
found containing
up to 100 whiteflies.
in the Ark include damsel flies,
praying mantises, lacewings
Chameand a variety
of insect coloilizers
from the outside.
leons, toads and snakes were introduced
and served as effective
components of our pest management program.
The whitefly
is a pest common to commercial greenhouses
due to constant and relatively
high temperatures.
Whitefly
productivity
is at its peak between 58O and 65OF. Besides sucking juices from the plants the whitefly
secretes a sticky honeyBlack sooty mold prevents photodew on which a mold grows.
Most commercial greensynthesis
and causes unhealthy
plants.
hcuses use large amounts of poisons to try to eliminate
the
whitefly.
Hybridization
and adaption to these pesticides
have
We believe that integrated
allowed the whitefly
to persist,
biological
controls
are the only long-term
effective
solution.
In early July I introduced
parasitic
formosa) as a control
for the whiteflies.
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wasps (Encarsia
This tiny tropical

wasp parasitizes
by ovipositing
an egg inside the third larval
Within four days the larval
scale turns
stage of the whitefly.
With optimum climatic
conditions
an adult wasp will
black.
emerge from the black scale approximately
28 days after parasiAt the end of July we observed 50% parasitization
and
tization.
Encarsia had eliminated
the whiteflies
by early September.
I believe that a further
understanding
of greenhouse pests
and of the careful
timing for initiating
controls,
will lead to
Basically
the grower needs
a productive
and ecologic balance.
to know which pests are common to greenhouses and at what temperaWhich plants are
tures do each of these insects reproduce.
attractive
to these pests is another important
factor in dealing
With careful
monitoring
and the use of
with biological
control.
one
can
eliminate
the
use
for pestiintegrated
pest management,
cides and their according hazards.
Biological
controls
and integrated
pest management were the
Not knowing how
major focuses of this past summer's research.
traditional
garden plants would respond to the high summer temof crops fo;* observaperatures
in the Ark, I planted a variety
It was late May before the soil temperatures
tion purposes.
weremrm enough for summer varieties
such as melons, peppers,
okra and tomatoes.
Seedlings were planted in April and most either died of
root rot or remained dormant until
the soil temperatures
increased.
Most plants grown in the Ark this summer produced an abunThe overall
health of
dance of' foliage
but very little
fruit.
the common garden vegetables
was not good, due, I think,
to the
intensity
of heat and the whitefly
damage. Even with maximum
venting the building
would reach temperatures
of lOOoF and
higher on windless,
sunny days.
The tropical
fruit
trees, of course, did very well in this
They were relatively
unaffected
by
hot and humid environment.
vegetable,
Malabar spinach, a tropical
pests and grew rapidly.
gave tremendous yields from mid-summer to the beginning of
This plant climbed trellisses
and poles and produced
October.
tasting
spinach.
large amounts of excellent
This winter we are again experimenting
with varietal
testing
Five
varieties
of
greenhouse
lettuce
are
being
of lettuce.
We
grown in comparison to five varieties
of outdoor lettuce.
are measuring food production
per square foot and are monitoring
the effects
of different
organic fertilizers
as well as the
We will continue cxperi-effects
of different
light
levels.
Reflectors
are being
ments with hydroponics
in the fish tanks.
used to determine the importance of light
for the growth of
plants.
We are planning to heat soils and to compare concurrent
Maximum space utilization
and microclimates
plant growth rates.
are other areas presently
in focus.
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Thoughts for the future are optimistic.
We plan to make
use of the high temperatures
during the growing season for
I
tropical
fruit
production
and mist propagation
of trees.
believe we are successfully
replicating
productive
outdoor
Mother Nature seems to be approving as our second
ecosystems.
generation
of chameleons have recently
entered our greenhouse
community.
REFERENCES
Geiger, Rudolf.
University

1965.

Press.

"Climate
611pp.

Near the Ground."

Harvard

"Irrigation
of Garden Vegetables with
McLarney, W. 0. 1974.
THE JOURNAL OF THE NEW ALCHEFertile
Fish Pond Water."
MISTS, No. 2: pp. 73-76.
Bioshelter
THE JOURNAL OF THE NEWALCHEMISTS, No. 4. 1977.
"Tomorrow is our Permanent Address."
John H.
Section:
Todd;Bioshelters
as Organisms."
Ron Zweig; "Bioshelter
Earle Barnhart;
"The Six-Pack:
A Backyard Solar
Primer."
Laura Zuck-Engstrom,
Greenhouse.ql
"NASA Launches a New Experiment
Mitchell,
Gary.
1977.
Explore How Plants React to Stress."
Horticulture,
September 1977, pp. 10-13.
Ott,

John.

19

.

"Health

and Light."

Devin-Adair.

to

19&p.

ACKNOWLEDGMENTS
Investigation
of winter food production
discussed in this
paper was supported in part by research grants from The MassaWenham, Massachusetts,
chusetts Society for Promoting Agriculture,
Research was
and The Jessie Smith Noyes Foundation,
New York.
conducted by several New Alchemy staff,
including
Susan Ervin,
Laura Zuck-Engstrom and Hilde Maingay.

CAPiF

COP

r?I h/l MUM -T-FMP~R~TU?Z~S

F)RK

,-

Il.

,.
I0

I-

uov

19%

DFC

Jftd

FEB

w9,l

lS7C

1177

1937

tq77

I
..

0‘

NO

....

VENTlrJG

1

i

(FLOoPEO

hAV

1977

fs;!:

BY

s?-ORrl

JOtiC
IS77

Rw-o+

(/klXILlnRY WOODSroUt- FIRESAl- ,,,,I)
-.

JULV

1979-

BIOTECHNIC STRATEGIES IN BIOSHELTERS

Earle

Barnhart

The New Alchemy Institute
P.O. Box 4.32
Woods Hole, Massachusetts
02543
ABSTRACT
The New Alchemy Institute
is developing
ecologically-derived
forms of energy, agriculture,
aquaculture,
housing and landscapes.
Bioshelters
are advanced solar greenhouses which contain gardens,
aquaculture
ponds and human habitation
in a single integrated
The two main functions
of greenhouse architecture
ecosystem.
channeling
solar energy and nurturing
a food-producing
ecosystem are discussed as parts of a single design strategy.
ELEGANT ENTROPY
From the recent surge of solar oriented
architecture,
design
to biological
strategies
principles
are emerging which are similar
Both systems are a response to
found in natural
living
systems.
the fundamental
dilemma of maintaining
biological
processes driven
Component members of living
by fluctuations
of incoming energy.
systems have developed mechanisms of collection
and storage to
Plants generally
absorb
cope with fluctuations
of energy supply.
daily sunlight
and store energy chemically
as sugars, starches or
Many animals periodically
other materials
in their structure.
Warm-blooded aniingest food energy but use it only gradually.
mals have the additional
strategy
of conserving the heat of their
and other forms of seasonal inenergy use with fur or feathers
Whole communities of organisms living
in a cold region
sulation.
have evolved heat-conserving
surface area to volume ratios,
and
many species develop special nighttime
and winter behavior such
On the ecosystem level where plant and animal
as hibernation.
ecosystems gradually
develop a structure
strategies
co-evolve,
to reduce the effects
of extreme fluctuations
of temperature,
One imporparameters.
humidity,
wind, and other environmental
tant result
of the interacting
community is a mutual reduction
of physiological
stress on its members.
In a mature ecosystem trees, shrubs, gras.L;:Is and other plant
structures
affect
climate largely
by reducing wind velocity
and
Within a forest or meadow reduced
restricting
radiant
heat loss.
evaporation
and soil moisture.
wind stabilizes
air temperature,
In turn, a gaseous membrane of air, water vapor and CO2 near the
The quantity
of
ground affects
incoming and escaping radiation.
energy involved
in evaporation
and condensation
is a significant
These
factor in daytime cooling and nighttime
heat release.
combined environmental
buffering
effects
create relatively
stable microclimates
and new habitats
for organisms within the
ecosystem.
As the ecosystem gradually
becomes more diverse,
it
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becomes more efficient
at capturing
available
more food, and becomes capable of supporting

sunlight,
produces
still
more organisms.

then, a terrestrial
ecosystem partially
buffers
Generally,
environmental
extremes and gradually
diversifies
to become more
efficient
at capturing
diurnal
and seasonal pulses of sunlight.
The solar energy captured as both heat and food is conserved
and slowly expended in biological
activity
before being finally
lost as thermal radiation
back to the heavens.
ARCHITECTUREAND BIOTECTURE
YJltimately
solutions

the natural
and technological
will be indistinguishable.V1
Jono IQiller

Solar greenhouses and more complex bioshelters
are architectural
forms designed to protect and nurture living
plants,
Successful
solar greenhouses must include
animals and people.
Greenmany of the principles
found in successful
ecosystems.
house architects
should remain aware that biological
systems
are a source of potential
strategies
useful in solar design.
Solar greenhouses must perform a unique blend of the energy
the heat conserving process of
collection
function
of a plant,
a warm-blooded animal and the micro-climate
formation
of an
The architect
must combine effective
solar orientaecosystem.
tion and thermal storage so that chosen food crops have optimum
ranges of temperature,
light
and moisture.
Much traditional
building
design and even some solar greenhouse design confines analysis
of energy dynamics of a structure
calculating
energy inputs of sunlight
and
to its outer "shelll',
radiant heat and losses of reflection,
radiant heat and infilThe more subtle dynamics of how input energy is pastration.
are
sively absorbed, stored and channeled within the structure
We know that
only beginning to be investigated
and understood.
the best of the passive solar buildings
can orchestrate
light,
thermal mass and convection
and can create a zone of very stable
This type of sophistication
is important
in
temperatures.
designing spaces where several different
species interact,
yet
A bioeach species has specific
environmental
requirements.
Ideally,
the
shelter must reflect
these needs in its design.
architectural
design of a successful
agriculture
will interact
until
architectural
form merges with ecological
function.
In a home greenhouse food crops are the major ecosystem
An internal
light
and temperature
regime suitable
components.
for a mixture of fruits
and vegetables
is the primary goal of
To cope with pest species which soon immigrate
the architect.
ecological
management of an outdoor garden
to the crop, successful
suggests that an alternative
to persistent
biocides is a permanent population
of associated
predators within the structure.
It is not known how few species or organisms can comprise a humandominated, permanent food-producing
garden ecosystem which is
On solution
is to
self-regulating
without need for pesticides.
.
duplicate
as nearly as possible
the ecological
patterns
of a
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Each of the plants,
pests and predasuccessful
outdoor garden.
tors requires
a slightly
different
range of temperature,
light,
The challenge
to the greenhouse designer
moisture and habitat.
is to create many microclimates
which allow this highly diverse
life to coexist.
DESIGN PRINCIPLES
"In

wildness

is the preservation

of the world."
Henry Thoreau

Concepts of ecological
architecture
and ecological
engineering have recently
begun to be intensively
investigated
in
Principles
of design that
relation
to agricultural
systems.
are useful to the architect
are strategies
that encourage
greenhouse systems to become self-adapting
without having to
thoroughly
understand the biological
intricacies
involved.
The following
examples are general rules of biological
design
in solar greenhouses.
Architectural
forms should create microclimates
that
p-m=
nurture 2 diversity
Microclimate
should be created to include zones
minor crop plants including
herbs and
for major crop plants,
flowers,
maintenance organisms such as predatory,
parasitic
and
and
pollinating
animals, soil organisms for decomposition
aquatic communities which interact
and, if possible,
recycling,
Microclimates
are created by
with the terrestrial
community.
intentionally
shaping the solar greenhouse and interior
structures to create variations
in sunlight
intensity,
air temperature,
and types of habitat
surfaces.
soil types, moisture conditions
Specific
structures
that can be used include terrace levels,
passive thermal walls, verraised or lowered beds, stone walls,
tical
arbors and tiny ponds.
I.

II.

Fill
every available
chosen organisms.

ecological

niche and habitat
-m

with

a. Soil and soil organisms from a normal garden
This soil will introshould be added to -crop
growing area.
duce bacteria
and microorganisms
tidapted to the culture
of
Common surface animals such as crickets,
spiders
vegetables.
and beetles should be included,
as well as samples of other types
Compost and
of soil from fields,
meadows and forest
floor.
The goal is to asearthworms can be distributed
in all beds.
semble many types of soil organisms which may adapt to the different microclimates.
Ma-or and minor food crops will occupy much
ooacropscan
changed as the seasons
of the growing b*
area.+
change.
Many plants have an optimum season of production
based
Test
on day length,
while others are affected
by temperature.
plots and close observation
will indicate
which food plants are
Mixed
productive
in a particular
area through the seasons.
species of food plants give a more interesting
and continuous
create many insect habihuman diet,
and will act to gradually
tats and food sources for both pest and predators.
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Create permanent ecological
islands to harbor
populations
of E&uorganisms.
Predators,
parasites
and
which help maintain
the agriculture,
need special
pollinators,
soil and plant associations.
Predators
include toads, fregs,
chameleons, spiders,
beetles,
damsel flies
and other insects.
Parasites
include microscopic
trichogama wasps, and pollinators
include wasps, flies
and bees.
These ecological
islands are
protected
zones undisturbed
by seasonal mass harvests,
removal
of crops and soil cultivation.
These permanent zones allow
cumulative
diversification
of the ecosystem by harboring
unintended colonizers
from the outdoor ecosystem.
Permanent
populations
of many organisms may be essential
for ecological
succession and self-regulation
within
the bioshelter.
Attempts
should be made to preserve a wide range of natural
diversity
because we do not always know which species are necessary for
long-term
function.
Ecological
islands
can take many forms such
as permanent herb plots,
an area of meadow sod or forest litter,
a rotting
log, a rough stone wall, a tiny pond or a permanent
tree or vine.
III.

Encourage

adaptation

and succession.

A solar greenhouse environment,
however well
designed, differs
from the outdoor environment in many respe,cts.
Altered light
quality,
higher humidity
levels and lack of bird
predation
are among these parameters.
Over several years populations
of soil microorganisms,
insects,
and even larger predators will adapt to the new environment.
Pests and predators
will become established,
will find ecological
niches, and will
develop new relationships.
The process is a gradual development
of new food chains based on new associations
of crops, pests,
predators , parasites , pollinators
and decomposers.
The designer
can facilitate
succession by providing
for maximum interaction
and travel
among microclimates.
Soil connections
between growing beds permit earthworms, soil organisms and surface animals
to move freely.
Tiny ponds at the soil level give animals access
to moisture.
Ecological
islands in corners and near crop areas
provide convenient
shelter
for predators.
A second method is
periodic
reintroducticn
of outdoor soil,
insects and potential
predators.
As permanent plants become established,
new habitats
develop which were unavailable
previously.
A third method is
to permit two-way migration
between the- outdoors and the greenhouse in the warm season.
Another general adaptation
may occur when an
aquaculture
pond is used to recycle weeds or plant wastes and
in turn supplies
fertile
irrigation
water for the crops.
The
aquatic nutrient
loop can eliminate
the survival
of some plant
diseases which might carry over in plant wastes, and bacterial
and biochemical
changes will occur to utilize
the exchanged
nutrients
in both aquatic and terrestrial
systems.
IV.

Stimulate

an important

gaseous exchange.

Air movement by winds and local convection plays
role in the exchange of water vapor, oxygen and CO2
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This air movement speeds evaporative
across leaf surfaces.
cooling,
brings CO2 for photosynthesis
and removes wate 02.
soil
In nature a large part of CO2 supply comes from respiring
Whereas a greenhouse
organisms'
decomposing organic matter.
using sterile
soil can become depleted of CO2 without an outside
supply, a greenhouse with fertile
soil of organic matter and
Nutrients
which are
microbes has a slow-release
CO2 reservoir.
removed from the system as food must by periodically
resupplied
by adding compost.
V,

Avoid

cumulative

toxins

and biocides.

Some pesticides
used in agriculture
and indiscriminately
lethal
to multitudes
of organisms.
Even Rotenone,
animals
considered relatively
mild, is toxic to many cold-blooded
Pesticides,
herbicides,
fungicides,
such as toads and fish.
wood preservatives
and some paints contribute
toxins or heavy
metal compounds which pass through food chains and accumulate in
including
humans. Organic matter such as grass
top predators,
sewage sludge or food wastes should be evaluated as
clippings,
possible sources of biocides.
NEW ALCHEMYINSTITUTE'S

RESEARCHAND DEVELOPMENT

New Alchemy Institute
has for several years been investiin
gating the synthesis
of sun, wind, biology and architecture
gardens, aquaculture
ponds, solar greenhouses and bioshelters.
Our interest
is the development of permanently
sustainable
foodproducing ecosystems based on patterns
found in nature.
Bioshelters
are advanced solar greenhouses which contain agriculture,
aquaculture,
and human habitation
in a single inteBioshelter
sub-elements
we have investigated
thus
grated system.
far include:
aquatic ecosystems for fish
a. Solar ponds are semi-closed
These solar ponds provide food, indoor
protein
pi?ZiFtion.
nutrient-cycling
of greenhouse plant wastes and enriched irriEqually as important
they serve as passive solar
gation water.
collectors
and thermal storage mass for climate moderation.
ecos stems of vegetables,
herbs, seedlings,
b. Agricultural
trees and associated
tree cuttings,
ornamenta
e- s, warf fruit
pests and predators,
Inte ral human habitation
for operators
of bioshelters,
within
the structure
exchanging heat, food
where '*peoph e
and waste materials
with the greenhousg environment.
components including
reflective
solar courtd. External
rainwater
collection
from the
yards for sunlight
concentration,
rooftop as a supplemental
water supply and living
plants for
winter windbreaks and summer shading.
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Other bioshelter

water

and nutrient

concepts

yet to be developed

include:

supply.

Human waste and water recycling
which are biological
f.
processesandsm
return nutrients
to a locally
productive
Throughout the world aquatic ecosystems are used for rapid
use.
In Canada the Prince
cycling of many organic waste materials.
Edward Island biosheiter
uses a Clivus Multrum for solid human
in
Treated grey water is being tested for irrigation
wastes.
Conceivably,
a
linked
aquaculture/hydroponics/
California.
irrigation
system could-recycle
human wastes iocally;
Selection
housegconditions.

of crops

specially

adapted

for

solar

green-

from condensation
on glazing.
A
h. Water distillation
significamaction
of solar energy absorbed by a plant evapoOn cool nights as energy is lost from a solar
rates water.
progreenhouse, vapor condenses on the inner glazing surface,
ducing a small fresh water supply.
i.

Seasonal
i.
ii.
iii.
iv.
V.

vi.
vii.

of greenhouse structures:
multi-use
-m
and sale.
Winter vegetable production
home heating.
Winter supplemental
for outdoor agriculture.
Spring seedlings
solar
drying
of surplus
Summer
_ garden food.
Domestic hot water pre-heating.
Water distillation.
Tree propagation.

EPILOG
"We are faced with

insurmountable

opportunities.V1
Pogo

The design principles
I've described are examples of
ecological
concepts in which architecture
is one of many factors.
animals and water are equally important.
The sun, soil,
plants,
In the microcosm of a solar greenhouse everything
is truly
the architecture
to the sun and
connected to everything
else:
the plants to the season and the soil,
the soil to
the plants,
the people and their habits and people's habits to the region
We at New Alchemy are carefully
contemplating
and their needs.
these relationships
in the hope that with better understanding
of how nature works, we might gain a greater respect for our
place in it.
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SOLAR GREENHOUSEEXPERIENCE AT
THE INSTITUTE FOR SOCIAL ECOLOGY
by
Richard

Gottlieb

and Buzz Tenenbom

ABSTRACT
From the inception
of the Social Ecology Program in June
to the present time, construction,
use, evaluation
and
modification
of Hybrid and Passive Solar Greenhouses have been
Two Hybrid Greenhouses and one Passive Greenhouse
undertaken.
exist at present.
1974,

This
the Solar
the design
house now

paper describes the experience with the latest
Hybrid:
Heated Windpowered Aquaculture
Greenhouse Complex; and
and predicted
performance of the Passive Solar Greennearing completion:
the Biological
Generator.

In July 15'75, construction
was begun of a Hybrid Solar
Greenhouse: the Solar Heated Windpowered Aquaculture
Greenhouse
Construction
was completed in May 1976.
A side secComplex.
tion of the Complex is shown in Figure 1 and a front elevation
pertinent
information
abltut the
in Figure 2. Figure 1 contains
No attempt has been made to show plumbing, electrical,
Complex.
wood heat back up system, growing areas, potting
areas or aquaculture
systems.
The building
has undergone progressive
changes
which are described
in the text and Figure 1.
Despite a harsh 1.975/1976 winter with the building
under
the solar and wind systems functioned
satisfacconstruction,
torily.
Direct gain in the greenhouse and heat supplied by the
collectors
accounted for approximately
20% of the heat load in
December, January and February,
with wood heat supplying
the
remainder.
The summer of 1976 was occupied with reworking the plumbing part of the open water flat
plate collectors,
conducting
experiments with local and southern varieties
of crayfish
and
activating
the filtration
system for aquaculture
work in the
Fingerling
Tilapia
were introduced
in late
large conarete tank.
grown into the late fall.
A
July 1976, and were successfully
very successful
experimnt
having to do with selecting
the most
hearty variety
of cabbage adapted to Vermont's short growing
Detailed
results
of all the above may
season was carried
out.
be found in References 1, 2 and 3.
By late November 1976, despite the introduction
of a heat
exchanger from the solar reservoir
to the aquaculture
tank,
evaporative
heat losses in the aeration
system requiring
excessive cold make up water prevented the maintenance of deThe Tilapia
were wintered
sired temperatures
for fish growth.
The
Complex
was
run
and monitored
over in'the
Cate Farm house.
until
February 1977, when it was decided to change the interior
physical
set-up.
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SOMEOBSERVATIONS ON THE DESIGN AND
CONSTRUCTIONOF GREENHOUSES
Mark Ward, Cambridge Mass.
Any undertaking
benefits
from the experiences,
mistakes, and sucIt is important
to understand that
cesses of those who have come before.
greenhouses have been with us for a very long time, and that conventional
the end result
of an evolution
of design
or commercial designs represent
based upon several hundred years' experience,
Until recently,
the prime
focus of this design process was on plant productivity
and ease of mainNow with the relatively
high cost of fuel, the thermal
tenance.
efficiency
of the greenhouse has become an important
factor,
leading
as the exclusive
design
some to design greenhouse s with heat efficiency
If we are seriously
thinking
of producing plants and food
consideration.
with "solar"
greenhouces we should pay attention
to the factors
that make
conventional
designs efficient
plant producers and try to retain
those
In addition,
in new designs that are efficient
heat producers as well.
construction
detail,
and other
attenticn
to the choice of material,
factors
that contribute
to a more durable structure
well suited to a very
wet environment are important
if the greenhous, e is intended to last for
more than a few years.
As a greenhouse recycler/builder
I have learned much about what
Together with Jim Burke of Vermont
lasts in a greenhouse ervironment.
Recycled Greenhouses I have dismantled
about 30,000 square feet of glass
greenhouses in the Boston area ranging in age r"rom 25 to 75 years old,
mostly old carnation
houses driven out of business by the price of oil,
They are typically
located. on
lahor,and
competiti~l
from the South.
valuable suburban property,
a factor which hastens their removal.
We have recycled
the material
into numerous smaller greenhouses,
Most are
and solar efficiency.
representing
a wide range of function
attached to homes, although we have done some small commercial greenWe both work in all aspects of design and construction
as well
houses.
as supply materials
and aid to owner/builders.
the "solar"
greenhousa that serves as its own
From my perspective,
heat collector
represents
a design compromise between growth efficiency
That compromise has a different
result
for a person
and heat efficiency.
who wants to get some heat and winter greens from an attached greenhouse
than it does for a commercial grower trying
to produce on a schedule.
Different
priorities
lead to different
designs but I suspect that designing "solar"
greenhouses to be thermally
efficient
in the months of
January and December can lead to plant growth problems,
Light levels
in the North are too low during those months to support growth in many
plants,
and the tradeoffs
made for thermal efficiency
often end up
compromis.ing the ability
of the greenhouse to produce in February, March,
and April when light
levels are higher,
Of the design factors related
to plant productivity,
designs,
In many "solar"
are the most widely overlooked.
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light
levels
the use of

large-dimension,
closely-spaced,
non-reflective
ings; and black body heat storage significantly
some cases retarding
plant growth.
Reducing the
area to growing area in order to accomplish year
ficiency
often has the same effect.

framing; multiple
glazreduce light levels,
in
proportion
of glazed
round solar self suf-

Minimal light
obstruction
is a very clear objective
in respect to
Framing in commercial greenhouses is as minimal as possible
in
framing.
order to maximize light transmission.
Eouble polyethylene
houses, the
most widely used new greenhouse construction,
often use one-inch pipe
for framing,
spaced on four foot centers,
resulting
in virtually
no light
obstruction.
This style house is very popular among growers from a
production
standpoint.
In woodframed houses where the spacing is smaller,
the framing is
of relatively
small dimension and is painted white in order to reflect
as much of the obstructed
light
as possible.
Often, productivity
is
noticeably
increased after a paint job,
Framing dimensions and requirements
vary according to the weight
and width of the glazing,
roof pitch,
length of unsupported span, and
other structural
considerations,
but minimal light
obstruction
should
be a design objective,
glazings
and heat storage,
the
However, on the issue of multiple
objectives
are not as clearcut.
There is no question that many glazings
retain heat better
than fewer, but there is also no question that they
block more light.
In addition,
placing black barrels
of water or other
dark thermal mass in the greenhouse is very convenient
for the passive
absorption
of heat, but those black bodies are in direct competition
with the plants for light.
There is no one solution
to these problems
but the growth implications
of various choices should be explored.
There are many design variations
possible
in "solar"
greenhouse design
depending upon the location
and function
required.
Ventilation
both for CO2 replenishment
and for coaling is another
factor that must be accounted for,
In the winter this ventialation
can
be accomplished
in many different
ways as have been reported in other
papers presented here,
However, if the greenhouse is to be used in the
late spring or summer, then some provision
for venting to the outside
should be made, If this is to be accomplished
without the use of fans,
then large vents both at the peak and at ground level are required
in
order to establish
good convection
flow,
The choice of materials
and construction
details
that contribute
to durable greenhouses is another area overlooked
in the design of "solar"
greenhouses,
No matter what a greenhouse is glazed with, no matter what
its shape, size, roof pitch,
or other design features,
its frame has the
same problem with water condensation
and high humidity.
A greenhouse
is a very adverse climate for most standard building
materials,
many of
which are susceptible
to rot and corrosion.
Almost all commercial greenhouse construction
now is either
aluminum or galvanized
steel,
chosen
for their resistance
to corrosion
and low maintenance requirements.
Wooden frame greenhouses were made primarily
of cypress and later redwood, both woods that resist
rot,
The material
used is the key to longevity
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in a greenhouse and should be chosen to suit the long-term expectations
A discussion
of the comparative
longevities
of glass and
of the project.
fiberglass
without
considering
the lifespan
of the frame is purely academic.
In order of durability
and resistance
to rot, some materials
for
aluminum, galvanized
steel,
cypress, redwood, locust,
white
framing are:
oak, cedar, hemlock, followed at the end of the list by fir and pine.
Pressure treated
lumber looks promising
although I do not know if the
chemicals used are compatible with plants.
There are other, often more
of material
such as cost, availaimportant
factor s governing selection
but the factor
of durability
should be
bility,
ease of fabrication,
etc.,
Pine and fir,
for example, will last as long as 20 years if
understood.
treated with cuprinol
and painted well, although I have seen some, espeas 5 years. Cypress,
cially
old storm windows, that have rotted in as little
on the other hand, has a virtually
unlimited
lifespan
for practical
purposes.
There are greenhouses approaching
150 years of age that have cypress
Aluminum and galvanized
steel have not been used as long but should
frames.
fall
into the same category.
of durable design are the details
of construction
in
Other aspects
which the prime focus is upon the ability
to shed water from both inside
When using wood, as most "solar"
gceenand out, and to resist
corrosion.
houses seem to, care must be taken to avoid any places where water can
at the sill and eave which are the first
collect
on the frame, especially
If a greenhouse has an eave it is often advisable
areas to deteriorate.
to have a gutter
on the inside for condensation,
Sills
should be either
sloped or bevel cut to shed both interior
condensation
water and external
In addition,
bolting
through exposed sills
should be avoided if
rain.
possible
as water will find its way down the hole rusting
the bolt and
in wood frame houses are made
rotting
the wood. Often eaves and sills
from galvanized
steel or cast iron, eliminating
many of these problems.
screws) used should be corrosion
resistant.
The fasteners
(nails,
Hot dipped galvanized
fasteners
are well suited for most purposes and well
worth the extra cost.
Electra-plating
or cadmium plating,
a cheaper form
of galvanizing,
does not protect
nearly as well and should be avoided if
possible.
In screws, brass, aluminum, or stainless
are best but are far
more expensive and will typically
outlast
the frame, particularly
if common
lumber is used.
If redwood is used, corrosion
resistance
is very important
as redwood is very acidic and reacts with unportected
steel, destroying
the
fastener
and the wood a:round it in a matter of a few years.
For more information
on these areas, I have listed
two books on
construction
that give a good description
of basic framing techniques.
In addition,
I would recommend visiting
several different
kinds of greenhouses and studying
how they are assembled.
It is not my intention
to
discourage
people from building,
but only to point out some problems that
do arise in greenhouses.
It is important
to get things built and projects
underway, but it is also important
to make intelligent
choices between
alternatives,
particularly
in regard to the lifespan
of the structures
and
the life costs,
Food production
in greenhouses will become increasingly
important
in cold climates and energy should be focused on improving the solar effic&ency of the entire
spectrum of greenhouse use, from private to commer-
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However, care
cial.
productiun
aspect of
In addition,
as long
care should be taken
period of time.

must be taken
greenhouses in
as the energy
to build them

so as not to seriously
compromise the
the name of solar heat self sufficiency.
is being expended to build structures,
well, so that they last for a meaningful

As a means 0-F accomplishing
the second of these objectives,
it
fitting
that we Cal. re-use the materials
from the previous generation
viable
greenhouses which, in many areas, are no longer economically
The
materials
and
construction
techniques
are
are being destroyed.
for greenhouse use, have been proven over time, are readily
available
source of inexpensive
materials
many areas, and provide an excellent
I would like to support.
the new generation
of "solar"
greenhouses.
Lawand in his speculation
that there is not much new under the sun.
can be learned by studying the wheels already invented.

seems
of
and
designed
in
for
Tom
Much

Books on construction
American Greenhouse Construction,
Richard T. Muller,
A.T. De La Mare Co., Inc., New York. 1927.
Greenhouses; Their Construction
and Equipment, W.J. Wright,
Orange Judd Publishing
Co. Inc., New York. 1946.
Others

of interest
The Unheated Greenhouse, K.L. Davidson,
George Newneds LTD and Country Life LTD, London, 1907.
-This book is primarily
concerned with flower production
but
covers the management of cold (down to 35' F.) greenhouses.
A Description
of a Patent Hot House which Operates Chiefly by the
Heat of the Sun without the aid of Flues or Tan bar!; or steam for
the purpose of Heating it, James Anderson,
London. 1803.
This seems to be of curiosity
interest
only.

Th2se books and many others are in the Massachusetts
Horticultural
Library.
Agricultural
Schools and agricultural
extension services
other sources of similar
material.

The following
pages show some examples of the work that
doing with attached
greenhollses,
while the last page depicts
interesting
19th century material.
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Society
are

I have been
some very

The greenhouses shown here are constructed
of used material
from large
The framing is of
commercial greenhouses using primarily
glass and cypress.
the size dependent upon the length of unsupported
relativly
small dimension,
Some standard sizes are outlined
below.
span.
The greenhouses on this page
were intended for growing purposes.
Numbers One and Three are of a post construction,
using heavy
&nnP - Redford Mass.
steel posts in the sidewall every 8 ft supporting a galvanized
steel
eave and sill,
As a result
there is no need for wooden structural
members in
the sidewall,
In number
One, the sidewall
is one
continuous
vent, hung from
the eave and opening outward.

*

Glazing

bed

Condensation
gutter
j
7ft

span

6f-t

#Three

#Two - Newton Mass.
24.1

-- Lexington

Mass.

The two examples here are greenhouses
not expressly
intended for growing.
Example
Four is a glass entry-way
that is used in
late spring for starting
plants that will
be moved to an outdoor garden.
Number Five
'was designed as a walk-in
solar collector.
Heated air will be drawn off the top and circulated through rock storage under the main
This is a"semi-steel"
construction
house.
using a heavy steel frame to support thin
cypress mullions
in order to minimize !ight
In this case, a 16ft span withobstruction.
out posts or supports was possible,
facilitating the use of interior
insulating
curtains
if desired at some point in the future.
#Five

- Cohasset

Mass.
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#Four - Boxboro Mass.

Some drawings

from

Bau und Einrfchtung
der Gew&hsh%user:
ein handbuch
f&r gartner
und baumeister.
von Carl Lavid Bouch6
1886.
Bonn, E. Strauss,
und Julius Bouchg.
( Building
and stucturing
a handbook for gardener

the growth-house:
and builder.)

I am struck by the resemblance of these designs
to many "new" solar designs.
In particular
note
the bottom example (floor
plan on right).
The
drawing shows a 25' by 15' greenhouse with a
6" insulated?
north roof and 6" insulated?
north,
east and west walls, with an airlock
type entry on
The text of this book is in German so
the north.
that I do not know much more about these designs
for the moment. However I would imagine that
there is much valuable information
in material
of this kind, particularly
those relating
to small scale vegtable
and fruit
production
which
:;
was popular at the turn of the
This book is in the
century.
Mass. Horticultural
Sot.
Library,
which is an excellent resource center.

/’
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Mark R. Hahn
Ramapo College

of New Jersey

GREENHOUSEAT RAMAPOCOLLEGE
The greenhouse shown here is now halfway constructed.
The
center of the design is a small (7' x 9') aluminum and glass
greenhouse, which I purchased to house my cactus collection.
When I became interested
in solar heating,
I designed the following system to fit this particular
greenhouse.
The structure

is divided

into

three

1.

A ~~Cooll' greenhouse
the second section.

2.

A VVControlledVt greenhouse.

3.

An active

The structure

which serves

air-transfer
contains

solar
four

The vestibule
is passively
of water and an insulated
thermal storage.

2.

An excess solar
distribution.

3.

A propane backup for

4.

The active

solar

heating

system,

the l*Controlled"

heating

to

system.

designed, with
block foundation

heat gain storage

sections:

as a vestibule

heating

separate

1.

separate

systems:
100 gallons
acting as
with

passive

greenhouse.

system.

This active system has 64 square feet of homemade collecThe thermal storage consists of crushed stone and the
tors.
mass of the insulated
block foundation.
The active system will
provide heat for the 63 square feet "Controlled"
greenhouse.
It will supply an estimated 27% of the total
seasonal heat loss,
while direct
solar heat gain to the greenhouse will supply an
The perestimated 43%. The propane will amke up the rest.
centage supplied by the sun will be greater if the greenhouse
is allowed to get colder than the design temperature
of 60°F.
At the minimum design temperature
of -20°F,
greenhouse will lose an estimated 13,000 BTU/hr.
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the "Controlled"

Mark R. Hahn

June 4, 1977
Heating

System Load

(A) = 3,840 Btu/DD

Note:

= The -.,Jat loss

(B) = 3,050 Btu/dcy
(G)
Month

(L)

Degree
Heat Loss
Days
(structure)
per Month
DD
mo

Btu
MO-

25

96,000

act

2q.O

Nov

500

1,920,OOO

Dee

845

Jan

1~s~ rate

thrcugh

the structure.

through

the floor.

(M)

(NJ

Days
per
Month

Heat Lass
(floor)

Total
Heat Loss

Solar
Heat
Gain

Heating
System
Load

Egz

Rta
Yi5

Btu
7iii.T

Btu
mo

Btu
mo

(B) x (D)

(Ll + (Ml

(D)

(G) x (A)

Sept

= The heat

rate

30

921,600

91,500

187,500

(K)

(PI

(N) - (K)

L415,Go

0

94, Em

1,016,150

1,333,950

0

30

91,500

2,011,500

938,115

1,073,385

3~44,800

31

94,550

3,339,350

868,525

2,470, w

995

3,820,800

31

94,550

3,9l5,350

887,770

3,027,580

Feb

860

31302,400

28

85,4oo

3,387,800

1,039,660

2,348,140

March

675

2,668,800

31

94,550

2,763,350

1,319,665

1,4L3s685

April

395

1,516,800

30

91,500

1,608,300

1,242,835

365,465

May

125

480,000

31

94,5!%

574,550

l&+23,135

0

832,650

18,803, Go

Yearly

4680

17,971,200

10~729,080

:
nuk R. Rahn
JuM4,1977

(a
mily
surface

64
HOIlth

22

m
#

(T)
%

Poyaible
SUnshLne

*YE

Totals

Pa=

MC&h

(dacimsl)

m

(‘J)
(e)
1n5cL¶t10n Zhtluated
Incldent
on
collectcr
the
collectcr

w

Efficlsncy

Btu)
t--4

(dsclmal)
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30

.50

1,831,680

.S

DflC

64

1,796

31

.49

l.746,WO

JUr

64

1,944

31

.45

Feb

64

2,176

28

saxh

64

2.174

April

64

1,956

;

4

supplie3

by ths
Collectcr

w/(Phm!%

('0 x (0)

NOV

w

Btu
tmo1

mu/Do)

(RbdS)dD)dT)

'

09
Heating
Sp3tCE
Load

Enerpy
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1,062,375

$073,385

99

.53

925.380

2.470825

37

x95,605

.52

Y&515

3.027,530

30

.50

1,949,695

.52

l,Ol3&0

2,3'@,140

43

31

.P

2,242,870

.56

1.256.010

l,W.685
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30

.52
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w71.720
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Ducts

SOLAR

HEATING

SYSTEM

Section f-f

Air Flow Chamber

7- 6-77

/

-Solar

Cskctor

hermal Storage

Gravel

and Sand

Building Paper

Base

Wire

Mesh- Reinforced

Concrete

Slab

EGGE RESEARCH
Morton Schiff

Tamil Bauch

A JOlNT VENTURE - OFFERING DESIGN, CONSULTING AND PRODUCTION
SERVICES FOR SOLAR HEATING AND ENERGY CONSERVATION.
THIS
BROCHURE DESCRIBES SOME OF OUR MORE UNIQUE PRODUCTS AND
SERVICES.

Fl6ER

CEMENT

BUILDING

PANELS

This is a low cost, energy conserving building materisl system that can be custom designed to nteet varying situations. The
panels ,re molded to the required shape with a unique joining and sealing system (patent applied for) molded into the panel.
Electrical conduit, windows, doors and vents can also be molded into the panel. The sandwich construction technique (which
provides greater structural strength with less material than other fabrication
techniques) is used with the composite section
containing four different layers of material. Each material has several functions. Starting from the exterior the layers are:
1. An exterior layer (l/8 - l/4 inch) of colored glass fiber reinforced cement (GFRC) which is both a structural component
and the exterior finish. 2. The light weight structural core of urethane foam (l-6 inches), which also provides the insulation.
3. A layer of light weight cellular cement (l/2 - 3/4 inch) which also is part of the structural core and provides fireproofing,
4. The interior structural layer of GFRC (l/8 - l/4 inch) which provides a smooth (or textured, if desired) surface for the interior finish. The GFAC which uses polymer modified cement is extremely resistant to aging and will retain its color, structural integrity and waterproof quality for upwards of 50 years with no maintenance. The cost of complete panels ranges from
$3 to $8 per square foot depending on size, shape and volume of production.

BEADWALL

INSTALLATIONS

We are designing and installing Beadwall (U.S. Pat. “‘0. 3.903.665) Installations under license from the Zomeworks Corporation. We have developed some unique hardware and building techniques to make the Beadwall installation attractive and economical, Beadwall is a mobile insulation system using a double glazed window with a 4 inch wide cavity between the layers of
glazing. At night the cavity is filled with Styrofoam bead insulation. Ouring the day the beads are sucked out of the window
cavity dnd stored. When used in a south-facing window \JU will have a very efficient collector for a passive heating system. In
other situations you will be able to conserve energy; e.g. north-facing windows, display windows, store fronts; office buildings
and qreenhouses. This concept has been in use since 1972 and offers many possibilities for passive heating and energy conservation. The blowers which move the beads can be operated automatically
rlr manually, and they consume very little electricity,
about one kwh per week costing about 5 cents per week, for each 120 square feet of Beadwall area. Installation costs are
about $10 :O $12 per square foot of window area. The R-value empty is about 1.5 and the R-value full is about 15.
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SOLAR

GREENHOUSE

This greenhouse structure can be used in two ways. The first is a passive system. A large water storage is provided in one section at the rear of the structure, at the focal point of the curved section of the north wall. The rest of the water is stored under
the growing beds. The inside of the north wall is coated with a reflective film so that it is a specular reflector, and the entire
structure becomes a walk-in focusing collector. The entire south wall is a bead wall so that the collection system can be turned
on and off as required. Of course when the bead wall is full, the structure is highly insulated, the heat loss rate is approximate
ly 75 BTUHPF (1800 BTU/D.D.).
Sufficient energy can be stored in the water tanks to handle a large part of greenhouse heating requirements. An exhaust blower is included to handle excessive heat gains particularly in the summer and fall. Automatic
controls are provided which monitor the sun’s energy and temperature, and to make the required adjustments.
The second approach is to use the greenhouse as an active collector. There is an advantage in using the greenhouse in this mode.
If a solar retrofit is desired, one can add on this greenhouse, rather than just using simple collectors. In the active mode sufficient energy can be collected to heat both the greenhouse and the retrofitted existing house. A greenhouse has its own value
above and beyond collectors. As en active collector, the north wall is painted white, so that it is a diffuse reflector and there
is no exposed water storage as in the passive system. Solar energy is captured and stored in a water tank located below the
greenhouse floor. To capture the solar energy, a combination of the plant leaves and heat pump is used. A mature, or fruiting
plant exposed to solar e.rergy will transevaporate. (Transevaporation
is a process where a plant uses solar energy to convert
liquid water to water vapor.) A heat pump is then used to dehumidify and maintian the proper temperature and humidity in
the greenhouse; the reject energy from this process goes into storage (see Fig. 1).
!f tomatoes are grown, better than 50% of the incident solar energy goes into transevaporation. As long as the heat loss of the
greenhouse does not zrceed the sensible heat gain of the greenhouse, the energy in the water vapor can be collected by de
humidification
and stnrs..3 for use as required. The active solar greenhouse then becomes a collector whose efficiency ap
proaches 50% over a u’ ?e range of conditions and can provide a large percentage of the energy required to heat a house.

FIG. 1

GREENHOUSE

For further information,

you may contact either:

EGGE RESEARCH, Box 3946, RFD 6, Kingsto?, New York 12401
ENERGY SHELTERS, inc., 2162 Hauptman Road, Saugertiet, New York 12477
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914-33813597
914-24G3135
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SPECTRUMSEPARATION CHAMBERFOR PLANT GROWTH
Plant

Robert C. Liu, Agricultural
Engineer
Physiology
Institute,
U.S.D.A.,
Beltsville,

MD

Plant response to solar radiation
is limited
only to a small
portion
of the spectrum (3504~<76Onm).
More than 50s of the
spectral
energy is in the infrared
region,J)76O
MA, and it does
These portions
of the
not contribute
directly
to plant growth.
spectrum should be maximized for growth and modification
of the
environment in greenhouse operations,
Spectrum separation
can be accomplished by differential
absorption
and transmission
or by differential
reflection
and
Curicio and Petty, 1951, presented the spectral
transmission.
transmission
characteristics
of liquid
water at various path
To achieve a cut-off
point at;t= 760 nm, approximately
lengths.
Withrow and Frice, 1953, pub90 cm of path length is needed,
lished the spectral
transmission
of copper sulfate
solutions
of
We constructed
varying concentrations
in a lo-cm path length.
a plexiglass
double-wall
plant growth chamber with a y-cm path
a 0.2% solution
of CuSOb.
Cut off ath = 760 nm required
length.
This chamber, shown in Figs. 1 and 2, will be used to
5H20.
observe the response of soybean plant growth to various spectral
and to evaluate its physical
characteristics
and perconditions,
formance in control
and modification
of the ambient environment.
beams
Duguay and Edgar, 1977, proposed the use of directed
of sunlight
for lighting
of buildings
as an economically
attracIdeal,
cooltive and practical
option for solar energy.
lighting
up to 1 million
lux is obtained by using cold mirrors
to separate the visible
(VI) and infrared
(IR) portions
of the
The IR can be used to generate electricity
and
solar spectrum.
I have adapted Duguay's concept
usable heat in solar cells.
The VI portion
is
for use in a nonconventional
greenhouse.
directed
to the growing area where it is used for plant growth,
while the IR portion
is absorbed by a heat transfer
medium and
then transferred
to storage as shown in Fig. 3. This can be
accomplished by the use of a copper sulfate
liquid
lens system
which is arranged to transmit
VI and to absorb IR from optically
directed
beams without the use of cold mirrors,
Fig. 4.. The
roof and walls of the structure
are opaque and well insulated.
They could serve as the means of heat storage transfer.
This
nonconventional
greenhouse will be limited
to areas with abundant
direct
radiation.
The principle
of spectrum separation
should also be applied
Availability
of approto modified conventional
type greenhouses.
priate materials
and research limitsapplication
at this time.
In a greenhouse the transparent
barrier
is the key component.
New concepts and innovative
application
are essential
to
the economic survival
of the greenhouse industry
in this day of
escalating
enerBv costs.

Fig. 1
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A LARGE SCALE NORTHERNCLIMATE SOLARGARDEN

R.E. Maes
Environmental
Research Institute
of Michigan
Ann Arbor, Michigan 48107

INTRODUCTION
A structure
has been designed and built
using modified greenhouse principles
that will allow an extended growing season in Northern climates with a minimum
requirement
for external
energy.
The objective
is to develop an agricultural
ability
to grow fresh vegetables
and produce on a year round basis at a reasonable
cost.
The typical
greenhouse is glass on all sides to take advantage of all availThe disadvantage
of the all glass house is that glass is a very poor
able light.
insulator
and heat losses on cold days and nights are quite dramatic.
In addition
the available
light
level in winter months is inadequate for many plants.
to this,
Thus, there are three principle
requirements
for a Northern climate greenhouse.
It should provide extra light
in the winter,
it should be well insulated
to reduce
tc retain extra heat for later use.
heat losses, and it should have the capability
These features are incorporated
in the present design by using pivoted insulatorreflector
curtains
that reflect
extra light during the day and close at night to
hot air through
Heat storage is accomplished by circulatin
insulate
the roof.
rock storage in the ground and also by accumulating
heat in so !far heated 55
gallon drums filled
with water.
The term "Northern climate solar garden" is used to represent a concept
that implies more than a greenhouse structure
with a south-facing
glass wall that
grows flowers and plants.
The intent is to describe an agricultural
system that
is compatible with diminishing
energy supplies.
It is a system designed to provide fresh vegetables and produce on a year round basis in the northern climates.
These agricultural
systems would be locally
based, employ local labor, and would
rely on the sun as the primary energy source.
Northern states would benefit
greatly because they would be less dependent on external
circumstances
like the
.
California
droughts and the Florida
freezes.
with present technology and
This application
of solar energy is practical
has many redeeming features
in its overall L impact on society and energy use.
The system uses low-grade replenishable
solar energy as a substitute
for high
grade expendable energy that is required to transport
these out-of-season
vegetables and produce from remote southern locations.
The second redeeming
feature is the geographic independence that is achieved by a community that produces its own food with its own labor base. The economic and social implications
of this type of independence are far-reaching.
A state like Michigan, that imports 95 percent of its energy needs, must have innovations
of this type to
guarantee its long-term viability
as a place to live.
Winter solar gardens can take three forms and all three play an important
role in the energy crisis.
The first
form is an attached greenhouse which can
be incorporated
with the family living
quarters
to supplement the heating requirements of the house and add beauty and fresh produce to the home. The
second form is a small free standing greenhouse where for various reasons it is
not practical
to attach it to the house but a greenhouse is still
desired.
This
second form is not usually
as cost effective
as the first
unless it can be constructed quite inexpensively,
since excess heat cannot be utilized
as well.
The third form of winter solar garden is the large scale greenhouse that
is a commercial enterprise
equivalent
to truck garden farming.
In this instance,
the solar garden is large enough to merit the use of s;r,all tractors
and other
mechanized equipment required
for efficient
food production.
They can and should
be located in and around urban areas to provide local employment and generally
It is this third
reduce transportation
and distribution
costs for the consumer.
form of solar garden that is St".',1 largely undeveloped,
and its economic and .';
social impact can be significant.
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D,ESIGN, CONSTRUCTION
ADD OPERATIOB
Two large scale winter gardens have been constructed.
The first
was built
It had a
in the fall of 1976 and was a quonset type building
of 1200 ft2.
The north wall and ceiling
tubulzr frame covered with two layers of polyethylene.
had 6" foil faced fiberglass
sandwiched between the two layers of plastic.
The
south w1J.1 was transparent
during the day and was covered with a tiltable
inThe aluminum foil surface on the north wall provided
sulating
curtain
at night.
air through two
some light gain, and thermal storage was obtained by circulating
8" diameter ducts buried 2' underground that ran the Length of the garden.
No
external
hect was added throughout
the winter &r;d on two occasions when outside
temperatures reached -100 f the garden temperature dropped to 280 f. Winter
crops consisted of lettuce,
peas, Chinese celery and New ZeaLand spinach whereas
the tomatoes final?y
ripened in June.
The second solar gcirden was designed during the summer of 1977 with conThe design is quote different
in that the
struction
continuing
through the fall.
that provides a work area beneath an
solar garden is of PI- A frame construction
insulated
ceiling
that
gets transformed to a light
refLec:ing
north wal.1 during
daylight
hours.
The insulatcr-reflector
is lowered at night and raised during
configuration
is tihown in Figure 1. FQures 2 and 3 show
the day. The physical
inside and outside views, and Figure 4 shows the 12' x 20' insulator-reflector
curtain in the open position.
The winter garden is 200' long in the east-west direction
to take advantage
of the winter sJn and is 30' wide.
The raised reflector
yields a direct illumination
light gain of approximately
On cloudv days, however, the
2.5 during the low sun angle of the winter months.
diffuse
illumination
available
to the garden is only two-thirds
the light intensity
when compared to an all glass house.
using 24' lengths for the
The A frame is basically
2 x 4 wood construction
long trian ulsr members. The lower 8' ccntains most of the framing while the
upper leve f only supports the polyethylene
cover and the venting mechanism. The
fiberglass
on the inner surface
lower third of the south wall uses transparent
and when this is coupled with the outer layer of plastic
it results
in a loss
The ceiling
is constructed
of 2" thick foil faced polyfactor of about R = 1.5.
urethane sheets that have an R value of about 16. The north wall uses standard
construction
materials
and also has a loss value equivalent
to R = 16. Therefore,
the only high thermal loss surface of the garden is the 8' high south wall which
results
in heat losses less than 25% of a similarly
sized conventional
greenhouse.
With the above ground values of heat loss reduced to a reasonable level,
it
is also necessary to reduce below ground losses around the edges of the garden.
to a 4 depth.
An insulated
footing of 2" thick styrcfoam sheeting was installed
This insulated
footing is especially
important in a low energy greenhouse beto
cause the ground is an important
source of stored hea,* and adds considerably
the thermal capacity of the garden.
Two techniques
are employed to add to the thermal storage of the garden.
ThTlfirst
is the use of 55 gallon drums of vater installed
against the north
. The second is a covered gravel trench extending
the length of the garden
The gravel bed is used to store
with circulating
fans placed at 50' intervals.
excess heat of the day and return it at night as required.
The A frame design has the advantages of being able to shed fairly
heavy
In its preses.t configuration
snow loads and is stable in fairly
strong winds.
the polyethylene
cover must be replaced on s periodic
basis.
The garden area was planted with lettuce,
broccoli,
garlic,
onions, and
The crops are doing quite well even though construction
is
tomatoes in October.
still
continuing.
The Michigan fall. has been very cloudy with only a few sunny
days. The inside temperatures have ranged from 400 to llO" whereas the Jutside
temperatures have dropped as low as 170. Venting is required 'on mrst sunny days
because the excess heat cannot all be adequately stored.
In summry, it is expected that with light
gain and insulating
properties
of
the present winter garden that successful
in-ground
vegetable crops can be grown
through the winter with very little
added heat energy.
T-A. Lawand, et al, Development and Testing of an Evnironmentally
Designed Greenhouse for Colder Regions, Solar Energy, Vol. L7, pp. 307-312
and Operation,
John
R. Fisher and W. Yanda, Solar Greenhouse Design, Construction
Muir Publications,
Santa Fe, NM
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A SOLAR HEATED AND AIR CONDITIONED GREENHOUSE
USIN-;GTHE GREENHOUSEAS THE COLLECTOR
DAVID SNELL
DAVID H. SNELL NURSERY
RT. 6, BOX 125, RUNKLES RD.
MT. AIRY, MD 21771
THE SYSTEM
Actual costs for construction
using my plans would be much
lower than the costs listed
below because several changes have
Heat is exchanged from air to water
been made in the system.
storage, which consists of 6000 gallons of water, or 6 gallons
per square foot 0f greenhouse floor area.
The system will store 372,000 BTU for each one degree F
The best test of the storage
rise in storage temperature.
system was on November 14 (see Table) after seven consecutive
The exterior
temperature
the
days of cloudy, rainy weather.
previous night went to 19OF, drawing the storage temperature
The low in the greenhouse was 4.9 F. Because
from 59OF to 56'F.
went back up to 59oF.
the 14th was sunny, storage temperature
The 3OF temperature
rise means that about 1,116,OOO BTU were
stored that day.
No other source of heat has been employed in this system,
Inquiries
about this
under these conditions
in Maryland.
system would be welcomed.
THE COST
Greenhouse area 10' x 100' = 1000 ft2
Material
cost
$2210
Labor cost
$1480
Total

cost
($3.69 per ft2)

$3690
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GREENHOUSEAT CARY AR%ORETUM
Tyrone Pike
Dubin-Bloome Associates
42 West 39th Street
New York, N.Y.
10456

MALCOLM WELLS, ARCHITECT AND DUBIN-BLOOME ASSOCIATES
ARE DESIGNING A SOLAR GREENHOUSEADDITION TO THE SOLAR
HEATED CARY ARBORETUM ADMINISTRATION
MILLBROOK, NEW YORE.

BUILDING,

IN

THE PRELIMINARY DESIGN FOR THE

GREENHOUSE INCLUDES A "DUCKWALL" - A MOVEABLE THERMAL
SHADE MADE OF "POLARGUARD", NYLON, AND ALUMINIUMIZED
NYLON, A HOT AIR RECOVERY SYSTEM FOR CHARGING THE
KALWALL TUBE STORAGE AND THE AUXILIARY
BY THE EXISTING

BUILDINGS

SOLAR SYSTEM.
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THE PEOPLE'S DEVELOPMENTCORPORATION
During the Evening Session, Ramon Rueda of
Editor's
Note:
the People's Development Corporation
made a very eloquent
plea to us and to everyone concerned with the development
Very simply, he reminded us
of alternate
energy sources.
that, in fact, people live in cities,
sometimes in very
large cities
such as New York.
We should not forget,
as
we carry out our research in mostly rural areas, that in
order for our greenhouse research to be truly successful
We should,
it must be adaptable to the urban environment.
then, be working with groups such as the People's Development Corporation
to explore ways to incorporate
our
structures
into that type of built
environment.
Ramon has invited
anyone who is interested
in this
in the work of the People's
problem or who is interested
Development Corporation
to visit
them at 1186 Washington
The rest of
Avenue, New York, NY 10456 (212 292-8131).
this paper consists of excerpts from ';he October 6, 1977,
some of the projects
New York Times, which explains briefly
being undertaken by this organization.

A Loan and Some ‘Sweat Equity’
Create an Oasis Amid Desolation
By MICHAEL STERNE
Three years ago,the tan brick apart- urban homesteaders can do in neighment house at 1186WashingtonAvenue borhoods so decayed many peopie are
in the Morrisania section of the Bronx
ready to write them off as hopeless.
looked so much a part of .the square
I wenty-eight attractive new apartmiles of desolation around it that city
ments with carrying charges ranging
officials were loath to lend $310,000 from $96 to $240 a month have been
to the young people who wanted to
areated, and that achievement won thr
restore it.
interest And praise of President Carter
But today, after getting the loan and during his surprise tour of the Bronx
in\,esting many of thousands of
on Wednesday.
hours of their own labor, called sweat
But to .the young members of the
equity, in the six-story building, the
young people have shown what sOme
Continued on Page A22, Cnlumn 1
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INSURMOUNTABLEOPPORTUNITIES
Summary Speech for the Marlboro Solar Heated
Greenhouse Conference
Bill

Yanda

Insurmountable
opportunities.
It's
rather difficult
to
deliver
a summary speech when the last speaker, Mr. Earle
Barnhart of the New Alchemy Institute,said
it all.
Perhaps
it would be beneficial
to examine these insurmountable
opportunities
in light
of the diversification
of research and
similarity
in philosophy
of the papers presented here,
From
that perspective,
we might all get a glimpse of the future
that our field,
the solar greenhouse, might hold.
And a broad field

it

is,

too...

The solar greenhouse has the ability
to fulfill
two basic
human needs:
food and shelter.
Few, if any, other scientific
pursuits
can make claim to that statement.
None of us needs to
be reminded of how critical
these two areas are to the majority
of the people now living
in this world.
What we differ
on then
is simply the method of dealing with these two basic needs.
Recent trends in agriculture
and shelter
design have used
highly technological,
energy intensive,
and ecologically
unsound methods in meeting these problems.
I like to think of
it as the 'Pump-In! technique.
The routine
is totally
analogous
to most aspects of life
in industrialized
nations.
When the
car gets low on fuel, pump in more! If more corn is needed,
pump in more fertilizer!
If the house is too cold, pump in
more heat!
The shelter
or the land is never thought of as more
than a framework--a
shell for technicians
to adjust until
it
'gets right'.
This was fine,
of course, until
someone mentioned
that the pump was running dry.
Enter

Us

How did all of you people get here?
I bet there's
not a
licensed Agricultural
Botanical
Chemical Architectural
Engineer
in the whole lot of you.
Are you sure you're not in over your
collective
heads? What do :rou mean you grew fresh food throughout last winter in Maine and helped heat your home at the same
time?
That's outrageous.
Nobody, at least nobody in the Financial District
of Manhattan, believes that.
You're a bunch of
tinkerers,
that's
what you are.
Same school as that nut Edison
and those crazy bicycle builders
who thought they could fly.
Any fool knows that three months schooling
and a stint
on the
Grand Trunk Railroad doesn't make lightbulbs.
I believe

we're

all

coming from very

different

places.

At this conference we've certainly
become aware of the
insurmountable.
As Mr. Lawand so aptly outlined,
there are
seventeen separate energy saving techniques
a commercial
greenhouse owner can employ before even considering
solar

268

Add in all
applications.
humidity
control
and insect
1)
aware of two things:
No one's going to build a
These are encouraging and

of the improved growing techniques,
and soil management and you become
There's a lot of work to be done, 2)
perfect
solar greenhouse very soon.
stimulating
conclusions,

Could I Xerox Your Proposal?
in a field
as vital
as this there are going to
Naturally,
My
first
reaction
is to assume that's
be duplications
of effort.
After
all,
every
alternate
energy
proposal
worth its rebad.
'*and
to
prevent
duplication
of efforts'!
cycled paper has to have
However,
after
considering
the
somewhere in the introduction.
infinite
number of variables
in solar greenhouse design and operation and the necessity
to pound media people over their heads
I would love to duplicate
with facts,
I've changed my mind.
Ms. RockefellerVs
or the University
of Pennsylvania's
valuable
add a couple of licks of my own
I'd change a few details,
work.
new results.
and suddenly . ..n6w experiment,
consequence a conference like
To me, the most important
this can have is in leading others into duplication
of efforts.
I expected to find one or two exciting-areas
of research here,
The work is too vast.
It cannot be truly
and I found twenty.
My only fear is that we might become compartmentaduplicated.
and overlook the broad-based and varied
lized,
too specialized,,.
Conferences like this
applications
our discipline
encompasses.
should speak generally
of concepts and specifically
of research
Our time together
is too valuable
to get hung-up in
results.
comparing transmission
ratings
of glazings
or subjective
definitions of the solar greenhouse, unless through submitted papers.
The Great My Sky's

Cloudier

Than YoursSyndrome

Wherever you go in the United States you will find that
once you get there it is the most unique place you've ever been.
of Lame Deer,
Hence, if you speak with a resident
This is true.
"It once got so cold here in July,
Montana, you'll
learn that,
boy, that the trout you pulled out of the crik hit the bank
Now, how's your solar greenhouse gonna like that,
freeze dried.
uniqueness reads through greenhey, boy?" This same delightful
and papers.
house proposals , projects
Every single town, every square foot (meter) of the globe
One of the most exciting
aspects of
is different
and unique.
solar utilization
is that the field
lends itself
to regional
However, we're at a point
diversity
in design and application.
where we can now apply some rules of thumb to both small and
larger scale solar greenhouses which enable us to 'fairly
accuraGood examples of this are found in
tely predict
performance.
Dr. J. Douglas Balcomb's "Rules of Thumb for passive Solar Heating in Northern New Mexicol' and D. C. Taff, et al., "Design Considerations,
Theoretical
Predictions,
and Performance of an
Attached Solar Greenhouse Used to Heat a Dwelling."
Both papers
are studies based on particular
local climate conditions
but both
contain data which are applicable
in all other parts of the
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The point is, we don't have to start at 'Go' to concountry.
vince a client
or a community that certain
performance is
attainable.
A good working example is the commercial solar greenhouse,
Ms. Joan Loitz,
The Herb Shop, located in Santa Fe, New Mexico.
adapted
the
greenhouse
-work
of the Brace
-the owner and builder,
Institute
to Santa Fe's conditions.
The only major change in
the design was the tilting
of the north wall to correspond to
the sun's altitude
on the summer solstice
at 36O~. latitude.
she added water drum storage under the planting
In addition,
tables,
and a cold frame along the south wall which is used as
Ms. Eoitz built
the greena hardening-off
area for seedlings.
The
struchouse in 1974. for $3.40 a square foot total
costs.
ture is TO-75% solar heated and the back-up heating costs an
average of $.Og a square foot per season compared tc $.30-.50
a square foot for a conventional
greenhouse in Santa Fe. She
could have raited until
now to build a solar greenhouse and,
In the
solar heating.
perhaps, i, .lieved 5-10% additional
building
prices for the materials
in the structure
interim,
would have at least doubled and she would have paid an extra
$2,340 by the end of this winter for heating a traditional
There is a great deal to be said for the 'Do it Now'
greenhouse.
ideology which business people will grasp if it is presented
to them in language they understand.
If you are working in the field
and wish to see your ideas
implemented by a greater number of people, you need to be armed
Two of the most important
are
with many informational
tools.
rules of thumb which can be applied to any situation
and working examples to back up what you say. Without those, you're
on shaky footing
and your work will only reach a small, and
highly adventurous,
audience.
.,
To Get Their

Attention...Throw

Tomatoes At Them

A good friend
of mine, B. T. Rogers, a consulting
engineer
to Los Alamos Labs Solar Division,
has said, "The only sensible
way to use a totally
non-depletable
resource is extravagantly."
This is a rather novel concept and one I believe we need to
In the midst of national
agitation
over future energy
foster.
supplies solar utilization
is often viewed as an ultimate
a begrudgingly
necessary step to be taken if all conextremity,
This image is best conveyed in a
ventional
technologies
fail.
phrase often seen in national
publications
in articles
written
by a 'recognized
expert',
a 'professional'.
"Of course,11 this
person will say, "we must continue to explore the exotic energy
options which may become available
in twenty or thirty
years."
The theme is also used ad nauseum in advertising
campaigns by
This has a devastating
effect on the solar
energy companies.
industries.
Imagine... if you are a homeowner out of the mainstream of alternate
energy information,
are you going to seriousOf course not, you're
energy option?
ly explore an 'exotic'
going to wait.
To counter
this eroneous notion we must show both the
immediate practical
benefits
and the long
range
improvement
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in lifestyle
a soft technology
path can provide.
Here again,
we have an increasing
number of models to draw upon.
Several nights ago I was in the new Doug and Sara Balcomb
residence designed and built
by Susan and Wayne Nichols of Santa
solar
Fe. To my knowledge it is the most unique and successful
home in the country.
95% of the heating is supplied by a solar
greenhouse.
The temperature
range of the interior
rooms, summer
and winter,
is between 68-72OF.
The south facing greenhouse is
surrounded by a two story structure
of frame construction.
A
massive adobe wall (it could be block or brick in other parts of
the country)
is the interface
between house and greenhouse.
There is an active fan and rock storage beneath the home but
as Dr. Balcomb explains,
this is really
a minor feature of tie
of the heating is conductive and radiative
home. The majority
through the massive wall.
It's difficult
to describe the psychological
impact of this
Anyone who enters the house for the first
time gauks
structure.
for several minutes.
People will wander through the rooms for
a tour but naturally
gravitate
to the greenhouse for socializYou
feel
right...there.
ing.
Because the space was welldesigned for living,
as well as solar performance,
a person is
comfortable
wherever he or she ends up in the home. I've been
there in mid-August when outdoor temperatures
were pushing lOOoF
and the interior
rooms are delightfully
cool.
In the warm
months the greenhouse maintains
temperatures
lo-12'F
below outdoor ambients with only passive venting.
This home stands as
a contradiction
to all popular conceptions
of how a solar structure should look, feel, and perform.
The fact that the residence hasn't rated a segment on '60 Minutes'
or one of the Energy
Specials demonstrates
the ignorance of the national
media to
the actual state of the art and underscores our failures
to make
inroads in the translation
of our own technology.
Jobs . ..politicians
and national
policy makers like
about JOBS. Do we have models, hard examples, to point

to talk
to?

Susan and Wayne Nichols,
the solar builders
mentioned
previously,
recently
had a party for their crews.
There were
forty people there, men, women, children...forty
mouths fed by
a small solar building
company in Santa Fe. What would be the
employment impact of a major rehabilitating
campaign that
emphasized food and heat producing greenhouses and soft technologies in the urban setting?
Is there work to be done there?
Could people find self-satisfying
work building
life
support
systems in the midst of urban decay?
Could part of the national
energy drain and the de-humanizing
tragedy of urban unemployment
be stopped with meaningful
steps toward food and energy selfsufficiency?
I think it could if persons of vision took the lead
in establishing
long term policy.
We don't need unimaginable
sums of money spent to reach some distant
atomic society.
We
need realistic
and humanistic
programs which employ people in
meaningful work.
great

I speak from experience.
In Santa Fe, where there has been
interest
and emphasis in solar building,
there is no lack
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of work for those with even the most meager solar experience.
Designers and builders
(many of the best are women) are backThey can't find
logged for as long as a year on their jobs.
enough competent workers for their crews.
Throw tomatoes at them! When a sceptic questions the national
impact of your 200 square foot greenhouse, don't be
If a neighbor complains about the price of heating
bashful.
the whole family over for a bath in
domestic hot wailer, invite
When bureaucrats
doubt the long range
your solar hot tub.
employment possibilities
of solar energy, show them the list
of jobs you've turned down and offer them higher paying employBe noisy for a change!
Make waves!
ment with your firm.
,A Vision

With Substance

We do constitute
an exceptional
assembly of talents
at a
There is an opportunity
available
to
unique point in history.
us to effect,
by our research and by our demonstration,
major
change in the welfare and economic well-being
of citizens
of the
We have some choices to make...some of us have already
world.
traditionmade them. If we chose, we could pursue maintaining
al food and energy production
and distribution
patterns,
simply
substituting
solar for petrochemical
input into the equation.
We could establish
per square foot productivity
as our goal and
entirely
bypass the real issues.
Amory Lovins has stated,
'IThe most important,
difficult,
and neglected questions of energy strategy
are not mainly
If those
technical
or economic but rather social and ethical."
I've heard some answers at this conference,
are the questions,
I've seen social and ethical
methods of feeding,
sheltering,
and employing people described here.
In the future,
I see revitalized
cities
that don't draw
upon the countryside
like so many cancers but sustain their
food needs while they employ citizens
in rewarding cccupations.
I taste vegetables
which are fresh and nutritious
because
they've been grown down the block in the community solar greenhouse and not shipped, processed and plasticized
from half way
I walk into a public building
and smell
across the continent.
'
the fragrance
of lifa
instead of the curing of concrete.
that

If this conference has been the first
goal our destination.
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step,

we can make

OBSERVATIONS: A CLOSING LETTER
Conrad Heeschen
Dryden, Maine Ok.225
Although the Marlboro Greenhouse Conference was, in general,
there were several potena success, because time was limited
tially
important
issues which were touched upon only tangenSince they came mostly from the audience it is unlikely
tially.
that these issues would otherwise
appear in the proceedings;
thus, I wish to take the liberty
to summarize some of them here,
Most of the solar greenhouse designs presented placed great
emphasis on optimizing
the slope of the glazing for winter (or
falljspring)
conditions,
but always in terms of direct beam
The
resulting
configurations
would appear to be
radiation.
more appropriate
for parts of the country with a high percentage of direct
radiation , yet most of the greenhouses were
from regions with a rather high proportion
of diffuse
radiation.
Since 40-50s of the total
radiation
in tne Northeast is diffuse,
one might have expected to see more design recognition
of this
Perhaps when we get more information
on plant growth in
fact.
these greenhouses we will find out whether the configuration
is
a real problem.
We do need to see more work on plant growth in solar greenhouses, since that is the true measure of greenhouse success
(in combination
with energy conservation).
So much attention
has been given to solar greenhouses as heat producers and solar
greenhouses that it often appears that food production
is of
secondary importance.
This may be only a ploy to luro people
into growing their own food in a live-in
solar collector,
but
large growers have indicated
that plant growth is their key
Exploration
of the effects
of the light
regime as
criterion.
well as the temperature
regime in solar greenhouses will do
much to help us determine the practical
as well as theoretical
success of solar greenhouse configurations.
Just how to measure the success of a solar greenhouse is
another area which requires
work.
A plea was raised from the
audience, requesting
suggestions
for low-cost
instrumentation
for greenhouses, but the ensuing discussion
quickly got off
into $500 and up micro/macro
processors and multichannel
This was probably far from what the original
recorders.
questioner
had in mind; under $100 would be much more like it.
It was suggested that a comparative study might be possible
if one or two particular
varieties
of plants were grown by
of the greenmany people, but some records and observations
house microclimate
would still
be necessary.
Perhaps one or two
thermometers (max-min, if possible)
for air and soil temperatures
and maybe a psychrometer would be all the instrumentation
necessary,
if good notes were taken on greenhouse activity
as
well.
The primary purpose of the records ought to be to enable
the greenhouse grower to adapt plants and growing schedule to

,
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the greenhouse rather than just to monitor
the abstract,
like a solar collector.

the greenhouse

in

The urban situation
certainly
was not addressed directly
but just because the designs presented
by the conference,
happen to have been built
in rural areas does not mean that
Physical integration
they cannot be adapted to urban areas.
environment of urban areas
of solar greenhouses into the built
but it is surely one that can be fairly
may be a challenge,
for energy conservation
and social
met, while the potential
interaction
with creation
of community scale greenhouses is
In most instances
today, city organic wastes
significant.
of the
are lost from the food chain, because of the isolation
Urban greencity as consumer from rural areas as producers.
houses could help bring these wastes back into the system.
In a similar
vein I would like to conclude with a personal
plea to solar greenhouse growers - wherever possible do not
build your greenhouse on otherwise
prime agricultural
land.
plots and create your own
Try to use marginal or unproductive
Our objective
should be to supplesoil within the greenhouse.
ment regular agriculture
rather than to replace it, and the
odds are that a properly maintained
plot of cropland will long
outlast
our greenhouses.
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