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FOREWORD 

The greenhouse industry is critically dependent upon a reliable energy supply. 
Greenhouse operations are intensive consumers of energy and the cost is a substantial 
portion of the production costs of most products. However, greenhouse growers are 
extremely productive with vegetable yields on the order of 10 times field production. 
Also, greenhouse production of transplants and various ornamental and food crops can 
occur when the products are needed and cannot be produced locally outdoors. If a 
healthy greenhouse industry is to be maintained, dependence on diminishing fossil 
fuels must be reduced. 

Publ,:ic int.e:rest in the attached greenhouse/residence combination is growing rapidly. 
Many expect a greenhouse to provide a home with.heat and plant products, both orna
mental and food. It is often stated that a.greenhouse is a natural solar.collector, 
but the very structural characteristics that enhance solar collection during the day
light hours require that large amounts of heat energy be supplied at night if the 
greenhouse is to be kept warm. 

These proceedings cover the fourth annual conference on the use of solar energy for 
heating greenhouses and greenhouse/residence combinations. The first conference was 
held in TUcson, Arizona, in 1976; the second in Cleveland, Ohio, in 1977; and the 
third in Fort Collins, Colorado, in 1978. In each of the. conferences there.have been 
reports from all research projects carried out under the USDA/SEA research program. 
Also, in the 1978 conference and this year's,there are reports on the 5 demonstration 
projects in solar heating of commercial greenhouses supported directly by the u.s. 
Department of Energy. Two of these demonstration projects, the Lockheed project in 
Ohio and the Rutgers project in New Jersey, are direct extensionsof'the research 
projects. 

This conference has been supported financially by Rutgers University and by the u.s. 
o.o.E. under grant DE-FG01-79CS30022. Special thanks go to Mr: William Auer and 
Mr. Jerry Greyerbiehl of D.O.E., Dr. Landy Altman, USDA/SEA Energy Research Coordinator 
and Dr. Ted Bond and Mr. Harold Zornig, Project Leaders, for their help and support 
in the research demonstration programs and the conference. Also, we wish to thank 
Chip Wright of Wright's Roses and Fred and Bernie Swanekamp of Kube Pak for opening 
their greenhouse operations.to our large tour at a very busy part of their season. 

Speakers who were kind enough to contribute their thoughts and experience to the 
conference included Mr. Bill Krais of Bill's Greenhouses, Mr. Jeff McDonald of the 
Society of American Florists, Dr. Direlle Baird of the University of Florida and the 
Honorable Phillip Alampi, Secretary of Agriculture of New Jersey. 

All conference registrants will receive one copy of these proceedings. Extra copies 
will be made available at a price of $7.50 each from: 

Department of Biological and Agricultural Engineering 
·.Cook College - Rutgers· University 
P.O.·Box 231 
New Brunswick, New Jersey 08903 

David R. Mears 
Conference Coordinator 
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EDITORIAL 

The USDA/SEA-sponsored research program has completed 4 full years of work and the 
5 D.O.E.-supported commercial demonstration projects have had one full heating 
season of operation. S~nce the start of this program, the costs of fossil fuel have 
increased dramatically and supplies have become less reliable. Many greenhouse 
growers have had to introduce drastic changes in their operations to survive. We 
are constantly asked what is the future for greenhouses and when will solar or other 
alternative energy sources be economically justified. 

Having been involved in the USDA/SEA-sponsored program from the first year and having 
actually been working towards solar heating and other alternatives prior to the start 
of the sponsored program, some personal observations may be in order. (Also, being 
the editor of these proceedings provides a unique opportunity to express some 
opinions.) 

At the first workshop in Tucson, in 1976, a question was asked during a group dis~ 
cussion that was essentially, "What solar heating system for a greenhouse could be 
recommended to one's mother-in-:-J_aw?" Avoiding some obvious choice comments, the 
answer at that time had to be that no technically feasible system had been demon
strated that could be regarded as economical. Just after that conference we pre
pared a publication which ended with a statement on "what needs to be done" which is 
reproduced here. 

WHAT NEEDS TO BE DONE 

1. Large storage systems will increase system utilization. They allow 
collection of energy on a series of sunny days interspersed with warm 
nights. They allow utilization of stored energy on a series of cold 
nights interspersed with cloudy days. Unit costs will have to be low. 

2. Large heat exchangers increase system efficiency. They allow low quality 
heat to be utilized. Large storage units imply low temperature systems. 
This combination provides the coolest possible working temperatures for 
collectors thereby enhancing collector efficiency and increasing the use
ful collection time. Unit costs must be low. 

3. Collection and storage systems should be unobtrusive. Integration with 
the existing structure and equipment is desirable where possible. 

4. Experience is needed. Basic research on components and various specific 
aspects of the problem is helpful. The actual operation of a complete 
system is even more important as there are many problems that develop that 
are not foreseen when working on a p~oblem a.piece at a time. 

5. Caution is needed. It is possible that some systems will be overpromoted, 
sold, installed and found to be either technically infeasible, economically 
infeasible or both. We are familiar with some such proposals. Enough 
very·bad experience with solar systems could turn the greenhouse industry 
away from solar heat just as it does become practical. 

6. Imagination is needed. It is apparent that a rather drastic improvement 
iu the economics of solar heating of greenhouses is needed. Large enough 
relative increases in the price of fossil fuel might do the job. We would 
rather see ingenuity utilized to develop new ideas that will substantially 
reduce initial system costs. Careful.design of systems utilizing 
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available components and improvements in their components can help 
some. We feel that more dramatic improvements are needed. 

7. Simplicity is needed. Usually the best solution to a problem is 
the simplest one. There are many things that are technically possible 
with solar energy and many things that we read about today propose 
extremely sophisticated technology. Hopefully, solar heating systems 
for greenhouses will be simple to operate and maintain. 

8. Low cost is needed. We often hear the argument that better, more 
efficient systems are needed. Perhaps what is needed are systems that 
aren't quite as good, a little less efficient but are a whole lot 
cheaper. 

9. Encouragement is needed. 

Many of these comments still apply, but substantial progress has been made in 
answering most of the substantive questions. However, several other important 
factors have emerged during the course of the last 4 years' research. 

The sponsored research activities have focused attention on solar energy and solar 
components. However, it was recognized very early that effective greenhouse in
sulation was essential if solar energy is to be significant in greenhouse heating. 
Therefore, many of the research centers have coordinated energy conservation with 
their research on solar systems. Partially as a result of this effort a number of 
techniques for reduction of energy consumption in greenhouses have been developed, 
some of which are being installed commercially with a result of significant energy 
savings.. It is clear that the involvement of the solar research program in improving 
insulation systems will result in energy savings well worth the investment in the 
solar research program. 

Solar heating systems generally result in significant changes in the greenhouse 
environment. Energy conservation measures may reduce· infiltration and increase 
humidity. Solar storage and heat exchange systems alter temperature districution 
in the greenhouse. For example, the Rutgers solar system features a warm floor which 
inverts the normal nightly greenhouse temperature gradient. It is apparent that 
warming the root zone relative to the air temperature can have significant benefits 
for many plants. Many growers are moving towards systems to independently control 
soil temperature and the porous concrete used in the Rutgers solar system is fre
quently utilized. It may very well be that the horticultural benefits of a warm 
floor may be as important as the energy savings being achieved. 

As solar heating systems for greenhouses move from research and demonstration phases 
into commercial practice, i.t is essential that interactions with cultural practices 
be carefully observed. It is evident that the best use of alternative heating systems 
will require alterations in traditional cultural practices. Our own experiences in 
the full scale commercial demonstration project at Kube Pak have shown in no un
certain terms that this is so. 

In this period of rapidly diminishing fossir fuel resources it is appropriate that 
research efforts be focused on energy alternatives such as solar energy·. However, 
it is imperative that other research activities not be neglected while this is done 
and in particular work is needed on the response of the crop to new environmental 
control systems. 
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Great progress has been made in the last few years on the use of solar heat in 
gree@.ouses. We hope that this rate, of progress will continue over the .next few 
years. We hope that some of the best ideas developed to date can achieve significant 
commercial practice. We hope that even better and more practical ideas will soon 
be developed. If we all continue to work diligently to this end, the future of 
the greenhouse industry will remain bright: 
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ERDA-USDA/SEA PROJECTS ON SOLAR HEATING AND 
COOLING OF GREENHOUSES AND RURAL RESIDENCES 

H. F. Zornig 
Rural Housing Research Unit 

Science and Education Administration, USDA 
Clemson, South Carolina 29631 

Several months ago I was asked to manage a program of research in solar utilization 
in greenhouses that Dr. T. E. Bond first initiated in 1975. This research is funded 
by the Department of Energy (DOE), with management provided by the Science and 
Education Administration (SEA) of the U. S. Department of Agriculture (USDA). It is 
one of many USDA energy research programs which are currently being coordinated by 
Mr. William Auer[l] and Dr. Landy Altman[21. 

During the past four years, I was Dr. Bond's assistant in this program, while·also 
managing one of the continuing projects on solar greenhouse-residences. Dr. Louis 
Albright[3] is assisting me in managing this program as co-principal investigator. 

The purpose of this paper is to make you aware of previous research accomplishments 
and to briefly summarize the eleven current projects. This should provide a con
venient reference of project titles, locations, principal objectives, and the names 
and telephone numbers of project managers. 

At this time, the best sources of information on project research and accomplishments 
are the published proceedings of the three previous annual conferences. These are 
listed below for your information: 

1. lst Year: Proceedings- Solar Energy Food and Fuel Workshop. A summary. of 
results reported at Tucson, Arizona, April 1976. Available from 
National Technical Information Service, U. S. Departm~nt of 
Commerce, Springfield, VA 22161. {CONF 760492, 262 pages, 
cost: $10.75). · 

2. 2nd Year: Solar Energy for Heating Greenhouses and Greenhouse-Residential 
Combinations. A summary of results reported at Cleveland, Ohio, 
t4arch 1977. Available from National Technical Information Service, 
U. S. Department of Commerce, Springfield, VA 22161. (CONF 
770367, 344 pages, cost: $1~.00 paper, $3.00 Microfiche). 

3. 3rd Year: Proceedings of the Third Annual Conference on Solar Energy for 
Heating of Greenhouses and Greenhouse/Residences Combinations. 
A summary of results reported at Fort Collins, Colorado, 
April 2-5, 1978. Available from National Technical Information 
Service, U. S. Department of Commerce, Sprinqfield, VA 22161. 
(CONF 7804110, 130 pages, cost: $7.25 paper, $3.00 microfiche). 
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As noted jn your conference program, the proceedings of this conference will be 
published in June, and additional copies may be ordered for $7~50 each from Dr. 
D. R. Mears, Biological and Agricultural Engineering, Cook College - Rutgers 
University, New Brunswick, New Jersey. Although you shall soon hear project 
managers report on each project, the published proceedings generally include more 
specific information than will be covered at this conference. I have requested 
of each project manager that particular emphasil be placed on problems, problem 
solutions, and operational results. This is the type of information you need as 
potential users of the r~search results to be reported for the following projects: 

1. LOCATION: 

TITLE: 

.. 
PROJECT 
MANAGER: 

OBJECTIVES: 

Cornell University 
Ithaca, New York {Continuing Project) 

Heating of Greenhouses and Rural Residences 
with Solar Energy 

Dr. Louis D. Albright 
Dept. of Agricultural Engineering 
Cornell University · 
Ithaca~ NY 14853 {607) 256-4535 

a. Develop and evaluate an active-passive hybrid solar heating system, 
. utilizing ultra-low cost solar heat collection and retrieval, and 

the concept of variable thermal mass, for increased solar heati·ng 
of greenhouses. 

b. Develop and evaluate methods of creating highly insulated thermal 
blankets compatible with the solar heating systems. 

2. LOCATION: 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

Ohio Agricultural Research and Development Center 
Wooster, Ohio {Continuing Project) 

Continuation of Experimental Studies on A Solar Pond 
for Heating and Cooling Greenhouses and Residences 

Dr. T. H. Short, Associate Professor 
Dept. of Agricultural Engineering 
Ohio Agricultural. Research and Development Center 
Wooster~ OH 44691 {216) 264-1021 

a. Evaluate the economic feasibility and efficiency of a solar pond as 
an integrated solar collector and heat storage unit for greenhouses 
and homes. 

b. Develop operational and maintenance procedures as well as construction 
recommendations for solar ponds for use in preparing detailed users• 
manuals. 
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3. LOCATION: 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

USDA-SEA-FR 
Southeastern Fruit and Tree Nut Laboratory 
Byron, Georgia {New Project) 

Evaluation of Two Solar ~ergy Heating Systems for 
Existing Glass Greenhouse Facilities 

Dr. John M.Wells, Laboratory Director 
Southeastern Fruit and. Tree Nut Laboratory 
P. 0. Box 87 
Byron, GA 31008 (912) 956-5656 

Evaluate two solar energy systems for heating conventional greenhouses: 
a heated water exchanger and energy storage system, and a heated air · 
exchanger with gravel storage system. This experimental design would 
permit direct comparisons between: 

a. Water ~xchanger and storage system ~s. air exchanger and gravel 
storage system, - · 

b. Gravel energy storage interior vs. exterior to greenhouse, 

c. Solar-energy heating vs. conventional heating systems. 

4. LOCATION: 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

Pennsylvania State University 
University Park, Pennsylvania (Continuing Project) 

Heating Commercial Greenhouses with Solar Energy 

Dr. John W. White, Professor 
Department of Horticulture 
Pennsylvania State University 
101 Tyson Building 
University Park, PA 16802 · (814) 865-6595 

a. Design, build, and evaluate solar heat storage and recovery system using 
the greenhouse as the collector and using external hot air and hot 
water collectors. 

· b. To design, build, and evaluate greenhouse structures and environmental 
control systems that make efficient use of solar energy for heating 
and for plant growth. 
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5. LOCATION: 

TITLE; 

PROJECT 
MANAGER: 

OBJECTIVES: 

Texas A & M University 
College Station. Texas (New Project) 

ContPol of Plant Environment in Fluid- Poof Solar 
Greenhouse 

Dr. Cornelius H. M. van Bavel. Professor 
Department of Soil & Crop Sciences 
Texas Agricultural Experiment Station 
College Station. TX 77843 (713) 845-7110 

a. Construct a dynamic simulation computer program that describes the 
energy disposition in a solar greenhouse comprising a fluid-roof 
that is selectively transparent for photosynthetically active 
radiation. 

b. Complete the construction and instrumentation of a test greenhouse 
facility with which the simulation model can be validated under a 
variety of weather conditions. 

6. LOCATION: 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

Cook College. Rutgers University 
New. Brunswick. New Jersey (Continuing Project) 

Heating Greenhouses with Solar EnePgy 

Dr. David R. Mears 
Dept. of Biological & Agricultural Engineering 
Cook College - Rutgers University 
New Brunswick. NJ 08903 (201) 932-9753 

a. Continue the evaluation and refinement of the research prototype units 
which have been constructed. 

b. Develop plans of the various system components which can be made available. 

c. Commence investigations of techniques to reduce the energy consumption 
required for greenhouse cooling. 

7. LOCATION: 

TITLE: 

Solar Village 
Colorado State University 
Fort Collins. Colorado (Continuing Project) 

Solar space and Soil Heating in a Combination Wood 
Frame and Greenhouse Structure 
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PROJECT 
MANAGER: 

OBJECT! VES: 

Charles C. Smith 
Solar Energy Applications 
Colorado State University 
Fort Collins, CO 80523 

\ Laboratory 

(303) 491-8325 

a. Conserve solar energy with energy conservation methods in the green
house utilizing two types of moveable insulation. 

b. Investigate the use of insulation to reduce light intensity durin~ 
summer and thereby reduce greenhouse cool1ng requirem~nts. 

8. LOCATION: 

TITLE: 

PROJECT 
f·1ANAGER: 

OBJECT! VES: 

Purdue University 
West Lafayette, Indiana (Continuing Project) 

Solar Energy for Heating and Cooling Greenhouses 
and Rural Residences · 

Dr. Alvin C. Dale, Professor 
Depart~ent of Agricultural Engineering 
Purdue University 
West Lafayette, IN 47907 (317) 749-2971 

a. Further verify performance of a prototype solar energy collection 
method utilizing reflectors to concentrate the solar energy. 

b. Evaluate the use of soil and groundwater as "longtime" storage of 
solar energy. 

c. Determine the advantages of using direct airflow from storage to the 
greenhouse, and to determine the potential of using cool air in the 
late winter, and early spring to cool the soil and groundwater for 
use in cooling greenhouses. 

9. LOCATION: 

TITlE: 

PROJECT 
MANAGE.R: 

OBJECTIVES: 

North Carolina State University 
Raleigh, North Carolina (New Project) 

Lmu Grade TheT'111al Energy Storage Systems for Greenhouses 

Dr. D. H. ~4i 11 its 
Department of Riological & Agricultural Engineering 
North Carolina State University 
Raleigh, NC 27607 . (919) 737-3121 

a. Investigate the possibility of adding external rock bed thermal storage 
systems for greenhouses in order to increase the utilization of solar 
energy. 
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b. Develop and examine practical methods of moving air through the rocks 
to insure uniformity of flow, and thus increase storage capacity, 
and lower cost. 

LOCATION: 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

Ecotope Group 
Seattle, ~ashington 

(Pragtree Farm } 
(Arlington, Washington} (Continuing Project} 

An On-Going Research Program on Solar Heated 
Greenhouse/Aquaculture System 

David Baylon 
Ecotope Group 
2332 East Madison 
Seattle, WA 98112 (206} 322-3753 

a. Modify the parabolic greenhouse design based on thermal performance 
of the prototype and on alternative site conditions. 

b. Develop information on the biological performance of the combined 
solar greenhouse and aquaculture system to include: 

Operational .parameters for aquaculture productivity: stocking 
densities, filtering requirements, algae production, and feed 
requir~ments. 

c. Evaluate C02 prod~ction systems for use in both plant and aquaculture 
production. 

11. LOCATION: USDA-SEA-FR 

TITLE: 

PROJECT 
MANAGER: 

OBJECTIVES: 

Rural Housing Research Unit 
Clemson, South Carolina (Continuing Project} 

Solar Energy and Waste Heat Utilization with 
Greenhouse/Residence Combo 

Harold F~ Zornig, Acting Research Leader 
Rural Housing.Research Unit 
P. 0. Box 792 
Clemson, SC 29631 (803} 654-3646 

a. Complete construction·of greenhouse-residence prototype SGR-3 and SGR-4, 
and evaluate summer and winter performance of three greenhouse-residences 
(SGR-2~ SGR~3, and SGR-4}. 

6 ..;. 



b. Refine, modify, and improve plans for greenhouse-residence combinations 
based on construction feedback and construction costs, on 12-month 
performance data, including greenhouse food production data. 

c. Test and refine dynamic thermal computer model based on actual oper
ational data and utilize this to determine and define design mod
ifications of greenhouse-residence combinations for use in other 
climatic areas, including alternate greenhouse planting procedures, 
lay-outs, and space needs for these areas. 

This research includes an impressive and ambitious number of research objectives for 
a one-year research program. I expect that the project man~gers will soon report 
on some problems that were expected with such a short term research program. 
They will also report significant progress during the past year in finding solutions 
to various problems and in achieving program objectives. 

I expect that the research results to be reported at this workshop will help 
many people in the design and construction of solar heating and cooling systems 
for greenhouses and greenhouse-residence combinations. All of the project 
managers are directly involved in developing practical and economical construction 
details for prototype solar systems. 

The program has required that we combine research and demonstration so that some 
of the results should be immediately usable by the greenhouse industry and by 
owners of home greenhouses. 

FOOTNOTES 

1 Mr. William Auer, U. S. Department of Energy, Project Coordinator for DOE, 
20 Massachusetts Avenue, NW, Washington, DC 20543 (202) 376-9633. 

2 Dr. Landy B. Altman, SEA-FR Energy Research, Project Coordinator for SEA
USDA, Room 219, North Building, Agricultural Research Center West, 
Beltsville, MD 20706 (301) 344-2741. 

3 Dr. Louis D. Albright, Department of Agricultural Engineering, Co-Principal 
.Investigator for SEA, Cornell University, Ithaca, NY . 14953 (607) 256-4353 
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TABLE 1: SUMMARY OF 1979 MONTHLY PERFORMANCE OF SGR-4 

PERFORMANCE PARAMETERS AND UNITS JANUARY 
General Site Data 

Av. Amb. Temp. F (C) 38(3.0) 
Av. House Temp. F (C) 74(23.4) 
Av. Daytime Amb. Tem~.fl]F (C) 

103 45(7.2) 
Incident Solar Engyf lBtu~kJ~ x 15400(16250) 
Collected Solar ln{y Btu kJ x 103 6180(6520) 
Collector Eff. [3 %) 40 

System Performance 

Total System Load Btu(kJ) x 103 
3 14510(15310) 

Solar Engy Supplied Btu(kJ) x 10 5630(5940) 
Load Supplied b~ Solar (%) 3 37 
Aux. Engy Req.f lBtu~kJ) x 10 

103 9680(10210) 
Operating Engy Req. f lBtu(kJ) x 402(424) 
Solar Utilization Eff.[6] (%) 37 

·space Heating Performance 

Space Heating Load Btu(kJ) x 103
3 13820(14580) 

Sqlar Engy Supplied Btu(kJ) x 10 5400(5700) 
Load Supplied by Solar (%) 3 39 
Aux. Engy Req. Btu(kJ) x 10 3 8430(8890) 
Operating Engy Req. Btu( kJ) x 10 384(405) 

Domestic Hater Heating Perfor.r.1ance 

Water Heating Load Btu(kJ) x 103
3 685(723) 

Solar Engy Supplied Btu(kJ) x 10 236(249) 
Load Supplied by Solar (%) 3 37 
Aux. Engy Req. Btu(kJ) X 10 3 1260(1330) 
Operating Engy Req. Btu(kJ) x 10 18(19) 

1 From three hours before and three hours past solar noon. 

2 Total insolation available on gross collector--a-rea .. 

FEBRUARY 

40(4.4) 
73(22.8) 
47(8.3) 

12160~12830) 
4650 4910) 

38 

12030(12700) 
4240(4470) 

43 
7960(8400) 
443(467) 

35 

1 0990 ( 11600) 
4030(4250) 

37 
6960(7340) 
422(445) 

1 040( 11 00) 
207(218) 

31 
1010(1062) 

21(22) 

3 Ratio of energy collected to energy incident on collector. 

4 Thermal energy added to system by space and solar water heaters. 

5 Energy used by solar collection fans and water pump. 

MARCH 

53(11. 7) 
75(23.9) 
61(16.1) 

16790~ 17711)) 
7240 7640) 

43 

3360(3550) 
2390(2520) 

70 
1280(1350) 
177(187) 

14 

2340(2470) 
1970(2080) 

84 
373(394) 
151(159) 

1010(1070) 
267(282) 

38 
906(956) 
26(27) 

6 Ratio of solar energy to the system to the total energy incident on collector. 
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INTRODUCTION 

CONSTRUCTIO!J AND PERFORMANCE OF GREENHOUSE-RESIDENCE 
PROTOTYPES SGR-2 AND SGR-4 

H. F. Zornig and L. C. Godbey 
Rural Housing Research Unit 

Science and Education Administration, USDA 
Clemson, South Carolina 

This is the first part of a three-part report on the construction and performance 
of three solar greenhouse-residence protntypes, SGR-2, SGR-3. and SGR-4. The 
designs were developed by the Rural Housing Research Unit of USDA-SEA-AR in 
cooperation with Cle~son University and with funding by the Department of Energy. 
Design criteria for such solar greenhouse-residences were first reported in 1976[1], 
and dynamic and steady-state thermal analyses for prototype SGR-2 were reported 
in 1977[2]. 

This report includes some design details, construction problems, and 
operational results with SGR-2 and SGR-4, as shown in Fias. 1 and 2. Martin Davisl 
will report on SGR-3 next. Then Dan Ezell 2 will report on the horticultural 
performance of each prototype. 

Prototypes SGR-2 and SGR-4 were built much alike. The attached greenhouse is part 
of the solar system in each. Solar-heated air in the greenhouse is drawn through 
the flat plate collector and then through rock ther~al storage before returning 
to the greenhouse. Heated air supplied to the house. either from ther~al stora9e 
or from the au xi 1 i.ary heating unit, returns through the greenhouse and then 
through thermal storage in the reverse direction. 

Although Davis previously reported on SGR-2[3], this report will describe further, 
the solar-system problems and performance of SGR-2 because they were considered 
in the design of SGR-4. 

Construction and Operation of SGR-2 

This prototype has not been occupied, therefore, evaluation of the solar system 
operation was for only short test periods in the \!-linter. Summer cooling was not 
evaluated because the contractor had failed to complete the installation of a 
necessary outside air intake duct and damper. Other modifications .ofthe original 
design by the contractor,both intentional and accidental, also seriously effected 
the o"peration and performance. Details of construction and design problems are 
described briefly below. 

1. It took the contractor much longer than expected to assemble and erect the 
manufactured greenhouse because of many small components and inadequate 
assembly instructions. 

2.. The greenhouse had many glass joints and a continuous ridge vent that were 
difficult to seal. This caused excessive air leakage. 
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3. For energy conservation the greenhouse should have a double cover, but the 
aluminum framed greenhouse used would be difficult to insulate with a second 
layer of glazing. 

4. The flat plate collector built 
glass and an internal cover of 
plastic did not perform well.· 
two years had to be replaced. 
which required about twice the 
needed to build it originally. 

into the house roof was covered with tempered 
clear ultraviolet resistant plastic. This 
It sagged and split from the heat, and in 
Figure 3 shows the plastic being replaced, 
time for rebuilding the collector as 

5. The outlet plenum of the flat plate collector was extremely -difficult to 
build and make airtight because it was framed into the rafters which had 
twisted and warped. Rigid polystyrene foam used by the contractor to 
insulate this plenum warped from the heat and had to be replaced. Maximum 
outlet air temperatures had not exceeded 155 F(68 C). However, surface 
temperature probably reached 180 F(82 C). 

6. In addition to the air leaks through the greenhouse structure, more air was 
lost from the distribution system through duct seams, and around dampers and 
the wood framed vent doors. This resulted in too much uncontrolled heat 
flow, which caused the house to overheat at times, and of course, it reduced 
solar utilization efficiency. Other minor deficiencies and excessive shade 
on greenhouse and collector encouraged us to redesign SGR-2 and build a 
~econd prototype, SGR-4,at a better location where there is full sun on 
greenhouse and collector. 

Construction and Performance of SGR-4 

Construction of SGR-4 is very similar to SGR-2 except for the following mod
ifications that incorporate design solutions to the problems we described for 
SGR-2: 

1. To simplify construction and lower cost we framed the greenhouse on-site with 
2 x 4 cedar members and fastened transparent, ultraviolet resistant, poly
ester film, 5 mil thick, to the inside edges of the 2 x 4 framing for increased 
insulation, as shown in Fig. 4. Tempered glass was used for exterior glazin~. 
Gravel was used on the floor,and the planting beds were framed of redwood. 
Venting was provided by an automatic·damper at each end of the greenhouse. 
Both vents open automatically as a thermostatic control turns on the blower 
in the evaporative cooler. We have noted that the two automatic dampers and 
the aluminum door used for an outside entrance to the greenhouse still cause 
excessive heat loss. The final design will have a storm door or airlock 
entrance and solid, insulated hinged vents that can be operated automatically. 

2. Based on tests of solar collectors for low temperature grain drying(4], a new 
and improved collector was designed and constructed.as detailed in Fig. 4. 
Two layers of aluminum roofing with unpainted interior surfaces were installed 
as the absorber plate. In the final design, both.top and interior surfaces 
will be painted flat black to improve performance. Recent tests at the Rural 
Housing Research Unit have indicated that painting the interior should increase 
collection efficiency about 8%. 
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3. The vent doors of the outlet-plenum are still a problem to keep sealed. In the 
final design we will probably specify several aluminum, awning-type windows 
with good weather-stripping. Such windows could be insulated by gluing 2 
inches of polyurethane foam to _the glass .. 

4. Uncontrolled heat flow is still a problem because of air leaks through duct 
seams, dampers~ and the vent doors of the outlet plenu~s. 

5. A commercial,single blower,air handler was selected for SGR-4 and the auto
matic dampers have required frequent ~aintenance. On two occasions, foam 
type edge seals ·on the dampers haye loosened, causing excessive air 
leakage. Damper linkage also needed adjustment twice during the first month. 
In the final do5ign .the air disLr·ibution system will be simplified, and 
.all duct seams will be sealed with a vinyl tape. In addition, a two-blower 
system will be used so two of the dampers can be eliminated. 

6. All the mechanical equipment specified in the final design will be placed 
in a space under the stairs on an earth-supported concrete slab. This 
space will also be enclosed with concrete block to reduce noise trans
mission. Uncontrolled heat loss will then be mostly to storage, rather 
than to the house as in SGR-2 and SGR-4. 

The performance of SGR-4 is being monitored as part of a National Solar Data 
Program, funded by the Department of Energy. The sensors and data collection 
techniques used are described in Instrumentation Installation Guidelines[5J. 
The monthly reports on perfor~ance aresummarized in Table 1 for January, 
February, and March. Note .in particular that the average temperature main
tained by the occupants was 74 F(24 C). This temperature is too high for an 
energy-conserving house, and it reduced the solar fraction of the space heating 
load to less than had been predicted. 

As noted in Table 1, the January solar fraction for hot water was 37% and for 
space heat 39%. During January the total savings in electric energy was 
$55.30 at 3.5 cents per kWh, and solar utilization efficiency was 37%. 
This performance was acceptable, considering that the house was ~aintained 
at 74 F. 

The system efficiency rose rrom 37% in January to 70% in r.1arch, as would be 
expected with the rise in ambient te~perature. 

The do~estic water heater performance remaine9 nearly constant during these 
three months. Storage for solar heated water consisted of a 42-gallon (159 
liters) tank. However, the average daily use was over 50 gallons (109 
liters) during February and March. Therefore the need for a larger tank was 
indicated. A second 42-gallon (159 liters) tank was added to the solar hot 
water storage system to provide 84 gallons (318 liters) of total solar storage. 
This increased storage capacity should increase the performance of the 
domestic water heating system. 
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SYNOPSIS 

During this research we have seen that there is Much more to developing cost 
effective, solar-assisted, heating systems for greenhouses than just designing 
the solar components. A successful design demands a high level of attention 
to all details, including site planning. ·Prototype construction and evaluation 
is also helpful. Somewhat through trial and error two solar greenhouse
residence prototypes have been developed and tested (to solve design and 
detailing problems). After their performance has been measured for a 
full year, the cost effectiveness of such prototypes, based o~ operating 
costs and savings in food and fuel will be reported. In addition, a final 
design of a solar heated greenhouse-residence will be published in late 
1979 or early 1980 to give details of the improvements mentioned in this report. 

All research work related to prototypes SGR-2 and SGR-4 will be terMinated in 
1980 after publication of details of th~ final design and the results of one 
full year of operation. 
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Third Annual Conference Solar Energy for Heating Greenhouses and Greenhouse/ 
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FOOTNOTES 

1 M. Davis, As.sistant Professor of Architecture, Clemson University, -Clemson, SC. 
2 D. Ezell, Associate Professor of Horticulture, Clemson University, Clemson, SC. 
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TABLE 1: SUMMARY OF 1979 t~ONTHL Y PERFOR~1ANCE OF SGR-4 

PERFORMANCE PARM1ETERS AND UNITS JANUARY FEBRUARY 

Genera 1 Site Data 

Av. Amb. Temp. F (C) 38 (3) 40 (4) 
Av. House Temp. F (C1 74 (23) 73 (23) 
Av. Daytime Amb. Temp I F (C) 6 45 ~7) 47 ~8) 
Incident Solar Energy~ Btu(kJ) X 106 15.40 16.25) 12.16 12.83) 
Collected Solar Energy Btu(kJ) X 10 6.18 (6.52) 4.65 ( 4. 91) 
Collector Eff.11 % 40 38 

System Performance 

Total System Load Btu(kJ) x 106 
6 14.51 (15.31) 12.03 (12.70) 

Solar Energy Supplied Btu(kJ) X 10 5.63 (5.94) 4.24 (4.47) 
Load Supplied by Solar (%) 37 43 
Aux. Energy Req .. Y Btu) kJ) x 1 o6 

6 9.68 (10.20) 7.96 (8.40) 
Operating Energy Req.i Btu(kJ) x 10 .40 (. 42) .44 (. 46) 
Solar Utilization Eff.~/ (%) 37 35 

Space Heating Performance 

Space Heating Load Btu(kJ) x 106 
6 13.82 ( 14. 58) 10.99 (11. 60) 

Solar Energy Supplied Btu(kJ) x 10 5.40 (5.70) 4.03 (4 .25) 
Load Supplied by Solar (%) 6 39 37 
Aux. Energy Req. Btu(kJ) X 10 6 8 .43 (8.89) 6.96 (7 .34) 
Operating Energy Req. Btu(kJ) X 10 . 38 ( .41) .42 (. 45) 

Domestic Water Heating Performance 

Water Heating Load Btu(kJ) X 106 
6 . 685(. 72) 1 . 040 ( 1 . 1 0) 

Solar Energy Suppl ied Btu(kJ) X 10 .24 (.25) .21 ( . 22) 
Load Suppl ied by Solar (%) 6 37 31 
Aux. Energy Req. Btu(kJ) x 10 3 l. 26 ~1. 33 ~ 1. 01 (1.06) 
Operating Energy Req. Btu(kJ) x 10 .018 .019 .021 (.022) 

1 From three hours before and three hours past solar noon. 
2 Total insolation available on gross collector area. 
3 Ratio of energy collected to energy incident on collector. 
4 Thermal energy added to system by space and solar water heaters. 
5 Energy used by solar collection fans and water pump. 

MARCH 

53 ( 12) 
75 (24) 
61 ~ 16) 
16.79 17. 71 ) 
7.24 (7.64) 

43 
.~ 

3.35 (3 . 55) 
2.39 (2.52) 
70 
1. 28 ( 1. 35) 

. 18 ( . 19) 
14 

2.34 ( 2. 47) 
1. 97 (2 . 08) 
84 

. 34 (. 39) 

. 15 (. 16) 

1.01 ( 1 . 07) 
.27 (. 28) 

38 
.91 ~. 96) 
.026 .027) 

6 Ratio of solar energy to the system to the total energy incident on collector. 
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Fig. 1. Prototype SGR-2 with rebuilt collector (located near Easley , SC). 
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Fig . 2. Protoype SGR-4 (located at LaMaster Dairy Center, Clemson, SC). 
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Fig. 3. Rebuilding of the solar collector for protoype SGR-2. 
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Fig. 4. Interior of greenhouse in prototype SGR-4. 
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Fig. 5. Details of improved solar collector installed in 
Prototypes SGR-2 and SGR-4 
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OPERATION AND PERFORMANCE OF A HYBRID SOLAR GREENHOUSE-RESIDENCE 

INTRODUCTION 

M. A. Davis 
College of Architecture 

D. 0. Ezell 
Department of Horticulture 

.CleMson Uni_versity 
Clemson, South Carolina 29631 - - . 

L. c. Godbey 
Rural Housing Research Unit 

Science and Education Administration, USDA 
ClP.mson, South Carolina 29631 

The project represents the third of four solar ·greenhouse-residence prototypes con
stituting part of a cooperative research effort between the USDA-SEA. Rural Housing 
Research-Unit, and the Departments of Architectural Studies and Horticulture of 
Clemson University. The design program for solar greenhouse-residence 3 (SGR-3) 
focuses primarily on rural housing patterns as it pertains to those architectural 
and horticultural elements, and technical devices that would make the dwelling more 
energy and food independent. It is the intention of this research effort to present 
technical and preliminary operational data at this time that would assist in in
fluencing the acceptability of solar greenhouse-residence applications. This was 
attempted on a multiplicity of levels. First. to reduce overall floor area by the 
more efficient use of building area. Second, to encourage the habitants to more 
effectively participate in those processes of food production and recycling of wastes 
that help sustain them. Third, to attempt to utilize an inexhaustable energy source 
to develop rational methods of incorporating solar energy in the heating/cooling of 
greenhouse-residence enclosures as outlined in previous discussions[!]. Solar 
greenhouse-residence 3 contains a number of specific research activities that 
pertains to the above mentioned objectives. 

1. To determine thermal feasibility of a greenhouse as a collection device. 
2. To determine horticultural feasibility of an attached solar greenhouse 

for year round production. 
3. To investigate the residential applicability of a 'greywater• recycle 

treatment system, and •greywater• irrigation for horticultural needs. 
4. To determine the feasibility of utilizing excess heat generated from a 

heat-saving fireplace incorporated into rock storage. 
5. To determine the thermal benefits derived from inground construction in 

the southeastern United States on house energy requirements. 

This discussion will only concentrate on those research activities that pertains to 
the operation and performance of the thermal, mechanical and architectural components 

. of solar greenhouse-resi~ence No. 3. Those topics dealing with other aspects of 
energy and_water conservation will be dealt in other discussions. 

- 19 -



ARCHITECTURAL CONSIDERATIONS 

SGR-3 is located three miles west of Clemson, South Carolina. The building is 
situated within a forest composed primarily of deciduous trees on the east, south 
and southwestern portions of the site, while evergreens occupy the north and north
western portions. Considerable documentation is available that highlights the 
advantages of landscaping to the solar performance of a building[Zl. It was decided 
to maintain a minimum amount of deciduous trees on those orientations critical to 
the winter azimuths while beneficial in reducing excessive summer heat gain. Careful 
attention was placed on preserving the beauty of the site, which necessitated minimal 
disturbance to the landscape. The steepness of the contours, a restricted con
struction budget and specific client program, necessitated the design of a partially 
inground, two-story structure. The resultant architectural form derived primarily 
from two overriding criteria. The first consisted of established ·vernacular archi
tectural patterns in the southeastern United States that had a direct influence on 
building form, materials and concept resulting from local climatic conditions(see 
Fig. 1). These included specifics as room location, overhangs, open plan layouts for 
social and public areas and separation of private areas, considerations to intake 
and exhaust windows for the circulation of air, and use of reflective materials. 
The second criteria focused on the technology involved in energy conscious building 
design and construction techniques required to make a dwelling engineered economically 
and effectively. The specification below will summarize this approach. 

HOUSE 

Area: 
Wall : 

Glazing: 

Floors: 

Roof: 

GREENHOUSE 

Gro~s Area: 
Growing Area: 
Type: 

Flooring: 

1386 ft 2 (124.7m2), oriented due South 
1st Floor: 8" x 12" (200mm/300mm) exposed cone. masonry units 

with 2" (50mm) rigid insulation, waterproof membrane 
and stucco finish below ground on North face, partially 
inground in East and West faces 

2nd Floor: 2"x 6"{50mm x 150rnm) studs at 24" (600rnrn) O.C., ~" 
{12.5mm) plywood sheathing, building paper, 1" x 8" 
(25mm x 200mm) mill cedar siding, 6" (150mm) batt 
insulation {R-19), 4 mil poly. vapor barrier, gypsum 
board finish 

Wood frame, double glazed casement windows, metal framed sliding 
glass doors 
2" x 8"(50mm x 200mm) treated wood joists at 24" (600r.im) O.C., 
with 6"(150mm) batt insulation {R-19). 2" x 4"(50mmxl00mm) strip 
oak floorinq, vinyl floor tiles, 6" x 6"(150mm x 150mm) quarry tiles 
Oriented 500 off horizon to incorporate flat plate solar collector 
in future, 2" x 6"(50mm x 150mm) exposed wood trusses @ 2'-0" 
(600mm) 0.0., with'·2" x 6"(50mm x 150mm) purl ins above,l2"(300mm) 
batt insulation, 4 mil poly vapor barrier (R-38), temper-ri~
aluminum roofing sheets. 2 no. - 48"(1.2m) square operable 
skylights (externally -shaded ··in summer) 

300 ft2(27m2) located South of dining and living area 
78 ft2 (7m2) bench area, 60 ft2 (5.4m2) raised bed 
Site built, lean-to greenhouse composed of 2" x 4"(50mm x lOOmm). 
redwood rafters fixed to raised concrete block foundation wall . 
below, and 2" x 6"(50mm x 150mm) outriggers above - 6" (150mm) 
batt insulation (R-19) in outriggers 
Brick with gravel and 4"(100nvn) drain tile beneath 
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Glazing: 

Gable End: 

Walls: 

·watering 
System: 
Ventilation 
System: 

STORAGE 

Type: 
Weight: 
Heat 
Capacity: 
Volume: 
Container: 

Gross glazing area: 300 ft2(27m2), glazed area to floor area 
ratio = 1:1. 24" x 48"(600mm x 1.2m) tempered, low~iron glass 
panels, air space, 5 mil weatherized polyester film beneath, 
proprietary thermal blanket composed of polyolefin heat 
retention fabric, operated by manual pulley system 
8"(200mm) concrete block - 2"(50mm) rigid insulation plus 
5/8"(15.8mm) 
Stucco finish - 2" x 6"(50mm x 150mm) stud wall with 6"(150mm) 
batt insulation (R-19), 4 mil poly vapor barrier 
Greywater recycle system utilizing treated shower and sink 
water (in progress) - trickle irrigation system 
Aspen cooling system on east gable - l/4 HP exhaust fan on 
west gable 

Washed railroad storage ballast- 2"(50mm) minus 
94 lb/ft3(1506 kg/m3) 

19 Btu/ft3 F0 (1273.9 kJ/m3oc) 
960 ft3(26.9m3J(45 tons) 
Concrete block foundation enclosure beneath first floor with 
2"(50mm) perimeter rigid insulation, 2"(50mm) rigid insulation 
beneath northern 1/3 of rock bed, 1''(25mm) insulation beneath 
middle 1/3 and no insulation beneath southern l/3 of bed, 
respectively, 2"(50mm) sand, vapor barrier (see Fig. 2) 

THERMAL AND MECHANICAL CONSIDERATIONS 

Any attempt to alter the thermal environment of a greenhouse to provide a uniform 
thermal condition can often pose costly and complex problems. Fluctuating green
house temperatures are probably more conducive to solar greenhouse· applications. 
Greenhouse enclosures can generally tolerate greater .temperature extremes than 
are acceptable in a residence[3]. Important to the environmental balance in a 
greenhouse is the amount of exposed exterior surface area per unit of usable 
plant space[4J. In the prototype under discussion, the two-story residence was 
designed with an 2integral, lean-to greenhouse on the South s~de. The greenhouse 
has 300 ft2 (27m ) of gross collector surface area sloped 50 , which is optimum 
for the winter heating season in South Carolina. A crawlspace beneath the living 
and dining area of the house contains 960 ft3(26.9m3) of crushed granite stone. 
This rock bin holds 350,000 Btu's at a 200F(ll.20C) temperature rise providing 
1 to 2 days of storage. 

Previous prototypes have involved more comglex control and mechanical devices, 
which have necessitated extensive repairs[ 1. Consequently, in SGR-3 the solar 
system has been simplified, containing both active collection modes of operation 
and passive storage components. The passive storage system .. cons-titutes those 
masonry walls, and the brick floor within the greenhouse (see Fig. 2). The 
active air collection system's primary role is to store the excess usable heat 
for use later. It has been noted that tight energy conserving solar greenhouses 
can exhibit extreme humidity levels which increases the susceptability to molds 
and diseases. A secondary role of the solar air collection-distribution system 
is to provide good air circulation at the plant level to maintain adequate 
humidity levels[6J. In this prototype, a differential temperature control activates 
a damper and the collection blower. The blower uses a four speed l/4 HP energy 
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efficient, permanent split capacitor motor to collect the solar~heated air from 
the greenhouse. The bloweb runs 8n low spe~d, at 600 cfm, until the collection 
air temperature reaches 85 F(29.7 C), in which a SPOT thermostat switches the 
fan motor to high speed, at 900 cfm, to increase collection and prevent sub
sequent overheating of the greenhouse. 

A two-stage heating and cooling thermostat activates the heat pump air handler 
blower and damper during its first stage to distribute solar heat from the rock 
storage to the house. The return ais from

0
the houss passss through the greenhouse 

and maintains the temperature from 5 F(2.8 C) to 10 F(5.6 C) below the house. 
If tae solar heat in storage is insufficient, and the house temperature drops 2°F 
(1.1 C) below the thermostat setting, the second stage actuates the auxiliary heat 
pump system. A nocturnal active ventilation system operates with the rock storage 
system for summer cooling. Data on this phase of the project has not been 
compiled for 1979. While the greenhouse-residence thermal environments are 
dependent on each other in the winter modes of operation, during the summer both 
environments are physically separated from each other. The greenhouse is cooled 
by the location of deciduous trees, in addition to its own evaporative cooling 
system. The residence relies on its architectural design features for natural 
ventilation, with the nocturnal cooling system and heat pump auxiliary (see Fig. 3). 

Electrical power meters were installed to measure power consumption used by the 
total house, the heat pump compressor unit, heat pump air handler, and the solar 
collection blower. Temperatures from twenty-four thermocouples recorded every 
hour, fifteen of which monitored the rock storage system, and soil temperatures 
beneath the rock. An additional twenty thermocouples are used to measure daily 
underground temperatures between the two foot rock fill interface at the block 
foundation wall, and between the rock fill and soil interface. Hydro~thermographs 
record the ·temperatures and relative humidity of the ambient outdoor air, the 
greenhouse and of the house. 

OPERATION AND PERFORMANCE 

SGR-3 prototype was completed last fall with occupancy during the first week in 
November, 1978. Due to delays in receiving data recording instrumentation, the 
system monitoring did not occur until January 20, 1979. To date, no major 
cperational problems have developed in any of the control or mechanical systems. 
The performance results presented are based on 12 days of data although power 
consumption, temperature and relative humidity from the hydro-thermographs have 
been recorded for a 12 week interval. 

Research has indicated that high humidi"ty in loose fitting greenhouse does not 
constitute a major problem during the heating season£71. This is attributed to 
large differences between inside and outside temperatures. This temperature 
differential causes a continuous exchange of air resulting from infiltration, which 
removes moisture from the greenhouse. Although the relative humidity of outside 
air may be near saturation, its absolute moisture content is very low. As air is 
brought into the greenhouse, it is heated, thus increasing its retaining capacity 
for moisture. During cold weather, condensation frequently occurs on the inside 
surface of the greenhouse glazing. Condensation on the glass removes moisture 
from the air which reduces the relative humidity of the greenhouse air. 

It was originally assumed that the excess moisture from plant transpiration, and 
watering in the greenhouse would be regulated by the increased heated volume of 
air within the house. · Concurrent assumptions were also made implying that the 
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added moisture from the greenhouse would enhance thermal comfort. Results taken at 
SGR-3 indicate the level of relative humidity in the greenhouse was not excessive. 
Relative humidity levels ranging from 40 to 70% are considered acceptable in green
house applications[~J. Similar comfort levels were achieved in the house which 
allowed a thermostat setting of 650F(l8.50C) to maintain an average 680F(2ooc) 
house temperature. Initial operation of the mechancial system produced higher than 
anticipated humidity levels within the house, in the form of condensation on house 
window glazing. Within 3 weeks after start-up relative humidity and condensation 

. were reduced to satisfactory levels. 

Table 1 indicates an average weekly high relative humidity in the greenhouse to be 
66.0%, occuring at an average time of 9:21 AM. This average time appeared to bemuch 
later than normally expected. The combined use of a thermal blanket and the 
differential heating of air between house and greenhouse explains the relative 
humidity differences between the two enclosures. During the heating season the. 
greenhouse and house act thermally as one integrated unit, continually mixing. 
Combined with both units having extremely low air infiltration rates, little air 
is exhausted or added. Constant and relative humidity of the house and greenhouse 
fluctuate as a function of temp. For each °F the air temperature is increased, a 
2% drop in relative humidity results. At 12:30 P~1 the greenhouse on average is 
warmer than the house. Table 2 indicates average weekly temperature levels during 
the heating season. It is presented that the thermal blanket delays the time of·· 
highest greenhouse relative humidity to 9:21 AM by releasing condensed moisture to 
the greenhouse environment at approximately 7:30 AM (when the blanket is raised 
into its open position). The thermal blanket did not contain a tight seal, which 
subsequently increased the level of condensation on the inner glazing layer. 
Further operations will require a tighter detail at this junction. 

Transpiration and evaporation within the greenhouse should be occuring at its 
maximum during warm sunny conditions. The amount of water added to the air at 
this time should be greatest, but may on6y be reflected in increases to the inside 
relative humidity, since the 70.9°F(21.8 C) is cooler than the average temperature 
at the same time. 

Conclusive explanation of the dynamic state of relative humidity between greenhouse 
and house are difficult to ascertain. A number of additional variables can be cited. 
These include, for example, that the amount of water added to the atmosphere from 
plants, floor and media is unknown. The role of the active and passive alterations 
in temperature may cause relative humidity to make several changes during one air 
cycle. Additional humidity could also h~ve contributed to the system resulting 
from moisture in the building materials[ l, and moisture remaining in the rock 
storage prior to sealing the storage enclosure. Depending on the time of day, 
fluctuations in temperature contained within the greenhouse, residence and rock 
storage, respectively, appear to have a direct influence on the small alterations 
in relative humidity. 

Since the moisture level in the greenhouse-residence combination is relatively con
stant, humidity could be reduced (if desired) only in two ways, The first method is 
to reduce the amount of water available for evaporation (plants must transpire}. 
The second method is to exhaust heated air in exchange for drier outside air. The 
latter condition is inconsistent with energy conservation techniques. 

As a result of the combined active and passive solar collection and storage systems, 
the heat load has been calculated using actual temperatures. The known active heat 
inputs are added, and deducted from the calculated total heat load. The resultant 
quantity represents a heat input which we are assuming to be the passive 

- 23 -



contribution to the total heat load. A C.O.P. of 2 was selected for the high 
efficient heat pump as the basic operation of the compressor occurred at night 
after our storage was depleted. 

Table 3 indicates the results of our 12 day data period. The house was monitored 
at an average of 680F(200C) and only fluctuated ~2°F(~l.l°C). This indicates that 
the active system was able to function as a control mechanism for the passive 
system. This would eliminate the need for homeowners to open and close vents, 
curtains, etc., that many passive systems require to maintain an even and com
fortable house environment. 

The greenhouse temperatures averaged 3°F(l.7°C) lower than the house, and tempered 
the interface between the residence and the outside environment, Three sliding 
glass doors located between the house and greenhouse admit light, and offer views 
to the outside. No condensation occurred on these glazed areas during the course 
of the heating season. 

The collection blower proved extremely efficient, collecting 6.5 times more energy 
than it consumed. The 1/3 HP blower on the air handler averaged 13,6 k~Jh of energy 
daily distributing heat to the house and greenhouse. The compressor section of the 
heat pump only averaged 17.9 kWh per day to supply the auxiliary energy required 
for the house and greenhouse. The active and passive solar system supplied 31% of 
the heat required by the house and greenhouse. 

The amount of solar energy available was obtained from a completely exposed site 
approximately 3 miles away. The greenhouse surface receives some shade from 
deciduous trees which reduces its solar heat collection efficiency. The results 
attributed to the cooling performance during the summer cooling season. will 
determine the extent, if any, in any removal of trees from the south side of the 
house. An estimate of the limb shading factor between 9:30AM and 3:30 PM is 
15% during winter season. 

CONCLUSIONS 

Reviewing the preliminary data on the operation and performance of the thermal, and 
mechanical systems indicate that the simplification of controls and architectural 
layout have .Proved satisfactory over period discussed. Coupled to an initially 
detailed preliminary architectural program, relying on traditional design con
sideration further assisted in making the operation and performance more reliable. 

The cost of the solar greenhouse ~as under $13,00/ft2. This included the cost of 
the greenhouse capital investment. Table 4 indicates the % of total budqet accrued 
to each building division on this prototype. Two factors can be attributed to the 
final .cost of the g~eenhouse. T~e.first involved extensive energy conserving 
techn1ques. These 1ncluded prov1s1on of a thermal blanket, high insulation levels 
in the walls and floor, and double doors. The second factor focused on the level 
of finishes as per the architectural details. These included the use of redwood 
benches,.l~ghting systems, brick paving and cedar cladding. Reducing the quality

2 of the f1n1shes would lower the cost of the greenhouse to approximately $10.00/ft ; 
Further investigations are required to determine the cost benefits accrued from 
the gr~enhouse investment, as opposed to horticultural return and net energy cost 
reduct1ons. 
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It is also important to note that the utilization of hybrid greenhouse collection 
system can prove viable in residential combinations. Approximately 31% of the 
total heating required by the greenhouse and house was supplied by the solar 
collection system. The role played between greenhouse and residence thermal 
environment are directly dependent on each other during the heating season. Data 
over the past winter indicated levels were maintained around 700F(21.1°C) over the 
12 week period. Relative humidity levels in the house averaged around 53%, which 
is acceptable during the heating season, Further data accrued from summer 
operations are needed to justify overall acceptability of the final design 
configurations. 

Additional information is needed in determining the role of landscaping and annual 
energy performance on solar greenhouse-residence buildings. While the efficiency 
of active solar energy utilized is low, resulting fromthe proximity of limb 
structures, the role played hy the trceg in reducing heat loss due to wind and 
the ber~ef1ts accrued to summer shading must be carefully analyzed prior to any 
landscape alterations. Unqualified criteria pertaining to the aesthetic and 
hortitherapeutic benefits working within greenhouses and semi-shaded sites can 
only be addressed by the individual operators. 

2 
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TABLE 1 . AVERAGE PERCENT RELATIVE HUMIDITY (Dec. 25, 1978-March 18, 1979) SGR-3 

HQUSE 
TH1E1 

HOUSE G'HSE AVG G'HSE AVG OUTSIDE 2 

Heek AV~RAGE A!vERAGE,% TI ~1E1 T Jt.1E1 1 
\:Jkly High ~~k ly Low TH1E I'Jkly Avg 

Beginning % ( Hrs.) Hkly Low ( Hrs.) 0/ ( Hrs. ) o£ ( l~rs _j _______ % /o 10 

Dec. 25 60 1528 45 0814 66 0842 48 1057 N/A 
Jan. 1 ~9 1571 51 0557 65 0871 52 1100 81 
Jan. 8 58 1757 51 1128 64 0742 47 1225 65 
Jan. 15 57 1271 47 1257 64 0757 . 50 1157 71 
Jan. 22 55 1600 49 1157 62 1057 46 1400 66 
Jan. 29 55 1825 43 1242 63 1028 47 1042 63 
Feb. 5 $4 1525 49 0900 62 0928 41 1014 69 
Feb. 12 $7 1242 49 0725 65 0857 46 1414 75 
Feb. 19 59 1925 53 0828 69 0914 56 1225 90 
Feb. 26 63 1628 53 1314 68 0957 53 1414 75 
March 4 65 1311 47 1528 72 0914 49 1428 59 
r,,a rch 11 58 0914 42 1514 72 0714 46 1357 36 
-~----· 

AV/PERIOD $8% 1508 48% 1T2D 66~~ 
'":""'·- .... ----..--- ,-i:ffr·-----68% 0921 48% 

N :TABLE 2. AVERAGE \~EEKL Y TEt·1PERATURES (Dec. 25, 1978-March~ 1979) SGR-3 0\ 

HOUSE HOUSE GREENHOUSE GREENHOUSE OUTSIDE 2 

Ay High Time 1 Av Low Time 1 Av High Time 1 Av Low Time 1 Av High Av Low 
Beginning Of OC ( Hrs. } OF oc (Hrs. ) OF oc (Hrs.) OF oc (Hrs.) OF oc OF oc 

Dec. 25 7~ . 22 1528 67 19 0742 66 19 1300 52 11 0700 47 9 29 -2 
Jan. 1 70 21 1427 66 '19 0914 64 18 1425 52 11 0857 47 8 25 -4 
Jan. 8 7n 22 1242 67 19 0742 66 19 1542 52 11 0557 46 8 24 -4 
Jan. 15 72 22 1457 66 19 0625 76 24 1542 .53 . 12 0414 50 10 28 -2 
Jan. 22 7~ 21 1428 65 18 0642 71 22 1414 53 12 0528 48 9 26 -3 
Jan. 29 7h 22 1525 66 19 0725 75 24 1414 56 13 0628 48 9 21 -6 
Feb. 5 69 20 1142 63 17 0857 75 24 1200 54 12 0757 44 7 24 -5 
Feb. 12 70 21 1328 66 19 0557 75 24 1125 59 15 0428 54 12 30 -1 
Feb. 19 7:o 21 1642 66 19 0700 72 22 1342 59 15 0600 49 9 41 5 
Feb. 26 7il 22 1711 67 20 0557 74 23 1500 60 16 0700 60 15 35 1 

I 
March 5 72 22 1414 68 20 0711 79 26 1511 61 16 0642 63 17 . 38 3 
March 11 ~4 23 1400 67 19 0900 82 28 1400 59 15 0600 63 17 36 1 

AV/PERIOD 71 22 1437 66 19 0722 73 23 . 1433 56 13 0618 52 11 29 -1 

1 Average time of occurrence Data, Clemson, S.C. 2 Clemson Univ~rsity and S. C. Agricultural Experiment Station, CliMatological 



TABLE 3. PERFORMANCE OF SOLAR GREENHOUSE-RESIDENCE-3 
Data for 12 Days January 20, 1979, to January 31. 1979 

AVERAGE TEf~PERATURES AVERAGE TEMPERATURE DIFFERENCES 

House 
Greenhouse 
Outside ambient 
Degree Days 

68 F (20 C) 
65 F (18.4 C) 
37 F (2.8 C) 
28 DO 

House - outside ambient 
Greenhouse ~ outside ambient 
House - greenhouse 

HEAT BALANCE - ELECTRICAL HEAT AND SOLAR SUPPLIED · 

Electrical Power Used That Produced 
Heat and Sol_ar Contribution. 

Solar collection blower 
Air Handler-distribution blower 
Heat pump compressor (C.O.P. of 2) 
Other electrical heat produced 
Active solar energy supplied 
Calculated solar passive supplied 
Calculated total heating load 

Measured 
Use kHH 

1.5 
13.5 
17.9 
18.5 

Heat 
Contribution 
· Btu/Day 

5 '120 
46,360 

122,229 
63.141 
33,684 
72,995 

343,598 

31 F (17.2 C) 
28 F (15.6 C) 
3F(l.7C) 

% of Total 
Ene1·gy 

Required 

1 
13 
36 
19 
10 
21 

100 

SOLAR ENERGY AVAILABLE ON GREENHOUSE 
ACTIVE SOLAR ENERGY COLLECTION EFFICIENCY 
PERCENT ACTIVE AND PASSIVE SOLAR HEAT CONTRIBUTION 

423,975 BTU 
8% 

31% 

TABLE 4. SGR-3 COST BREAKDOWN - % OF TOTAL 

DIVISION % OF TOTAL DIVISION % OF TOTAL 

Sitework 5.8 Furnishings 4.0 
Concrete 1.3 ~1echanical 6.2 
Masonry 5.6 Plumbing 4.2 
Metals 0.2 Electrical 4.5 
CarpentrY 20.5 Profit Contractors 7.0 
Moisture Protectinn 7.6 
Doors, Windows, & Glass 5.9 Greenhouse enclosure 4.8 
Finishes 10.8 Greenhouse horticultural 2.7 
Specialities 2.5 Solar collection/ 
Equipment 2.7 'distribution system 1.8 

Solar storage system 1.9 
TOTAL 100.0% 
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sg-3 

Fig. 1 . Axonometric Indicating House Form. 

sg3 

Fig. 2 Building Section Showing Solar Components. 
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Fig. 3 View from Southwest - SGR-3 
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HORTICULTURAL POTENTIAL AND OPERATION CHARACTERISTICS 
OF SOLAR RESIDENCE/GREENHOUSE COMBINATIONS 

INTRODUCTION 

D. 0. Ezell, M.A. Davis, 
H. F. Zornig, L. A. Shepps* 

Clemson University 
Clemson, SC 

Throughout the United States, development of greenhouse/residence combinations has 
been in progress for several years; however, operational and performance criteria 
for such home greenhouses in the Southeast have not been substantial. This 
research efforL was undertaken to monitor growth of vegetables in 3 locations in 
the Piedmont area of S.C. Through these observations, conclusions on crop response, 
yield, space requirement, economics and potential drawbacks have been recorded. 

It has been assumed that the retail value of vegetables grown in solar greenhouses 
would exceed the annual operational cost. Other research has also assumed that a 
net energy gain would result from attached greenhouses when integrated into effi
cient solar systems. Neither hypothesis has been satisfactorily proven for South
east conditions. 

MATERIALS AND METHODS 

Vegetables have been grown in 3 solar greenhouse residences hereafter referred to 
as SGR-2, SGR-3, SGR-4 (See Appendix Figures), and a simulation site at the Clemson 
University campus. The production research began in September 1977 in SGR-2, and 
other sites were added as completed. Structural characteristics of each greenhouse 
have been reported [1,5} Research at SGR-2 was conducted with systems in operation 
but unoccupied. SGR-3 and SGR-4 residences have been occupied. Area of the green
houses was 396, 300 and 248 sq. ft. respectively. The general design involved a 
bench on the south wall and ground bed on the north wall. The most recent proto
type had ground beds along north and south walls. 

SGR-2 was located in a poor site for plant and solar performance due to large decid
uous trees. SGR-3 was also located in a wooded site but sufficient trees were 
removed on the south slope to permit increased sunlight entry. SGR-4 location was 
an optimum location on a hilltop in full sun. 

RESULTS AND DISCUSSION 

Greenhouse Temperatures and Crop Response 

v/hen in the design phase of the solar greenhouse/residence combinations, plant 
responses were predicted based on feasibility projections [ 2]. It would be 

*D. 0. Ezell, Associate Professor, Horticulture 
M. A. Davis, Assistant Professor, Architecture 
H. F. Zornig, Acting Research Leader, USDA 
L. A. Shepps, Graduate Research Assistant, Horticulture 
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desirable to maintain 55-60°F (12.8-15.6°C) at night and 70-75°F (21.1-23.9°C} 
during the day. Since back-up heating systems are not provided, infrequent low 
temperatures to 45°F (7.2°C) could be tolerated. Operational experience has 
demonstrated that horticultural activity must be designed to account for low 
temperatures. Other authors have addressed the problem [ '3,4J. Equipment mal-
functions in SGR-2 resulted in low temperature and extreme fl uctuat i.ons ranging // 
from 26.6°F (-3°C) to 82.4°F (28°C). Growing season temperatures for SGR-3 and -4 
during the first 3 months of 1979 are presented in Table 1. The average weekly 
low temperature of SGR-3 and SGR-4 was 52.8°F (11.6°C) and 46.8°F (8.2°C). Lowest 
temperatures of 47°F (8.3°C} and 44°F (6.7°C} and average low of S6.2°F (13.40C)/ 
and 51°F (10.6°C), respectively, were recorded. These night temperatures reflect 
temperatures lower than desirable. Production response is therefore reduced, al-
though certain crops responded satisfactorily. Listed below are the crops of 
preference for cool greenhouse conditions. 

Leaf lettuce of the Bibb and Romain types have been quite productive. Few produc
tion problems have been encountered. Aphid buildup has been quite obvious on 
pepper, chinese cabbage, chard and spinach. Onion requires increased spacing to 
protect against elongation from low light. Shape and yield of ·large-fruited 
tomatoes has been poor. Cherry tomatoes have yielded satisfactorily. Contrary 
to general opinion, cucumber does not suffer greatly from low night temperatures. 
Yield and quality of La Reine cucumber have been good. A more mildew resistant 
variety would be desirable. Pepper and eggplant production have been variable. 

It is always assumed that tall plants should be placed near the back (north) of 
the greenhouse. Since these plants are long season plants replanting into these 
beds becomes difficult. Shading of new transplants becomes a problem and does 
cause some wasted space. Organization of crops according to their length of 
production has merit. 

Herbs have good potential for coo~ greenhouse use. Those listed with Table 2 
have been quite satisfactory. Summer savory and tarragon would not tolerate green
house conditions. 

Greenhouse Space Requirements 

Preliminary experiments conducted at Clemson University and at the SGR-2 prototype 
location have allowed the prediction .to space requirements for greenhouse gardens. 
Table 3 describes the area needed durinq the winter period to produce desired 
quantities of certain vegetables. Yields are based on case studies and do not 
represent replicated experiments. While these data suggest a greenhouse area of 
5-5yd2per family member is needed for suitable production, it should be noted 
that poor sites such as encountered with SGR-2 would require in excess of 8.4 yd2 

family member. These projections are not greatly different from projections of 
others and point out the need for care in site selection, 

Table 4 shows.the 1978-79 yield of SGR-3 and SGR-4. They have been planted to 
conform to the likes of the resident and quantities of produce should not be 
compared between locations. In SGR-4 cucumber and tomato were overplanted with 
4 and 7 plants, respectively. These are further summarized in Table 5. Total har
vest for the period October-March exceeded the entire growing season harvest of 
SGR-2. 
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It is quite clear that the production level of SGR-3 and SGR-4 will be substantially 
higher than SGR-2 (Table 6). From these preliminary data, however, it can also be 
postulated that the economics of food production in solar heated residential com
binations is negative. Well-insulated greenhouses suitable for solar application 
in the Southeast wi 11 co~t approximately $10 per sq. ft. Detailed cost calcula
tions of SGR-3 indicate the following cost. 

Enclosures and superstructure 

Horticultural (Benches, media, watering 
equipment, blanket) 

$ 2,423.96 

$ 1,464.18 

Cost of this application was approximately $13 per sq. ft. Eliminating the thermal 
blanket, evaporative cooler, automatic watering system and replacing the redwood 
benches with less expensive treated wood would allow construction costs near $10 
per sq. ft. 

Typical operating expenses for a solar greenhouse are listed in Table 7. They 
would vary with likes of the gardener, but it does appear that return value of 
produce will exceed operating costs where satisfactory sites are selected. Comple
tion of these studies will be needed to determine if the excess value beyond pro
duction cost will be sufficient to pay for. the capital cost added because the 
greenhouse is used for growing plants. 

It should also be remembered that these calculations in no way measure aesthetic 
and therapeutic value. 

Production Techniques 

Media - Residential greenhouse management has been approached in many ways, i.e., 
hydroponic, media, soil. It is the author's opinion that media culture is more 
versatile for most homeowners. Peat-lite mix with slow release fertilizers was 
used in SGR-2. Variable soi 1 moisture and temperature caused non-uniform release 
of nutrients and salt injury to plants. In addition, cost of media was in excess 
of $40 per cu. yd. In SGR-3 and SGR-4 greenhouse gardens, an inexpensive soil 
mix was formulated by using equal portions of leaf compost, pine bark and soil
sand mix. Soluble fertilizers were added to maintain green color of foliage. 
The media is inexpensive ($10 per cu. yd.) and with planning could be manufactured 
by most operators. 

Space Use - Efficient use of space, both vertical and horizontal is important. High 
use of vertical space was not employed in SGR-3 and SGR-4. Scheduling of successive 
plantings will be difficult for the homeowner. A predicted scheme for replanting 
is impossible. This difficulty arises because of sporatic use of vegetables and 
the uncertain duration of production caused by low and fluctuating temperatures. 
Variables for length of production of a given crop include temperature, light, 
family demand, fertility and water. There may be others. In general, short 
season crops like lettuce must be reseeded each 2-3 weeks to allow transplants for 
replanting h~rvested plants. Long season crops like tomato are much easier to 
predict because sufficient planning time exists as plan3reach senescence. 

Pest Problems- In South Carolina greenhouse insect pests are severe. Control in 
greenhouses is always difficult. Combining a greenhouse with a residence compli
cates the procedure since the greenhouse and house air are integral. Major insects 
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have been aphids, white flies, leaf miners and caterpillars. Biological methods 
have been stressed. Bacillus thurengiensis has been effective on caterpillars. 
Release of ladybugs has been attempted to control aphids. This release has been 
variable in response and satisfactory control has not been noted. Diatomaceous 
earth and rotenone have also been somewhat effective in aphid control. A satis
factory pest management control for aphids has not been observed. Release of 
Encarisa formo~a as a white fly parasite was not effective. Most satisfactory 
control of white fly has been yellow attractant panels coated with insect sticky 
trap materials; their use has allowed maintenance of economic levels, Leaf miners 
are devastating. Inspection of new plant materials as a prevention and hand 
destruction of larvae are the most suitable controls. 

CONCLUSION 

Solar residence/greenhouse combinations have low night temperatures in the green
house and, as a result, reduced production. Plants grow slowly but do not seem to 
suffer otherwise. Humidity in such units appears adequate. Economics of such 
units remains unclear. It can be projected that the value of vegetables for 
home use will repay operating expenses. Payment of capital investment and interest 
is doubtful. 

Living with attached solar greenhouse appears to be a compromise. The aesthetic, 
therapeutic and nutritional values of such a greenhouse may outweigh the economic 
drawbacks for many families. Experience of the individual operator will dictate 
planting schemes and rotation of planting to keep constant production. In South 
Carolina, the average gardener will have difficulty controlling aphids and white 
flies. In some cases that alone will be a sufficient drawback to discourage 
combination units. 

Finally, the installation of a solar greenhouse should complement an outside. 
garden. Only future research will predict how effective such units will be in 

.,. summer production. The Southeast is a natural location for outside gardening, 
and where space permits, the two gardens will complement each other. 
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TABLE I. LOW TEMPERATURE OF AIR AND BED SOIL OF 
SGR-3 AND SGR-4 GREENHOUSES 

CLEMSON, sc 1979 

Week AIR SOIL OUTSIDE 
SGR-3 SGR-4 SGR-3 SGR-4 AIR 

oF oc OF oc oF oc oF oc OF uc 

1-1.* 47 8.3 47 8.3 56 13.3- 50 10.0 11 -11.7 

1-8 49 9.4 46 7.8 57 13.9 50 10.0 13 -10.6 

1-15 50 10.0 48 8.9 57 J.3. 9 50 10.0 18 - 7.8 

1-22 49 9.4 45 7.2 56 13.3 47 8.3 24 - 4.4 

1-29 52 11. 1 46 7.8 57 13.9 48 8.9 14 -10.0 

2-5 50 10.0 46 7.8 57 13.9 46 7.8 25 - 3.9 

2-12 54 12.2 48 8.9 54 12.2 46 7.8 16 - 8.9 

2-19, 53 11.7 48 8.9 59 15.0 51 J.0.6 25 - 3.9 

2-26 58 14.4 49 9.4 58 14.4 57 13.9 28 - 2.2 

3-5 60 15.6 44 6.7 63 17.2 60 15.6 32 0 

3-1'2 59 15.0 48 8.9 62 16.7 66 18.9 34 1.1 

*Supplemental neat added to SGR-4 since it was first experience with low 
temperatures merely as a plant protection 

TABLE 2. SUMMARY OF VEGETABLE SUITABILITY FOR LOW 
TEMPERATURE GREENHOUSES IN SOUTH CAROLINA 

Excellent Good Fair 

Lettuce Chard Brocco] i 
Chard Tomato Cabbage 
Greens Green Onion Pepper 
Spinach Garlic Eggplant 
Celery Cucumber 
Certain Herbs 1 Edible podded peas 

lD·ill, Oregano, Parsley, Marjoram, Basil, Fennel 
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Crop 

Lettuce 

TABLE 3. VEGETABLE PLANNING .CHART FOR A ·4-MEMBER FAMILY IN 
A GREENHOUSE/RESIDENCE GARDEN. CLEMSON, SC 1978. 

Desired Area Yield 
Produce Required 

Lb./ Kgl 
Lb. Kg. Yd. M2 Sq.Yd. M 

(Loose-! eaf) 65.85 29.93 6.36 5.30 10.35 5.60 

Tomato 49.87 22.67 3. 17 2.64 15.73 8.50 

Pepper 13.55 6. 16 I. 74 1.45 7.79 4.25 

Celery 18.70 8.50 I. 54 I. 28 12.14 6.64 

Greens 18.50 8.41 I. 33 I. II 13.91. 7.58 

Co II ard 7.88 3.58 0.55 0.46 14.33 7.78 

Brocco I i 6.27 2.85 I. 84 I. 53 3.41 I. 86 

Spinach 2.38 1.08 0.71 0.59 3.35 I. 83 

Snowpea 8.71 3.98 I. 78 I. 48 4.89 2.68 

Cucumber 15.84 7.20 1.20 1.00 13.20 7.20 

Herb 4.95 2.35 0.66 0.5~ 7.50 5.57 

Green Onion 8.40 3.82 0.66 0.55 12.73 6.95 

Transplant Zone 0.84 . 0. 70 

220.90 100.53 18.64 

- 35 -

Reta i I 
(Dollars) 

$ 52.68 

27.43 

10.30 

4.86 

II . 84 

5.90 

6.53 

1.62 

4.81 

5.67 

2.84 

2.35 

16.87 

$ 153.72 



TABLE 4. VEGETABLE PRODUCTION IN TWO PROTOTYPES. 197a-79 CLEMSON, SC. 

October November December January February March 1 

Vegetable. SGR-3 SGR-4 SGR-3 SGR-4 SGR-3 SGR-4 SGR-3 SGR-4 SGR-3 SGR-4 SGR-3 SGR-4 
ounds) 

Brocco 1 i 3.13 .34 . 32 . 81 2.45 .9a -33 

Celery 1. 33 1.39 .93 . 75 -- .. 65 

Chinese .sa .73 .27 
Cabbage 

Cucumber 17.30 30.04 10.61 14.22 4.63 2-93 1.12 3.43 . a4 

Chard 3-93 1.00 3.63 3.33 3-25 1. 12 .sa .as 

w Lettuce .22 a.41 21.87 1.45 5-53 1.22 7.a4 2.9a 5 .. 54 1.37 2.69 0'1 

Kale 12.97 .33 . Ja 

Spinach . 13 . 11 .40 .25 . 41 .19 .o 1 

Tomato2 . 12 Loa 2.03 20.33 1. 73 39.la 3. 14 17. 12 3.41 14.66 

Pepper .22 .94 .34 4.41 1.26 . 13 .76 

Onion & 2.00 .66 1. 43 2.20 .]2 l.9a 1.62 1. 10 1. 51 1. 10 
Leek 

Herbs3 -53 1.24 1. 70 .32 1. 30 1. 31 

.1Through March 15. 
21ncludes cherry and large fruited types. 
31ncludes basil, di 11, fennel, oregano, parsley, sage, marjoram, garlic. 
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TABLE 5. SUMMARY OF MARKET BASKET IN TWO 
SOLAR PROTOTYPES*. CLEMSON, SC 1979 

SGR-3 SGR-4 
lbs. Kg. 1 bs. Kg. 

Celery 
Cucumber 
Lettuce 
Onion 
Tomato 
Brocco 1 i 
Chard 
Greens 
Herbs 
Pepper 

*October-March 15 

TABLE 6. 

Month 

5.1 
34.5 
15.9 
7.3 

lu.4 
2.5 
7.3 
3.2 
6.4 
0.5 

2.3 
15.5 
7.2 
3.3 
4.7 
1.1 
3.3 
1.4 
2.9 

.2 

PRODUCE VALUE FROM 
SGR-4 GREENHOUSE*. 

SGR-3 

97.9 44. 1 
43.4 19.5 

7.0 3.2 
92,/1 41 '6 
5.9 2.7 

11.4 5. 1 
13.4 6.0 

7.6 3.4 

SGR-3 AND 
CLEMSON, sc 1979 

SGR-4 
(Dollars) 

October $ 4.62 $ 
November 22. 15 31 .06 
December 23.56 25. 16 
January 10.98 41.83 
February 19.38 22.63 
March 16.64 14.33 

$ 97.33 $ 135.01 

*October-March 15 
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TABLE 7. TYPICAL ANNUAL OPERATING COSTS BASED ON 
EXPENDITURES AT SGR-2, SGR-3 and SGR-4. 

ITEM 

Seed 
Pest control 
Fertilizer 
Miscellaneous 
Media replacement 

$ 

$ 

COST 
(do 11 ars) 

15 . 00 
26.00 
6.00 

20.00 
17.50 

85.50 

Figure 1. SGR-2 Greenhouse Garden. Easley, S.C. 
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Figure 2. SGR-3 Greenhouse Garden. Clemson, S.C. 

Figure 3. SGR-4 Greenhouse Garden. Clemson, S.C. 
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HEAT CONSERVATION AND SOIL HEATING IN A GREENHOUSE/RESIDENCE COMBINATION 

INTRODUCTION 

C.C. Smithl, M. Jurgraul, and R.G . Farrer2 

lsolar Energy Applications Laboratory 
Colorado State University 

Fort Collins, Colorado 80523 
2New Mexico Solar Energy Institute 

New Mexico State University 
Las Cruces, New Mexico 88003 

A solar heated greenhouse/residence combined structure has been in operation since 
Dec. 1976 at a site in north central Colorado . A description of operations and phy
sical specifications have been reported earlier [1,2]. The mechanical operation and 
solar energy efficiency have been quite satisfactory since the start-up of the pro
ject and were consequently not the primary focus of the 1978-79 heating season which 
is being reported here. The solar heating performance and operational factors have 
also been reported for the two previous years [1,2] and serve as the background on 
which the recent modifications are being assessed. 

The two modifications introduced into full operation this year consist of night time 
insulative covers under the greenhouse glass roof and solar heating of the growing 
medium within the greenhouse. The latter technique has been demonstrated to lower the 
total heating consumption by setting back night space temperatures while maintaining 
equal production [3]. Each of these modifications was carried out by two methods. 
The night time insulation was accomplished by insulation-filled window bays and by a 
curtain cover. Growing medium heating (soil heating) was done by heat transfer from 
embedded water pipes and by irrigation water heating, both from a solar heat source. 
This report deals with the description of these measures and their observed effects 
on heating energy performance and greenhouse productivity. 

NIGHT INSULATION SYSTE~S 

Two systems were installed to prevent heat loss through the roof of the greenhouse at 
night . One is an aluminized cloth curtain (Simtrac, Inc) that is drawn across the in
side roof surface and the second is a BeadwallR system (Zomeworks, Corp.). The Bead
wall system fills the space between two panes of glass or, in this case, glass and one 
sheet of fiberglass, with styrene beads. The roof is covered 85% (11 bays) by curtain 
and 15% (2 bays) by Beadwall, as seen in Fig. 1. 

The curtain was installed to be drawn along and parallel to the roof, inside the 
greenhouse. Three cloth tapes containing loops are sewn on the curtain lengthwise, 
at the lower and upper edges and in the middle. Three aluminum tracks are installed 
on the roof corresponding to the cloth tapes. Rollers move freely in the tracks and 
are connected to the loops in the tape strips by S-hooks. The curtain is drawn and 
opened by a pulley system installed on the middle track. The pulley system is motor
ized and operates automatically from a timer set to open and close the curtain, res
pectively, at sunrise and sunset . The motor is a modified garage door opener with an 
internal adjustment for length of travel. Mechanically the curtain system is very 
reliable and trouble-free. 

A net radiometer installed about halfway between the growing bed surface and glass 
indicates that, without the curtain, the net radiation balance is slightly negative 
at night but, with the curtain, is slightly positive. This ~oes afford some energy 
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conservation but it was not observed to greatly affect night radiation. 

The Beadwall system utilizes a fan, piping, and storage vessel to fill window units 
with 1/8 in. styrene beads at night and withdraw them automatically at dawn. Figure 
2 is a system schematic·of this installation. The objective of this system was more 
of a mechanical test than measurement of the insulative and reflective effect. The 
insulation value is known, however, at an R-factor of about 3.5/inch. The thickness 
of the space is 3.5 in., giving an R-factor of 12.25 °F-ft2-hr/Btu. ~ 

The manufacturer recognizes a problem with sticking due to static electricity and 
therefore supplies an anti-static solution which is fairly effective. The most sig
nificant problem is inevitable intrusion of moisture, causing the beads e-o-cling to 
all surfaces and each other. The system is consequently impaired because the beads 
cannot satisfactorily be propelled into or out of the bays. This condition occurred 
when the atmosphere outside became humid but was reversed quickly upon a return to 
dryer air. MOisture disruption is thus likely to be more of a concern in more humid 
climates. Airborne dust, which is prevalent at the project site, has not appeared 
inside the Beadwall windows. 

The Beadwall system was originally designed for a vertical surface. In this applica
tion it is used for a roof slope of 40° from the horizontal and the unloading of beads 
by gravity led to a concern about the angle. The fiberglass lower sheet was tested 
before installation of the system to establish the angle of sliding. This angle is 
30° from the horizontal and is somewhat less than the angle of respose of the beads 
at 35 °. 

SOIL HEAT OPERATION 

Soil heating is accomplished by storing solar heat in a 300 gallon (1100 ~) storage 
tank for night time application to the growing benches. Water is heated from a duct 
heat exchanger in the heated air stream leaving the solar collectors. The mechanical 
arrangement is illustrated in Fig. 3. 

The heat transfer coil was designed and built for good performance under the prevail
ing conditions. It is a multi-row counterflow design with an effectiveness of .8; 
the ratio of actual heat transfer to the maximum possible heat flow. Despite this 
potentially high heat transfer performance, overall efficiency for solar collection 
to soil heating was 10 to 20%, considerably less than the 30 to 40% efficiency ob
served for collection of solar heat to the pebble-bed. The reason for this poor heat 
transfer efficiency is that the surface area of the coil is inadequate. It is sub
stantially smaller in surface area than that of the pebble surface area of the pebble
bed. Another difficulty is a flow problem of the water through the coil. There is an 
air lock problem in th~ coil because it is occasionally without pressure and even 
under vacuum conditions. This pressure condition is necessary because the heat trans
fer coil is located 12 ft above a vented water storage tank. 

IRRIGATION WATER HEATING 

The irrigation water was previously preheated by the soil heat exchanger system as 
illustrated in Fig. 3. The storage of solar heated irrigation water proved unneces
sary since irrigation was applied during daytime hours only. It was also established 
that, at the low temperatures involved (heating water typically from 40° to 70°F in 
winter), a simple water filled pipe system within the gr~enhouse would be as effec
tive as the heat transfer system from the solar collectors. 

A new irrigation water heating system was designed. Ten 1 in. (I.D.)(2.5 em) black 
polyethylene pipes, 36 ft (12 m) in length were mounted one above another and held in 
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place by wooden clamps spaced every 3ft (see Fig. 4). The ends of the pipes are 
connected by U fittings so that flow through the pipes is in series and not parallel. 
The pipe network was mounted inside the greenhouse along the vertical south wall, 
resting near the ground below the level of the raised benches. It was connected to 
the irrigation system with water from the main lines entering the bottom pipe, exit
ing from the top pipe and then flowing through the trickle irrigation lines. 

The greenhouse is irrigated five times daily at intervals of 1.5- 2 hours during the 
daylight hours. Each. cycle uses 15 gallons and the volume contained in the pipe net
work is sufficient for one cycle. The water stagnates in the pipes between irrigation 
cycles and is thus solar heated. This system increases the water temperature as much 
as 50°F on a good solar day and recovers about 20,000 Btu/day. 

SOIL TEMPERATURE TEST 

The growing beds did not perform well in terms of retaining heat. During the night 
soil temperatures frequently dropped below the minimum air temperatures, even when 
warm water was being circulated through the pipes. The possible avenues of energy loss 
were determined to be net radiation loss to the glass roof; evaporation and heat con
vection from the surface of the growing beds; evaporation, conduction and convection 
loss from beneath the beds (which are elevated about 14 in. above the ground). Evapo
transpiration from plants at night is not significant and thus was not responsible for 
the bed cooling. The night insulation reduced heat loss from the greenhouse space but 
it did not noticeably affect the heat balance of the growing beds. Only a slight re
duction was noticed in the radiation balance as measured by a net radiometer. 

It was therefore decided to experiment with reducing heat loss from the bed tops arid 
bottoms due to evaporation and convection. Three beds of equal size, 3 ft (1 m) by 10 
ft (3 m) were chosen; one bed was the control; one had galvanized iron sheeting fas
tened from the sides of the bed to the ground so as to effectively isolate the air 
space below the raised bed from the greenhouse air space; the third bed was covered 
with a 4 mil black polyethylene sheet. 

The temperature of the 7 in. thick gravel beds was measured simultaneously at three 
depths; 1, 3.5 and 6 inches. The three beds were measured before treatment in order 
to establish the relative temperature differences between the beds due to varying 
locations in the greenhouse. Figure 5 is a plot of the temperature gains due to 
the two treatments throughout the course of a day. These values were computed in the 
following way: For each hour at each depth, before treatment, the temperature diff
erence between the experimental beds and the control bed was calculated. The same 
procedure was followed during the experiment. The final differences between these 
two values gives the temperature change due to treatment. Also indicated on Fig. 5 
is the net radiation and the periods of soil heat and closed curtain. 

With the exception of two points at 3.5 in. depth in the skirting treatment, where the 
temperature excess was slightly negative, the two treatments afford conservation of 
heat. The effect due to the plastic cover was much greater than the metal skirting. 
The average temperature gains were as follows: 

Depth: 1 in. Plastic: 2.7°F (l.5°C) Skirting: .5°F (0.3°C) 
3.5 in. 2.2°F (l.2°C) .4°F (0.2°C) 
6 in. 1.8°F (l.0°C) l.l°F (0.6°C) 

The effect of skirting was most evident at the lowest level, indicating that it helps· 
to conserve energy lost from the bottom while the plastic was effective at all depths. 
It may be that, if both treatments were ·combined, the effect would be additive. This 
is worthy of future experimentation. 
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SOLAR HEATING PERFORMANCE 

Energy measurements have been made each year since the initiation of the project. The 
first year of operation (1976-77 winter season) serves as- the basis for solar heating 
performance without soil or irrigation heat and without the night insulation. The 
solar equipment performed well and resulted in nearly 80% solar space heating for the 
combined structure as compared with a predicted solar supply of 75%. The enhanced 
performance was due to unusually favorable climatic conditions of above normal 
solar radiation and below normal heating degree days. 

The following season (1977-78) was also abnormal during Dec. and part of Jan. in terms 
of below average solar radiation. This season was operated primarily the same as the 
previous year with the exc.eption of the last part of the heating season. Beginning in 
mid-Mar~h the soil heating feature was put into operation. 

The primary objective for the 19:78-79 heating season was the measurement of energy 
conservation measures in the form of night insulation covers in addition to lower 
night time greenhouse temperature in association with soil heating. Comparison of 
energy consumption and solar contribution to overall requirements with previous opera
tion was an obvious goal. This goal was not-met to complete satisfaction due again to 
unusual climatic conditions and some control function difficulties. 

The climatic conditions were characterized by low temperatures and solar radiation 
during most of Dec. and Jan., followed by above average temperatures and near normal 
solar during Feb. and March. Consequently, as of mid-March 1979, the accumulated 
heating requirement was near normal and the solar radiation was slightly below normal. 
Solar heating performance during this season was very erratic, however, yielding very 
low solar fractions ofreq.uirements during the first half of the season and solar col
lection in excess of requirements during much of the warmer period. Thus, while the 
climatic summaries for 1977 and 1979 are not too different, the operation was penal
ized in 1979 due to the dichotomy of climatic periods. 

In addition, the control strategy was not optimum. The temperature set points, which 
govern allocation of solar collection between space heating (to pebble-bed storage) 
and soil heating (water storage tank) are manually adjusted. The control strategy is 
to seek an optimum balance between these so that a minimum of fuel heating is re
quired while a~ the same time reducing the greenhouse space temperature in response 
to bed temperatures. The procedure adopted was to adjust the temperature limits over 
the course of several "typical" days so that soil heat requirements were nearly met, 
but not exceeded, and the remainder of the heat going to space heating. This balance 
was never satisfactorily achieved due partly to the weather conditions being "non
typical" and also due to poor heat transfer efficiency in the air-to-liquid heat 
exchanger for soil heating. 

Table 1 is a summary of heat energy collection and distribution for the system during 
1977 and 1979. The 1978 season is not presented because it consists partially of soil 
heat operation and thus confuses the comparison. The two seasons presented show as 
nearly as possible the effects of heat conservation and soil heating in that 1977 was 
without these features and 1979 was with them. The units given are normalized to 
Btu/°F-day of heating requirements because the two years had different heating re
quirements and different periods (1979 data available only to 15 March) and thus the 
absolute heat quantities are not comparable. 

ELECTRONIC INSECT KILLER 

The crops in the greenhouse are affected by pests and diseases as in any greenhouse. 
Controlling them is somewhat more of a problem since the greenhouse is structurally 
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attached to a living unit and therefore has some air transfer between the two sections. 
Spraying toxic substances is consequently potentially hazardous. 

The prime greenhouse pest is the whitefly. An attempt was made to control it using aTI 
electronic insect killer, the Katlan Professional (301-190) produced by Arncor (Israel). 
The principle of the device is to attract the pest by a light to an electrocuting 
screen. The normal light used is a fluorescent ultraviolet tube but since the white
fly is particularly attracted to the color yellow, a yellow· tube was substituted. 

The device did attract and kill some whitefly but the majority of the insects preferred 
to remain on the plants. When the spray (Resmethrin, a synthetic pyrethyroid) was 
applied, a greater number of insects were captured in the electronic killer, apparent
ly due to taking flight to escape the pesticide. 

In conclusion, the device is not.highly effective as a controller of whitefly. The 
principle of attraction to the color yellow does have potential, however, and one pos
sibility is to place sticky yellow surfaces throughout the greenhouse and· somehow dis
turb the plants to drive the whitefly to be trapped on the surfaces. 

GREENHOUSE VEGETABLE PRODUCTION 

Table 2 presents a summary of greenhouse vegetable production. To 20 March the green
house yielded 289 lbs of vegetables in 155 days of production, which amounts to 1.9 
lbs-day-1. The USDA's 1975 preliminary figures show that 142.8 lbs of vegetables are 
consumed yearly per capita for a total of 571.1 lbs-yr-1 for a family of four, as this 
experiment is sized for. At the present rate of production, a family's entire needs 
could be met in 300 days of production. 

Proper sterilization of the growing medium should be done once a year, requiring about 
14 days in the summer. If the greenhouse was operating the entire year (except during 
sterilization), a production excess of 97 lbs is possible. Alternatively it is rea
sonable to reduce the amount of growing space by 14% and still have adequate area. The 
remaining area could be used for other purposes such as starting bedding plants or 
even a small commercial enterprise such as producing potted plants. · 

The numbers of plants of each vegetable and the sowing dates should be replanned. A 
more reasonable balance of yields on a daily basis is required to meet the family's 
true dietary balance. 

DISCUSSION AND CONCLUSION 

Table 1 reveals that soil and irrigation heat consumed nearly as much heat as the 
night curtain and temperature setback saved. Net energy consumption was reduced by 
only 5% as a result of these measures,an insignificant difference because it is within 
our measurement error and uncontrolled variables. Solar contributed 70% to this total 
compared with 79% in the prior year. This is blamed on low heat exchange performance 
for soil heating and 14% lower solar radiation in the later year. The first item 
could be corrected by a larger heat exchanger coil or by using water heating collec
tors for soil heat to avoid the heat transfer loss. 

Greenhouse production nearly doubled between 1977 and 1979 so that, while fuel 
consumption was up, the productivity per unit fuel was substantially improved. The 
precise effect of the soil heating alone on the increased production is, unfortunatle-
still speculative because there has also been an improvement in growing methods be
tween these two seasons. We can simply assume that solar soil and irrigation water 

- 44 -



heating has helped production without significantly adding to the cost of greenhouse 
operation. 
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Variety 

LETTUCE 
Ostinata 
Great Lakes 
Ostinata (2nd cp) 
Grand Rapid!> 

RADISH 
Early Scarlet 

Globe 
Cherry Belle, 2nd 

PEAS 
Little Marvel 

GREEN BEANS 
Kentucky Wonder 

CUCUMBER 
Toska 
Tabletreat 
Tender green 

SPINACH 
Bloomsdale Long 
Standing 

2nd crop 
BROCCOLI 

Neptune (hybrid) 

CAULIFLOWER 
Early Snowball 

TOMATO 
Vendor 
Tuck Cross 
Better Boy 

TABLE 1·. HEAT ENERGY SUMMARY 

Normalized to Btu/°F-day 
Note: Probable measurement error ±5% 

Incident Solar Radiation 

Solar Heat Collected by: 

Collectors 

Greenhouse 

Irrigation 

Heat Supplied to: 

Greenhouse 

House 

Soil Heat 

Irrigation 

Total 

Combined Total 

Solar Fraction 

1977 

20,500 

7,000 

1,000 

Solar Fuel 

5,740 2,110 

2, 720 290 

8,460 2,400 

10,860. 

79% 

1979 

17,600 

Solar 

3,020 

1,990 

1,650 

520 

5,400 

1,650 

520 

~ 
2,090 

1,050 

7,180 3,140 

10,320 

70% 

TABLE 2. SOLAR GREENHOUSE VEGETABLE PRODUCTION 

Days since transplant Total l\rea 
(T) or seed (S) to pre- fresh (square Quantity Comments 

sent or Harvest (H) wt (g) feet) 

84 (S) (H) 8105 22.5 48 heads 
84 (S) (H) 1860 7.5 12 heads 
71 (S) 1530 15.0 11 heads Harvest in progress 
71 (S) 1040 11.3 7 heads Harvest in progress 

66 (S) (H) 5116 30 164 
· Planted some Early Scarlet Globe but did not 

48 (S)_ (H) 4010 30 148 I produce well _(second crop) 

148 (S). (H) 2025 21 

140 (S) (H) 7455 39 

145 (T) 49,485 33.3 137 Harvest in progress· 
132 (T) (H) 4475 8.3 20 
132 (T) (H) 4610 8.3 29 

102 (S) (H) 7940 30 63 
rosettes 

50 (S) Harvest to begin soon 
Main heads were harvested at a weight of about 

134 {T) (H) 5880 50 1.5 lbs. They would have flowered if left. 
Grown outdoors the heads should be 3-5 lbs 
Quality good; but the curds were somewhat 

llO (T) (H) 11,440 50 18_heads separated compared to the tight heads grown 
outdoors 

125 (T) 11,170 31.8 75 Harvest in progress 
125 (T) 1870 9.1 18 Harvest in progress 
125 (T) 3540 9.1 27 Harvest in pro)lress 

Total fresh weight: 131,551 g (289 pounds) as of 20 March 1979 
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Figure 1. Solar Greenhouse Exterior with Curtain Closed and Readwall Panels Filling 

DOUBLE SANITARY 
TEE 

SOCK VALVE 
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- SUit H!A1M SOIL T.-..c 
- SCUll HEATWCI 

IRftiGAnON TANK 
- lOll HEATING 
- IRftiGATING 

Figure 3. Soil and Irrigation Heating System 

Figure 4. Polyethylene Pipes for Irrigation Water Heating 
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FIGURE 5 • SOIL TEMPERATURE EXPERIMENT 
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ABSTRACT 

OPERATING PERFORMANCE OF A SOLAR AQUACULTURE GREENHOUSE 

Evan Brown, Davis Straub, David Baylon and Steve Worthman 
Ecotope Group 

2332 East Madison 
Seattle, WA 98112 

The performance of a passive solar heated aquaculture greenhouse is evaluated. 
The efficiency of water tank storage and the effectiveness of a passive cooling 
stack are described. The maintenance of temperature difference between interior 
and ambient air temperatures are quantified. Aquacultural productivity is compared 
to growth rates reported elsewhere. The performance of an attached C02~producing 
composting system is evaluated. Problems with the greenhouse and the research 
efforts are described and solutions set forth. 

INTRODUCTION 

A passive solar greenhouse that combines plant growing area and an aquaculture tank 
has been in operation in western Washington for over two years. Measurements taken 
from the greenhouse show that it is able to enhance the interior nighttime temperature 
on an average of 140F over the ambient temperature. While not providing complete 
freeze protection during prolonged cold weather, it did maintain a temperature 
differential of 22°F under extreme conditions. 

An attached compost bin was able to provide commercial levels of C02 enrichment. 
The polyculture aquaculture sustained growth rates comparable to those found in the 
literature, although below the levels useful for commercialization. The passive 
solar cooling ventilation stack operated well, providing flow rates exceeding 1000 
ft3/min and maintaining interior air temperatures below 850F on sunny spring days. 

DESCRIPTION 

The parabolic aquaculture greenhouse at Arlington, WA (480 N latitude) was designed 
and built as a passive solar heated system. This prototype greenhouse measures 32' 
long by 12' wide, and 12' at its highest point. The inside area is 341 ft 2, with a 
plant growing area of 161 ft2 and a 4800 gallon (R-20 insulated) thermal storage 
aquaculture pond with a surface area of 180 ft2. This gives a thermal storage to 
aperture ratio of 112 BTU/OF-ft2. 

The south-facing single-glazed aperture is 60° from the horizon. The 600 aperture 
is not significantly superior to a 45° angle for winter sun acceptance [1]. 
The 45° construction would allow more area for plant growth, however, increasing the 
plant production. The R-15 insulated north wall is a parabola section·, with its 
axis aimed at the noontime low-angled winter sun. A design modification would raise 
the axis of the parabola 100-15° to: increase the solar benefits in the fall and 
spring when the sun's rays are more available. 

The inside surface of the parabola and the east and west wall surfaces are covered 
with a Tedlartm-coated chrome Mylar on a vinyl back (Dorrie Process to.).- Measurements 
show that 70% of the light that passes through the glass is reflected by this material. 
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The west and east walls are partially giazed. The east wall has an attached anteroom, 
housing instrumentation and serving as a base for the thermal vent stack. This 
passive cooling device has a cross-section area of 3.21 ft2 and ~ises 14' above the 
vent opening. The vent door is opened and closed. by a commercially produced Heat 
Motortm· The vent stack is glazed on the south side with Tedlar, allowing the sun 
to penetrate the dark interior and increase the heat in the stack to enhance the 
ventilation rate. The vent opening is connected with a wire to the west door, which 
opens with the vent to allow cool air to enter. 

SEASONAL THERMAL PERFORMANCE 

Figure 1 compares the performance of the greenhouse over the last two years. During 
this time, many changes have been made in the operation of the greenhouse and to the 
instrumentation of its performance. This included: reglazing the greenhouse in the 
summer of 1977 to reduce. infiltration losses; the construction of the anteroom and 
thermal stack in the fall of 1977; the debugging and finally successful operation 
of the stack in the fall of 1979; the addition of glazed covers on the tank that 
were removed in the spring of 1978; and ongoing upgrading of weatherstripping, door 
seals, etc., to reduce infiltration losses. These actions altered the performance 
of the greenhouse by reducing heat loss in winter and lowering maximum temperatures 
in the cooling season. The result of these changes is apparent in Fig. 1, as the 
temperature swings in the greenhouse were reduced over the last two seasons. 

In fall 1977, small tomato plants were transplanted into the greenhouse. They 
survived the winter with some frost damage to plants nearest the south glazing. 
In the early spring, the plants grew vigorously. The greenhouse air temperature 
went below 33°F only once (to 3lOF), even though the air temperature outside fell 
to 7°F. The tank temperature at 24" deep on that day (November 21). was 62°F. 

On November 18, 1978, the tank was emptied to harvest the fish. The tank was not 
refilled until December 21, with cold (440F) water. On December 30, the.interior 
air temperature decreased to 22oF, with the outside temperature at 0°F and the tank 
temperature at about S0°F. During these severe circumstances the greenhouse was not 
freeze protected. 

On the average, the greenhouse nighttime interior dry bulb air temperature is 14°F 
greater than the exterior nighttime air temperature (see Fig. 1). The tank 
temperature averages at least 25°F greater than the average exterior nighttime 
air temperature in the spring and fall. 

AGRICULTURAL SEASON EXTENSION 

The parabolic greenhouse performed well as a growing environment over the period of 
experiment, extending the fall season two months and the spring'season one and 
one-half months longer than those of an unheated conventional greenhouse (2]. The 
greenhouse can also be used to grow ·salad greens (see Fig. 2) over moderate winters, 
although severe winters will require use of additional methods to conserve heat, 
such as insulated window shutters. 

In conclusion, the parabolic greenhouse provides growing season extension both in 
~pring and fall totaling about three months over a simple unheated polyethylene 
greenhouse. It also.provides a balanced environment where plants can thrive, 
producing in excess of .721 oz of food per week per ft2 of growing area (1965 lbs/ 
acre), even with low sunlight conditions. If used to start seedlings in spring, the 
greenhouse can greatly·amplify food production for a garden. · · 
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VENTILATION 

The greenhouse is cooled by a passive solar ventilation system as described above. 
The heat motor that opens·the vent door provides 1" of throw for every 10°F 
temperature rise in the interior.air. When the air temperature inside the . 
greenhouse exceeds 60°F, the heat motor begins extending and openirig the thermal 
door, allowing cool air to be drawn through the greenhouse and warm air to exit 
up the stack. 

Figure 3 compares the interior dry bulb air temperature, total solar radiation 
incident on a 60° south facing plane, and ventilation rate of the cooling stack 
during the sunny warm days of March 7--10, 1979. 

The sharp drop in temperature on March 8, and the steady interior daytime temperature 
of approximately 840F at a height of 7',illustrate the effectiveness of the thermal 
stack in protecting the plants from overheating. This cooling is powered only by 
the sun, and despite the relatively high exterior temper~tures (60's Of), the 
vent rate averaged 800_to 1000 ft3/min with a peak of 1600 ft3/min. This amounts 
to about 25 air changes per hour, equivalent to a 1/3 hp fan. 

The vent door opening into the stack required several construction modifications 
before successful operation. Originally, the vent door was located flush with the 
interior of the greenhouse. The heat motor exposed only a small crack that was 
inadequate for ventilation. Relocating the vent door closer to the interior of the 
stack allowed an opening to show as soon as the heat motor began pushing open the 
door. At present, some of the heat gathered during the day is lost through the 
stack in the afternoon as the heat motor closes the vent door slowly. It is. 
believed that placement of the heat motor on the east side is the cause of the 
delayed closing as this portion of the greenhouse receives the sun's heat in the 
afternoon and remains hotter than the shaded west side. The heat motor should be 
moved to the west door to remedy this·problem. 

Another problem requiring modification is that the west door, when serving as the air 
intake vent during sunny winter days, lets in cold air near the plants. This shocks 
the plants and slows growth. A possible solution would be to cut a special vent 
door above the fish tank, bringing in cool air over the evaporating surface. 

FISH TANK AS SOLAR STORAGE 

How effective is the tank in storing solar radiation? When evaluating tank 
temperature data for March 9, we found that 26% of the radiation incident on the 
solar aperture (357 ft2) was stored as heat. in the tank at sundown. By five o'clock 
the next morning, 39% of this heat, or 9% of the incident energy, was still in the tank. 

Over·a three-day period of full sun days, March 7 at 8:00am to March 10 at 8:00am, 
the average tank temperature increased from 54.5°F to 59.7°F, a rise of 5.2°F or 
173,000 BTU (approximately 10% of the incident energy). 

The tank heats up as solar radiation reaches down into the water and is absorbed. 
This is evidenced by the nearly siinultaneous rises in temperature at the~", 2~", 
and 12" layers of water. (see Fig. 4). In addition, a heat pulse is pushed downward 
through the tank by conduction. The. thermal wave through the water can be seen in 
Fig. 4 as the 12-hour phase shift between the maximum of the 12" depth and the 2~" 
depth. This thermal behavior is much different from that of a Trombe wall [3] . 
The formation of a convection zone starting at the surface of the tank allows heat 
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to be withdrawn rapidly from the whole tank. The penetration of radiation into the 
interior of the tank reduces surface temperature and thus. reduces surface heat losses 
and greenhouse overheating. 

As the surface cools in the late afternoon, a convection zone near the surface is 
formed, bringing warmer water from below to the surface. The convection zone 
increases into. the early morning hours when the tank is at an-approximately uniform 
temperature. The surface of the·water loses heat by convection, radiation, and 
evaporation to the interior of the greenhouse. During the night, the total heat loss 
rate from the tank varies on an average between 3000--7000 BTU/hr. 

The.heat loss due to radiation and convection (using theoretically predicted heat 
loss coefficients) averages about 4000 BTU/hr. By subtracting radiant and 
convective heat loss rates from total heat loss rates (hour by hour), we find a 
nighttime evaporating heat loss rate of approximately 3000 BTU/hr. This represents 
40% of the total heat loss over the night. 

This evaporation loss is not transmitted as heat, but raises the relative humidity 
in the greenhouse. Subsequently, this moisture recondenses on the cold glazing 
surface, and the energy carried in this vapor is transmitted through the glass. 
Evaporative losses were countered by adding covers to the tank, which also reduced 
the heat transfer from the tank to the greenhouse as well as the light penetrating 
the tank. The appropriate solution here would either be insulated shutters on the 
outside glass or double glazing, which would raise the temperature of the glass and 
reduce evaporative losses .. A greenhouse in Eugene, OR, similar in design to the 
parabolic greenhouse, but with two fish tanks and no plant growing area, is able to 
maintain a minimum temperature in the tanks of 69°F in winter (.1978--1979) through 
the use of double glazing and night shutters [4]. 

AQUACULTURE SYSTEM 

The aquaculture system uses the thermal storage mass as a productive food growing area. 
Since the design of the greenhouse required substantial area for the thermal storage 
tank, aquaculture appeared to be the solution to the problem of food production area 
sacrificed to thermal storage. 

The tank was stocked in April 1978 with a polyculture involving five species, 
including tilapia and mirror carp as major species stocked at a 4:1 ratio, with oscar, 
gourami, and tinfoil barbs as secondary species. The major species grew well together, 
only competing for pelletized food during the first half of the growing period before 
the algal bloom appeared. The growth rate of the mirror carp (.see Table 1) may be 
due to superior breeding of the carp for weight gain, more available food, more 
favorable temperatures for carp, and the positive stimulation of carp growth by 
tilapia in polyculture as reported by Sarig and Marek [5). 

We found that hand feeding of 100 g/day of pelletized fish food was not significantly 
better than letting the fish feed freely on algal bloom. The tilapia raised in a 
transparent fiberglass tube with no supplemental feeding grew at rates equal to their 
handfed counterparts. These growth rates were also equal to rates produced· by other 
similar sized ponds with. supplemental feeding at 100 g/day [6, Table 2]. Therefore, 
providing an adequate supply of naturally growing food is a superior method of 
feeding the fish because it. involves minimum maintenance. 

The results from the 1978 fish harvest are summarized in Table 1. Similar 
aquaculture systems in other locations, as shown in Table 2, report production levels 
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within our range. Huet I7J suggests 2.5 x 103 kg/hectare (.2232 lb/acre) as minimal 
production of tilapia with fertilization and supplemental feeding. Our largest fish 
grew to about 85g in one season, but our average of 33g indicates the need for 
improvement. 

The development of a productive aquaculture system has been difficult, however. In 
December of 1977 the tank temperature fell to 48oF. Since this is 40p below the 
minimum survival temperature of the fish (Tilapia mossambica), the entire stock died. 
A supplemental wood-fired boiler was constructed, but as the second stocking was 
harvested in November 1978 it has not been used. The winter tank temperature is too 
low to provide year-round maintenance for tilapia without auxiliary heating. 

In a greenhouse environment, the atmosphere substantially increases in oxygen due 
to plant photosynthesis. With an active algae culture present, this problem is 
further compounded. Oxygen inhibition of photosynthesis in algae has been demonstrated 
by Tolbert and Garey [8). Furthermore, the use of airlift pumps for circulation in 
the aquaculture tanks insures that this high level of oxygen was constantly 
circulated through the water, inhibiting algae growth. Since fish are largely 
dependant on algae as food, any inhibition of it is a problem. 

To solve this problem, the filtering pumps were operated intermittently and the 
number of air stones was reduced by 75%. This also allowed an increased algae bloom 
as the algae was no longer being filtered. When encouraged with fertilizer, the algae 
bloom was sufficient to maintain acceptable oxygen levels in the tank without aeration 
and provide adequate food to maintain the fish culture. 

The development of a simplified small-scale, productive aquaculture system, 
unfortunately, remains a distance from completion. More research on fast-growing 
breeds, polycultures, and alternative species will be essential if a productive 
cul tur·e is to be integrated into a greenhouse environment. While our work to date 
is encouraging, the basic parameters and operating characteristics will require more 
developmental work.. At thi.s point the _fi§h have not been productive enough to 
justify the large tank on the basis of fishproduction alone. 

CARBON DIOXIDE ENRICHMENT 

.~ eAperiment involving the generation of carbon dioxide for plant growth enhancement 
has shown that compost can generate adequate amounts of C02 to reach levels commonly 
used in commercial floral greenhouses [9). During fall 1978, an insulated compost bin 
was constructed that contained two chambers connected to the parabolic greenhouse by 
4" and 6" PVC tubing, allowing thermosiphoning of C02-enriched air into the 
greenhouse. The greenhouse was divided into east and west sections by a layer of 
clear polyethylene. The west end was directly connected to the compost bin 
(experimental section) and the east side served as the control section. 

The compost-C02 generator worked remarkably well throughout the severe winter. Design 
features include: 1" thick styrofoam insulation (R-3.7); dirt floor in bin for heat 
storage (ground insulated to a depth of 12"); sloping roof in fixed position for 
weather protection; airtight doors; and a one-way flap valve to prevent backflow 
in the thermosiphon system. 

Performance of the bin system is shown in Fig. 5 and 6. As can be seen from Fig. 6, 
compost temperatures can be maintained well above ambient air temperature and will 
therefore support thermosiphoning. Also, the soil temperature underneath the bin i5 
commonly heated to 11soF by the compost pile, which greatly reduces the lag time fo1 
incoming compost to become active during very cold weather. 
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The production of COz by this bin system can be seen in Fig. 5. Concentrations 
measured with Draegar Indicator tubes were 400ppm on the control side and 2000ppm 
on the experimental side. Levels of lOOOppm were used by Belsink [10] to enhance 
lettuce leaf growth during light limiting conditions. Commercial florists commonly 
use between 1200 and 2000ppm COz to enhance plant growth in greenhouses [9]. 

Our attempts to demonstrate enhancement of plant weight by carbon dioxide 
enrichment were inconclusive. The crop of Grand Rapids lettuce planted January 8 was 
harvested March 8 near its maturity. The crop was dried and weighed in an effort to 
determine a significant difference in production. A statistical analysis did not 
indicate any difference between experimental and control plants. 

Since the greenhouse was divided into two halves by the plastic partition for the 
experiment, levels of C02 would be expected to fall if the partition was removed. 
This suggests the need to establish a relationship between the size of the greenhouse 
and the composting pile. 

Daily fluctuations in the amount of COz were noted. On February 21, the amount of 
COz at 8:00am was 2000ppm, and at 3:00pm fell to 1500ppm, presumably due to plant 
uptake of the COz. The weather was partly sunny and cold, allowing the greenhouse 
to remain closed (unvented) all day. It is under these conditions (low-light 
levels, unvented) that carbon dioxide should be most beneficial to the plants. 

The successful performance of the compost bins during days when the greenhouse 
remained closed argues for its use in generating C02 throughout winter and 'during 
the extended growing season. Increases in yield can range from 7%--60%, with a 30% 
increase common for many plants [9] . 

DATA COLLECTION 

Early in the research we decided that it would be less costly to develop a data 
acquisition unit (DAU) based on new microprocessor technology than to purchase a 
$10--$15,000 unit [11]. There was, consequently, a long delayed start-up of data 
collection and a long debugging period during the development of the DAU, causing 
much of the data to be inadequate and unreliable. 

Raw data is collected on cassettes at the site, then read into a main-frame computer 
before any analysis is performed. A second generation unit records temperature, 
solar and air speed up the stack in real units (°C, w/m2, em/sec) for immediate use.· 
It is still helpful to use the large computer to process the large files of data. 
However, we now have the capa~ility to print out the cassette data tapes just after 
they are recorded, for manual analysis or verification. 

In another effort to cut costs, the probes were hand assembled, and several failed 
due to water or moisture damage. As the technique and hardware improved, the 
reliability also improved. 

EXPERIMENTAL DESIGN 

Inadequate experimental design during the initial phase led to a number of problems. 
It was believed at first that a simplified experimental procedure using a small number 
of data collecting probes would be adequate to answer all relevant questions about the 
performance of the components in the greenhouse. This proved to be incorrect. 
The original values for heat transfer coefficients came into question as evaporative 
losses from the pond began to appear significant. The heat storage of the ground 
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and building, originally assumed to be at an approximately uniform temperature, required 
the installation of additional temperature probes at various levels in the tank to 
determine the heat storage efficiency. 

Simplified analytical modeling originally defined the configuration of the DAU. When 
data first became available, new modeling procedures (finite difference network model) 
were adopted that stretched the limits of the data collection assembly [12]. 

As more areas of the greenhouse were defined as significant in determining greenhouse 
performance, much more attention had to be paid to codifying these components. For 
example, density, water content, and % illumination of the soil need to be recorded 
if the soil is to be considered as a significant heat storage component. Consequently, 
the experimental design became more complex and data collected earlier became less 
useful because specific conditions such as soil water content were not known. 

At this point we are left in an inconclusive position. Were the original simple 
experimental design and models adequate? Does it really matter in terms of plant 
growth that evaporation, evapotranspiration, and heat storage in the ground and the 
building were not accounted for in the original design? These questions will require 
more analysis and comparison to the results predicted by the simple method. 

CONCLUSIONS 

Thermal Performance 

The parabolic configuration, reflecting winter light into a large volume of water, has 
shown to be an effective passive solar collection and storage system. Although the 
temperature is maintained no lower than 22°F during extremely cold (for maritime 
Northwest) conditions, freeze protection and higher interior air and tank temperatures 
will only occur when the windows are double-glazed or have thermal shutters. This 
combination of heat storage and insulation has caused the growing season to be 
extended three months longer than that of an unheated single layered polyethylene 
greenhouse. 

Ventilation 

Cooling during periods of potential overheating has been successfully achieved using 
a vent stack opened by a sim~le heat motor. Ventilation rates in the stack have been 
measured to be up to 1600 ft /min. 

Aquaculture 

Growth rates of tilapia and carp are impressive, especially considering the lack of 
emphasis and effort placed on fish production. The cold-fearing tilapia dQ well 
in warm months. Carp can survive the entire year and grow well with the tilapia. The 
aquaculture system requires special attention and emphasis that is difficult to provide. 

Carbon Dioxide 

A small compost bin has successfully enriched the greenhouse's air with carbon dioxide 
at levels used in commercial applications. Literature indicates that this will benefit 
a tight greenhouse (high oxygen levels) experiencing low light (winter) conditions. 
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Instrwnentation 

A microprocessor-controlled data acqu1s1t1on unit (DAU) has slowly been assembled. 
Only recently has valid, reliable data been recorded on the solar and thermal 
performance of the greenhouse. However, the availability of data collection units 
at a price appropriate to this research seemed to necessitate the development of 
the DAU. 

Data Analysis 

A simplified analytical model has been eclipsed by a more complex set .of equations 
that more accurately define the many interrelating factors predicting and 
describing performance. This expensive and time-conswning process is beginning 
to·be successfully used as an analytical tool: 
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Table 1 

FISH HARVEST RESULTS 1978 

# 
avg. 

# Wt. gain 

har- plant- avg, months per 

vested ing harvest raised month 
weight weight per fish 

TilaEia 315 150 60 g 32.9 g 5.5 4.9 g/mo mossambica 
Mirror carp 75 72 50.5 I 85.8 3.5 10 

Gourami 11 7 2 21.4 4 4.9 

Oscars 8 6 1 11.7 4 2.7 

Tinfoil barbs 20 18 1.4 14.9 4 3.4 
--

Table 2 

COMPARATIVE SUMMARY OF FISH PRODUCTION 

reference country species production 
(10 3kg/ha) 

Zweig USA: New Alchemy Tilapia aureau 3.5 
Institute Mirror carp Ecotopii ____ osA.:-Ecotope _______ i'ilaria-mo88amJ)i-aa.----3~o-----

Mirror carp saraacfi ____ rsraei _____________ Mirror-carr ___________ I~s-----
Cintensive culture) saraacfi ____ Japan ______________ carp------------------s~o-----
Cintensi ve pond) saraacfi ____ Guatemaia __________ cariJ------------------s~o-----
Cintensive pond) saraacfi ____ !naonesia------~---cariJ __________________ soo=----
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. Fig. 2. Cumulative 
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INTRODUCTION 

The heating needs of greenhouses can be grouped into daytime needs and nighttime 
needs. Generally the nighttime needs are the largest. When the ·greenhouse is used 
as its own solar collector, a solar heating system can contribute to reducing the 
nighttime needs if: (1) it is relatively inexpensive compared to the value of the 
energy savings, (2) it does not increase the need for daytime heating, or (3) it 
does not significantly reduce the light level in the greenhouse. 

The solar system can be either an active or a passive system. Passive systems are 
generally the less·expensive of the two, both to install and to operate. However, 
for certain situations in commercial applications, a fixed, passive system may be 
as much a detriment as a benefit. This is because of the rather rigid temperature 
requirements (especially for flower crops) recommended to produce a high quality 
crop on a fixed schedule. The requirements generally include a constant day temper
ature, beginning early in the morning, and a lower but also constant night tempera
ture beginning approximately at sunset. The transition times between the two modes 
are generally very short. 

The effect of a fixed thermal mass can be anticipated for three situations: very 
cold, moderately cold, and moderately warm weather. For warm weather, where no 
daytime and only a little nighttime heating is needed, the thermal mass can provide 
all of the modest nighttime needs and affect neither the daytime needs nor the 
greenhouse operation. When the weather is very cold or moderately cold and overcast, 
space heating is required both day and night. In this situation (typical of much 
of the northeastern United States during the winter) the fixed thermal mass acts to 
redistribute the daily heating needs. That is, during the day the mass is slowly 
warmed by the greenhouse heating system. During the night the heat which was added 
is slowly released back into the greenhouse. Thus, some of the nighttime heating 
needs become in effect daytime heating loads. The important point to note in this 
situation is there are no net savings of energy. The only effects are to dampen the 
swings from night-to-day and day-to-night greenhouse temperatures, and to place a 
greater demand (peak demand) on the heating system early in the morning when the 
daytime temperature level is suddenly called for by the thermostats. 

The third situation, moderately cold weather with some solar insolation, is charac
terized by a need for greenhouse heat during the early part of the morning, followed 
by excess solar heat during the middle of the day and most of the afternoon. 
Although there is excess thermal energy which can be captured and stored, it is not 
well coordinated with the need for higher temperatures early in the morni~g. When 
the greenhouse temperature must be increased swiftly to the daytime mode, the heating 
of 2 x the thermal mass is done by the greenhouse heating system, not the sun. The 
sun continues to warm during the middle of the. day, being heated by the sun. At sun
down, the outside conditions are still relatively mild, and the greenhouse tempera
.ture must be reduced rapidly to the nighttime conditions. For example, for best 
flower quality with chrysanthemums, the recommendation is to lower to the nightime 

- 61 -



temperature within one half of an hour after sunset. If the thermal mass is 
relatively warm, the only way the greenhouse can be switched to the night .mode is 
for the ventilation fans to be run. This can waste the solar, and even some of the 
furnace heat by dumping it to the outside. 

In summary, among these three possible situations, one provides a slight benefit, 
one provide neither benefit nor detriment, and the third could a~tually increase 
the need for conventional heat in the greenhouse. For completeness, a fourth 
situation should be noted. When the weather is quite cold but there is a large 
amount of solar energy available, there will be excess solar energy available during 
the day which could be captured for use at night. However, even in that situation 
the initial heating of the thermal mass will be by the furnace if the temperature 
control scheme calls for a sudden increase to the daytime conditions early in the 
morning. 

An ancillary factor which relates to the design of passive solar greenhouse heating 
systems is the magnitude of the night heating needs. It seems unrealistic in 
regions with severe winter weather to expect to have enough excess solar heat during 
even the best of days to provide a significant portion of the nighttime heat in a 
conventional greenhouse. That is, a major part of the effort in any solar green
house should be directed toward conserving the relatively meager amounts of solar 
energy which are available. 

This report describes one approach to solving this problem. The energy conservation 
feature is a multilayer, highly insulated thermal blanket system developed during 
1977-1978 (reported by Albright et al. [1]). The passive solar system is based on 
water as a collection/storage medium. The water is stored in a series of inexpen
sive plastic bags named "Q-Mats". 

EXPERIMENTAL INVESTIGATIONS 

The Greenhouse and Night Cover. The work reported in this paper was accomplished 
in a Brace Institute style greenhouse described by Albright et al. [1]. Briefly, 
the greenhouse is 24 x 48 feet (7.3 x 14.6 m) with a height of IS feet (4.5 m), a 
south roof angle of 38° and a north roof angle of 61°. The north roof/wall is 
insulated with 5.5 inches (140 mm) of fiberglass batting, and the south roof/wall 
is a double layer of air-inflated polyethylene. The end walls are fiberglass, with 
a layer of polyethylene on the inside for additional insulation. All supplemental 
heating is electric. Plants are grown on 4 benches, 40 feet long and 30 inches 
wide (12.2 x 0.76 m). 

The highly insulated night cover is composed of two parts: horizontal and.vertical. 
The horizontal part is made of five layers of aluminized cloth (Foylon*), separated 
by th2ee-quarter inch2air spaces, with a total thermal resistance of approximately 
10ft -°F/Btuh (1.4 m. -°C/W). The vertical portion is made of five layers of 
aluminized cloth, separated by Air Cap*. The night cover was opened and closed by 
hand, at 8 am and 5 pm. A tight seal between the vertical and horizontal portions 
of the night cover was obtained using continuous, overlapping flaps. 

The Q-Mat Design. The concept of the Q-Mat follows from an attempt to address some 
of the problems with a fixed thermal mass in a passively heated solar greenhouse. 
The Q-Mat contains a thermal mass (of water) which can be moved when necessary. In 

*Trade names are used solely for the purposes of identification. Their use does 
not imply endorsement. 
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concept, the water in the Q-Mat may be drained into a separate, insulated storage 
thermally isolated from the greenhouse during those times when no excess solar heat 
is available. When excess exists, the water is pumped back into the Q-Mat. When 
the greenhouse temperature must be decreased rapidly on a relatively warm night, the 
water again is drained into the insulated storage, and pumped back when there is 
need for the heat it contains. The separate storage need not be outside the green
house. Insulated storage bags under the benches could be conveniently used. 

The first version of the Q-Mats was made of wide polyethylene air duct material (lay
flat tubing). The mats rested on the greenhouse benches. Pots were placed inside 
holes heat-sealed and cut into the mat in a regular matrix. When the bags were 
filled with water, they provided a relatively large thermal mass in close proximity 
to the pots and plant roots. 

The second generation of Q-Mats, which were the ones tested and reported herein, were 
40 feet (12.2 m) long, 10 inch wide (25.4 em) polyethylene tubing, with .008 inch 
wall thickness, guaranteed not to have pinhole leaks. Four of these tubes were 
placed on each greenhouse bench, from end to end, with each tube's ends heat sealed 
and manifolded for connecting to plastic water supply and drain pipes. When the 
tubes were filled with water, they provided a'Qproximately 150 gallons of water per 
bench (1.5 gallons per square foot, or 0.06 m3jm2). This translates to a total 
thermal mass within the greenhouse of 5000 Btu/°F, or 9 MJ/°K. 

Plants were placed onthebenches with the pots inserted between the Q-Mat tubes. 
This provided excellent thermal contact between the pots and the Q-Mats. Normal 
spacing of one foot between pots was used at all times. The greenhouse was filled 
with plants (poinsettias and chrysanthemums) for all test periods. A mix of plants 
from rooted cuttings to the lush, flowering stage was maintained to simulate 
average operating conditions, and provide a relatively unchanging biomass from test 
to test. 

The concept of the Q-Mat is that it exchanges heat primarily by three means: 
convection with the air; thermal radiation with the plant canopy and other surfaces; 
and direct and diffuse solar radiation gain after the plants have first choice. 
Although the Q-Mats were made of clear polyethylene, the bench top was black to 
absorb solar radiation. 

It should be noted that all the data contained in this report pertains to the Q-Mat 
system operated strictly in a passive mode. The water was not moved between the 
Q-Mats and the insulated storage to optimize operation of the system. 

Q-Mat Heat Exchange Coefficients. The exchange of heat between the Q-Mats and their 
environment may be viewed as being influenced by five factors: (1) convective heat 
exchange with the surrounding air; (2)· radiative exchange between the mat and its 
surroundings, (3) conductive heatexthange with the pots, (4) condensation on (or 
evaporation from) the surface of the Q-Mat, and (5) absorption of solar radia~ion 
in the mat. 

The heat exchange coefficients were evaluated using the Q-Mats as calorimeters. 
Beginning with the Q-Mat either warmer or colder than the environment, its rate of 

. temperature change was monitored, in addition to monitoring the air temperature, 
flower pot temperatures·, solar flux above the plant canopy, thermal radiation (long
wave) above the plant canopy, and dew point temperature.' 

Complete details of the coefficients eyaluations will not be reported here. However, 
several observations are of interest: 
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(1) Within the temperature difference ranges one can reasonably expect to encounter 
the coefficients for the Q-Mats warmer than their environment are not significantly 
different from when they were colder. 

(2) With no plant canopy, the Q-Mats absorbed·approximately 55 percent of the 
incident solar radiation.· Under a thick canopy (chrysanthemums in the bud stage), 
approximately 25 percent of the solar radiation above the canopy was absorbed into 
the Q-Mat. Most of this fraction was, in fact, absorbed into the section of the 
Q-Mat on the south side of the bench. The south side was relatively unshaded when 
the sun was low in the sky, as it is during the winter. 

(3) The thermal contact between the Q-Mats and the flower pots was sufficient to 
ensure that they were very close in temperature. This could be very important in 
certain applications, and be either a benefit or a detriment. 

(4) The potential effectiveness of the Q-Mat was somewhat degraded by air bubbles 
which accumulated along the high points. However, their effect does not appear to 
be. seriOus eriougnto warrahf major efforts to eliminate them. 

The mass of data which was accumulated was distilled into two relatively simple 
relations to predict the heat exchange between Q-Mats and their surroundings. 
The equations were normalized by the area of bench on which the Q-Mats rested, not 
the actual area of the Q-Mats. 

Seedlings and rooted cuttings: 

(English) Q = 0.55S + 2.31 (T -T ) (1) a m 

(SI) Q = 0.55S + 13.1 (T -T ) (2) a m 

Full plant canopy: 

(English) Q = 0.25S + 1.85 (T -T ) (3) a m 

(SI) Q = 0.25S + 10.5 (T -T ) (4) a m 

Where Q is measured in 2 2 Btu/hr ft , or W/m . Two points should be noted in.these 
equations: 

(1) All effects except solar input are combined into a single "convective" 
coefficient. It is not clear why thermal radiation exchange with the environment 
above the plant canopy did not more strongly influence the results. That it did 
not leads to the use of the same equations for a:-greenhouse either with or without 
a night curtain in place, and for glass, fiberglass and polyethylene greenhouses. 

(2) The data apply to Q-Mats on benches. If the Q-Mats rest on the ground for 
bedded plants, air flow patterns around the Q-Mats may be sufficiently different to 
negate the use of equations 1-4. 

Heating Needs .. Data were gathered with the greenhouse operating in three different 
modes: (1) .no night cover or Q-Mats ("open" mode), (2) highly insulated night cover 
but no Q-Mats, and (3) highly insulated night cover plus Q-Mats. Test sequences were 
plann~d to obtain data in each mode both for midwinter and for late fall/early spring 
conditions. This was done to extend the applicability of the data. In general, 
the data for each mode could be consolidated into single sets, for the greenhouse 
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thermal behavior in any given mode was not influenced by the time within the heating 
season. 

The first data of interest were the heating needs as functions of the mode of oper
ation and the severity of the weather. The weather was characterized by degree
hours, the sum of the differences between the hourly air temperatures inside and 
outside the greenhouse. By using a fairly large data base in each case, the effects 
of wind, snow and rain were averaged and not accounted for directly. The greenhouse 
was operated for the entire season with "day" defined as 8 am to 5 pm, and "night" 
defined as 5 pm until 8 am the next day. 

For the open greenhouse, figure 1, the heating needs were defined by: 

(English) 

(SI) 

Q = 0.651 (DH-45) 

Q = 3.69 (DH-25) 

DH > 45 

DH > 25 

(5) 

(6) 

That is, the heat loss factor for the greenhouse is 0.651 Btuh/ft2-°F, or 3.69 
W/m2-°K, based on the greenhouse's floor area. This is confirmed by comparison to 
a previously obtained value for the same greenhouse (Albright et al. [1]) of 0.710 
Btuh/ft2-°F, or 4.02 Wfm2-°K. The difference is less than ten]percent, and may be 
in part a reflection of the very different weather during the 1977-78 heating season. 
In addition, the ventilation louvers were redesigned to close more tightly during 
the summer of 1978. 

The effect of just the highly insulated night cover is shown in figure 2. The night 
heating needs reduced to: 

(English) Q = 0.162 (DH-59) ' . DH > 59 (7) 

(SI) Q = 0.916 (DH-33) ; DH > 33 (8) 

A comparison of figure 2 to figure 1 (note the change of vertical scale) indicates 
there is no reason to believe that the X-intercepts should be different. There was 
enough scatter in the data to produce wide confidence intervals around the esti
mated values of the X-intercepts. 

The heat loss factor with the night cover in place is 0.162 Btuh/ft2-°F, or 0.916 
W/m2-°K. This was a reduction of approximately 75 percent in the heat needs of the 
greenhouse. If the X-intercepts are equalized, and the coefficients recomputed, 
the heat loss factor reduction is approximately 80 percent. The savings attributed 
to the night cover are somewhat !.ess than the 90 percent previously reported 
(Albright et al. [1]). It is hypothesized that part of the difference arises because 
of large differences in the floor heat losses. 

In the 1977-78 heating season, under-bench pebble bed storage was used. The 
reduced area of exposed floor, and floor warming caused by contact with the thermal 
storage (often over 80°F) lessened the influence of the floor on the total heat 
loss. With the floor warming effect eliminated, floor heat losses were a greater 
portion of the total heat loss, and were not reduced by the night curtain. Inter
estingly, confirmatory computerized studies of night .curtain effects were reported 
by Chandra and Albright [2]. Their work predicted a curtain effectiveness of 70 
percent for a deep ground temperature of 50°F and a curtain thermal resistance of 
10 ft2-°F/Btuh. 
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The ground effect was rather exaggerated in the greenhouse used in these tests 
compared to commercial operations. As reported by Chandra [3] floor heat loss is 
primarily an edge effect confined to the area within three feet of the perimeter. 
In the 24 x 48 feet greenhouse used for the tests, this strip comprised 34 percent 
of the floor area, a factor of considerable influence. Thus the effectiveness of 
a highly insulated night curtain can be expected to improve if used in larger 
greenhouses (in a 96 by 250 feet greenhouse, the edge effect is confined to 8 per
cent of the total floor area). 

The next modification, adding the Q-Mats, produced the effect shown in figure 3. 
The X-intercept was markedly increased, as would be expected because of the added 
thermal mass within the greenhouse. The night heat loss equations for Q-Mats plus 
the highly insulated night cover are: 

(English) 

(SI) 

Q = O.l13 (DH 

Q :::: 0.638 (DH 

270) 

150) 

(9) 

(10) 

The data describe a heat loss factor of 0.113 Btuh/ft2 °F, or 0.638 W/m2 °K. It is 
not a straight forward matter to translate this into a single energy reduction 
factor, due to the larger X-intercept. The heat loss factor shows an 83 percent 
energy savings compared to the open greenhouse. When the X-intercept confounding 
is eliminated by forcing the regression lines through a common intercept) the need 
for supplemental heat was estimated to be reduced by 90 percent. The night cover 
reduced the need by 80 percent, and the Q-Mats saved another 10 percent. 

The greenhouse was not quickly forced down to the nighttime temperature,after the 
night curtain was closed. The typical behavior of the greenhouse after the night 
curtain was closed was for the air temperature to coast down to the night tempera
ture over an interval of two to three hours (out of the total of 15 ''night" hours). 
The Q-Mats then continued to lose heat for most of the rest of the night, arid by 
morning were in thermal equilibrium with their surround~ngs. Thus,' if strict 
commercial conditions had been imposed on the greenhouse, the Q-Mat benefit would 
have been reduced. This is, of course, an affirmation of the incompatibility of 
passive solar heating and environmental control schemes using constant temperatures. 

·A great need exists to investigate the appropriateness of variable night and day 
temperatures for greenhouse production under commercial conditions. 

One technique that was used to quantify the overall effect of the Q-Mats was to 
calculate the daily fraction of solar heating as a function of the daily solar. 
insolation for the three methods of operation. The daily fraction of solar heating 
was computed by: 

Fraction Solar = 1 - measured night heating + measured day heating 
predicted night heating + predicted day heating 

(ll) 

The predicted heat needs were obtained from the degree-hour data and the appropriate 
regression equations (equations (5,6) or (7,8), depending on whether the night 
curtain was open or closed). Figures 4, 5 and 6 show the results. 

For the open greenhouse the sun provided a significant portion of the daytime 
requirements, but almost nothing at night*. Only on days that were warm, with a 

*There is some solar contribution at night due to the thermal mass of the green
house. However, that contribution is obscured by the method of computing the 
heating need equations, numbers 5 and 6. · 
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relatively great deal of sun, was the solar contribution more than SO percent of 
the total heating needs. (It must be emphasized that the heating needs are defined 
before the solar contribution is considered). The solar insolation values shown in 
figures 4, 5 and 6 are for outside the greenhouse. 

Figure 5 contains the data for the greenhouse with the highly insulated night cover 
but not the Q-Mats. With a regression through the origin, the solar fraction is 
predicted by 

(English) Daily Fraction Solar -4 . 2 8.83 x 10 (Insolatlon, Btu/ft ) (12} 

(SI) Daily Fraction Solar = 0.0778 (Insolation, ~U/m2 ) (13) 

When the Q-Mat was added, the data shown in figure 6 was obtained. The solar frac
tion in this situation is: 

(English) Daily Fraction Solar 

(SI) Daily Fraction Solar 

-3 . . 2 
= 1.27 x 10 (Insolat1on, Btu/ft ) 

0.112 (Insolation, MJ/m2) 

(14) 

(15) 

The primary conclusion of this is that the benefit attributed to the Q-Mats at night 
is to a reasonable extent a true benefit. It is not a matter of increasing the day
time heating needs in order to reduce night heating needs. It should be noted that 
in the greenhouse used for these tests, the bench area was relatively small - 40 
percent of the floor area. If this is raised to more reasonable levels, benefits 
attributed to Q-Mats should be somewhat larger. 

A final aspect of the Q-Mat performance is the actual amount of useful energy 
absorbed into the water each day. The absorbed energy was calculated based on the 
Q-Mat temperatures at 5 pm and 8 am. Figure 7 shows this factor as a function of 
the solar insolation (outside the greenhouse). It is likely that the data should 
not be represented as a linear function of solar insolation. For low values of 
insolation, the Q-Mats should remain generally at the greenhouse ambient temperature. 
To warm the Q-Mats from the nighttime greenhouse temperature to the daytime tempera
ture required approximately 41 Btu/ft2 (0.46 MJ/m2). Recall this is based on the 
greenhouse floor area, not the Q-Mat or bench area. More than this energy addition 
likely comes from excess solar heating, either directly or by convection from the 
air when the greenhouse is above the minimum daytime level. Equation (14,15) 
indicates this solar insolation threshold is approximately 370 Btu/ft2 (or 4.1 MJ/ 
m2). This is a relatively modest daily total for solar insolation, although it was 
attained only slightly more than half the days during November and December, 1978, 
and January, 1979 in central New York State. 

SUMMARY 

The Q-Mat system, operating in a passive heating mode, provides limited benefit as 
a solar heating system. The estimated threshold of daily solar insolation (outside 
the greenhouse) above which benefit is obtained is 370 Btu/ft2 (or 4.1 MJ/m2, or 
100 langleys) . This is a relatively modest daily solar energy total for most 
regions of the United States. 

However, the Q-Mat system does not collect enough solar energy during a day to 
provide much relative benefit unless a major effort is made to cons.erve energy at 
night. For the climate of central New York State in the winter, the Q-Mats 
contributed approximately 10 percent of the ·-riig.ht heating needs of an open Brace 
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Institute style greenhouse. This was for a bench area equal to 40 percent of the 
greenhouse area. 

A highly insulated night cover was tested for a second year, and showed approxi
mately 80 percent savings in the night heating needs. When the Q-Mat system was 
used in conjunction with the insulated night cover, the Q-Mats provided approxi
mately one-half of the night heating needs (the savings went from 80 percent to 90 
percent). 

Q-Mat systems of the type reported here provide excellent thermal contact between 
flower pots and the Q-Mats. The result is to force the pot temperature to track 
closely the Q-Mat temperature. 

Typical greenhouse temperature control schemes of constant day and constant (but 
lower) night temperatures do not lead to much benefit from passive heating systems. 
However, if day and night temperatures are permitted to vary and follow a more 
"natural" cycle,. the benefits from passive solar systems, and Q-Mats, could increase. 
However, before such recommendations can be made, extensive tests of the effects on 
plant growth of temperature variations must be completed. 

NOMENCLATURE 

DH Degree hours 
Q Heat flux 
S Solar radiation above the plant canopy 

Ta Air temperature 
Tm Q-Mat temperature 
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PERFORMANCE OF A COLLECTION/STORAGE SYSTEM FOR GREENHOUSES 

INTRODUCTION 
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Work in greenhouse energy conservation at North Carolina State University has 
centered around the development of a system for storing the excess energy col
lected in a greenhouse during the day and reclaiming it for use at night. 
The initial phase of the study involved the use of internal storage beds located 
under the benches (Willits, et. al., 1976). The results showed that while a 
savingE of 12.9% was actually recorded for a two week period in January this 
could have been raised to 19.2% if enough storage volume had been available to 
accommodate all of the energy available. Since adding more rock beds to the green
house was not practical due to space limitations, it became apparent that some 
type of external storage would have to be incorporated if the amount of energy 
available were to be efficiently utilized. The emphasis of the project, therefore, 
became the development of external storages which can be added to existing green
houses with minimal modification to the house itself. The objectives call for the 
investigation of external storage under actual conditions followed by the develop
ment of simulation models to extrapolate the performance data to other conditions. 
Also included in the project objectives is the investigation of alternate methods 
of passing air into and out of these storages so that size, shape, and orienta
tion can be altered to fit the existing space and heating requirements. 

The project, as funded by the Department of Energy (DOE), is less than one year 
old and is currently in the initial data collection phase. Simulation models are 
currently being constructed and will be available soon. This paper will cover the 
construction and instrumentation of the system as well as some performance data 
from this past fall and early spring. 

CONSTRUCTION AND MATERIALS 

The greenhouse collection/storage system developed for this study was not de
signed with economy in mind. After reviewing the lite~ature; it became apparent 
that there were too many unknowns related to low grade energy collection and 
storage to make cost effective design decisions in all areas. Therefore, the 
design philosophy adopted was to treat the unknown areas conservatively, without 
regard to economics. This approach will allow us to gain the experience we need 
to develop the models necessary to evaluate the cost effectiveness of the various 
trade-offs. 

The greertlwu::;e collection/storage system is shown in Fig. l. It consists of a 
rock storage unit, 10 ft wide 'x 6.3 ft high x 44 ft long; a single-glazed fiber
glass greenhouse, 22 ft wide x 40 ft long; a 22 in centrifugal blower powered 
by a 1 l/2 hp motor; and two 25 in diameter ducts connecting the rock storage to 
the greenhouse. The greenhouse and rock storage are oriented north-south with the 
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blower located at the south end. The thermal capacity of the structure plus rocks 
was designed to be approximately 500,000 BTU based on a 22 F temperature cycle 
(82 F - 60 F). The storage is constructed of concrete block with a 4 in thick 
concrete slab floor. A false floor of expanded metal provides a base for the rock 
to rest on while permitting air to flow in either direction. The roof is a ply
wood-covered truss design with cellulose fill insulation inside. The roof sections 
are 4 ft long and designed to be removed and replaced manually to gain access to 
the rock. Sealing between roof sections is accomplished by sheet metal lips 
pressing against rubber-covered, foam gaskets. The roof sections rest on support 
rails (treated 2 x 4's bolted to the side of the structure) with gaskets for 
sealing. The structure contains approximately 42 tons of crushed granite graded 
so that 100% passed a l in sieve and no more than 6% passed in l/2 in sieve. The 
material is quite uniform with the average rock size being 3/4 in. This s,ize was 
chosen partly because of the trade-of.f between heat transfer and pressure drop 
and partly because o~ availability. The bulk density of the rock was measured and 
found to be 87 lb/ft and the void fraction is 0.46. 

The insulation requirements for the structure were arbitrarily established since 
cost effectiveness was not important at this stage. The overall goal was a heat 
loss rate of 10% of the total capacity per day for a mean temperature difference 
of about 25 F between inside and out. This would mean that a fully charged rock 
bed (82 F) would lose no more than 10% of its energy during a 24 hr period in 
which night heat was not required leaving 90% of the full charge for the following 
day even if no collection occurred. Most of the inl:>ulat.i.un was installed in the 
roof, the upper portion of the walls, and in the plywood chaises carrying the 
ducts. The roof is insulated with 6 in of cellulose fill to R-23_.5, including 
the plywood. The cores of the blocks in the walls of the structure were filled 
with vermiculite and supplemented with 2 in of styrofoam insulation board on the 
outside to a depth of 4 ft. The ducts are insulated with 6 in fiberglass batts 
and the blower housing (plywood) is fitted with 6 in styrofoam board inside. No 
insulation was placed under the slab or on the outside of the lower l/4 of the 
walls. 

Drainage is provided for by two 4 in plastic drain lines (not shown) lying parallel 
to the axis of the structure approximately 6 in below the bottom of the slab. 
These lines connect to the inside of the structure at the north end (through the 
slab) to provide drainage for condensation, and to a 6 in main at the south end 
which runs to the bottom of the hill. Crushed gravel was used for backfill around 
the structure, in place of the original clay, to insure free flow to the drain 
lines. 

Air flow through the system is from south to north (Fig. 2). Air is taken from 
the greenhouse at floor level and passed into the structure from the blower end. 
Dampers mounted on the retaining walls control the flow of the air into the 12 in 
plenums above and below the rock. Direction of air flow through the rocks is thus 
reversible to enhance thermal stratification. The air is then returned to the 
greenhouse through a diffuser at the opposite end of the house, once again at 
floor level. No attempt has been made to take advantage of the internal thermal 
stratification within the greenhouse. 

The only modification to the greenhouse, other than the duct attachments, was the 
installation of north wall insulation to improve collection efficiency. Fiber
glass batts (3.5 in) were added between the studs (32 in O.C.) and l/4 in foil
faced insulation boards (R-2) attached to the inside serve as a reflective surface 
The only areas uninsulated are the ventilating louv.ers which were left unobstructec 
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for ventilation purposes. The ratio of insulated to uninsulated surface area 
is approximately 8.3%. 

CONTROLS AND INSTRUMENTATION 

The system is control~ed by a mi~rocomputer system described in Willits, et. al. 
(1978). The microcomputer monitors the total solar radiation, the air temperature 
at exit of the rock bed, and the air temperature in each of two houses, the test 
house and an identically exposed control house. Each house has a two-speed vent 
fan, an evaporative pad system, a natural-gas fired unit heater, and an overhead 
fan-tube system for recirculation. The fan-tube system operates continuously in 
both houses. 

The control algorithm in the test house replaces the low speed vent fan with the 
rock bep blower for the first level of ventilation. For nighttime heating, it 
always calls on the rock storage first unless the exit air temperature shows the 
bed to be depleted or unless the air temperature in the house falls 1 F below the 
set point indicating that the rock storage is incapable of carrying the load. 
Set points in both houses are identically 82 F for low vent, 85 F for high vent, 
87 F for the evaporative pads, 60 F for night heat, and 70 F for day heat. 

The conversion from day 
radiation level against 
count ensues after each 
switching takes place. 
the count starts over. 
light levels to prevent 

to night control is accomplished by compari~g the solar 
a threshold value, in this case 5 BTU/hr ft . A 30 minute 
crossing of the threshold in either direction before 
If the threshold is recrossed before the 30 minutes is up 
This is done to dampen the response to suddenly changing 
unwanted oscillation. 

Environmental data in both houses are collected on a Esterline Angus PD2064 data 
logger. Inside air temperature, outside air temperature, wind speed and direction, 
total solar, infrared solar and temperatures at 18 locations within the rock bed 
are monitored by the data logger. The control computer provides a detailed look 
at energy usage by summarizing the running times for each control element in each 
house, including partitioning the fossil fuel usage into day and night consumption. 
Daily readings of the gas and electricity meters in each house provide an overall 
view and a check on the data provided by the computer. 

SYSTEM OPERATION 

The system has been in operation since October 15, excluding a period from 
January 18 to February 15 when the houses were between crops. The first crop was 
planted September 19 and was reJHoveu on January 15. A total of seven harvests 
were made starting December 11 and ending January 15. A second crop was planted 
on February 15 extending through the present. The crops consisted of two culti
vars of tomatoes (Tropic and Michigan-Ohio), 120 plants per house, 10 plants per 
bed. The beds are arranged perpendicular to the longitudinal axis of the house 
with six beds on either side of the center aisle. The plants were planted two 
rows per bed, one cultivar to a row. 

The system performance data for the two periods (Oct-Jan, Feb-Mar) are summarized 
in Table 1 including the gas consumption for each house, the monthly average 
temperature differences between inside and outside, the average solar radiation 
received each day, and the monthly average wind speed. As expected the highest 
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perc~ntage savings occurred in October and the lowest in January. What was not 
expected was that collection essentially stopped after the first week of December 
until the plants were removed on January 15. Collection resumed January 16, al
though the quantity collected was small. Since this period of inactivity coin
cided with the period of lowest outside temperatures, lowest solar radiation 
totals, and significantly, the largest amount of plant mass in the houses, it is 
difficult to determine the exact reason for the lack of collection. Although 
Wilson, et. al. (1977) state that evapo~ranspiration in a greenhouse is too small 
to be a factor in solar energy collection, comparison of the results of Willits, 
et. al. (1976), in which collection was experienced in January where the crop was 
small potted plants (klanchoes in 6 in pots), to the results of this study, where 
the weather was similar but the crop occupied nearly 80% of the volume of the 
greenhouse, indicates that evapo=transpiration may have indeed been significant. 
A more detailed analysis of the data for both seasons should provide srnne answers 
since the relationship between biomass and weather is inverted in the spring from 
that in the fall. If the reason for the lack of collection does turn out to be 
biomass it may well be that this system will not be suitable for crops where the 
largest biomass coincides with the poorest weather. It should be noted that col
lection did occur in February when the new crop was started but the rock bed tem
perature had dropped so low (50 F) due to two months of inactivity that savings 
did not occur until the deficit was made up. It should also be noted that the 
data presented are destorted by the fact thaL the latter part of March and all of 
April have not been included, data which will undoubtedly raise the overall 
savings. 

North Wall Effect 

The effect of the north wall insulation is illustrated by the data in Table 2. 
These data represent a period in January during which there was no rock bed 
activity. Note that the total savings recorded always exceeds that which would be 
predicted by the ratio of insulated area to uninsulated area (8.3%) even if perfect 
insulation had been used. This is similar to the r~sult reported by Wilson et. al. 
(1977) in which they experienced a 71% reduction in heat loss for a glass house 
insulated over less than 50% of its surface area. The conclusion they reached 
was that the results were due to a reduction in infiltration which supplemented 
the effect of the insulation. The data in Table 2, however, show that the energy 
savings due to the north wall insulation cannot be completely explained by infil
tration alone. 

The period shown in Table 2 was selected specifically.to illustrate the effect of 
solar insolation on the north wall contribution. The average temperature dif
ference and average wind speed were relatively constant during the period making 
it easier to see the intended relationship. The data ~learly show that the daytime 
savings is more variable than nighttime savings with the night say1ngs being 
closer to what would be expected if the wall were acting as a thermal barrier 
alone. The data also show that the daytime savings is, at least for this period 
of record, highly correlated to solar insolation. This indicates that the north 
wall is probably acting as a solar radiation barrier allowing the greenhouse to 
trap more energy than if the wall were translucent. Space does not permit the 
presentation of other data showing that increasing temperature difference and wind 
speed negatively affect the percentage savings; however, these data, along with a 
more thorough analysis, will be presented in the final report to DOE at the end 
of the year. The implication of these results is that the insulated north wall 
will produce these kind of results regardless of the type house to which it is 
applied. If the increase in contribution is indeed due to solar collection, 
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rather than infiltration reduction, it is reasonable to assume that the results 
would be nearly the same in a double poly house, where infiltration is minimal, 
as in a glass house, where infiltration is high. 

As for the effect of the insulated north wall on plant yield, the marketable fruit 
weight per plant for the fall season was analyzed using Duncan's multiple range 
test considering each cultivar as a treatment and each row as a replication with 
5 observations. This resulted in two treatments with 24 replications, with 12 of 
the replications being in the test house and 12 in the control house. Although 
differences between rows (replications) within a cultivar were found to exist at 
the ~05 level, none could be correlated to the north wall effect. In fact, of the 
8 rows in each house nearest the north wall there were no significant differences 
within the cultivar Tropic, and no differences between 6 of the 8 rows within the 
cultivar Michigan-Ohio. The remaining rows of Michigan-Ohio, one in each house, 
were not significantly different from each other. It appears that either the 
north wall has no effect on plant yield or that other differences masked the 
effect. 

Thermal. Decay 

One of the concerns about the desirability of outside storage vs. inside storage 
deals with the increased potential for heat loss of the external structure. Al
though it is impossible in the space allotted for this paper to fully characterize 
the thermal behavior of a structure this size exposed to diurnal temperature 
cycles, some indication of the thermal decay rate can be obtained by looking at the 
mass average temperature of the rock structure during a period of idleness. Un
fortunately, only one period occurred in which the system remained idle after 
having reached full charge, the period from midnight, October 28, until midnight, 
October 29. At the beginning of the period the mass average temperature of the 
rock in the structure was 80.7 F. At the end of the period the temp.erature had 
dropped 3.29 F, 15% of the maximum temperature cycle of the system. The average 
outside air temperature was 56.3 F during the period resulting in a mean tempera
ture difference of 23.0 F. Although the rate of decay is somewhat higher than the 
design goal it is still not high enough to be detrimental. 

CONCLUSIONS 

Although the analysis of the performance of the system is far from complete a few 
preliminary conclusions can be drawn: 

1. The system has performed as expected except for the period from early December 
to mid-January when the fall crop was at peak maturity. 

2. The contribution of the insulated north wall is not clear and neens to be more 
closely examined before its role is fully understood. 

3. An external storage structure can be adequately insulated against excessive 
heat loss; however, cost effective limits have yet to be established. 

Future work will deal with the development of satisfactory computer models which 
can be used to predict the effect of changing certain variables on system per
formance. High pr·iori ty will be given to optimizing the temperature levels within 
the greenhouse with respect to energy collection and to determine the feasible 
limit on the amount of biomass the system will accommodate. Field work will begin 
in these areas next fall. 
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TABLE l. MONTHLY SUMMARY OF PERFORMANCE DATA. 

Test House Control House 

Date Gas Usedl/ 
2/ 

Gas Used Av§ liT Savings 
4/ 

Average Wind Ava liT- Avg So~ar-
· (THERMS)- (oF) (THERMS) ( F) (%) (3TU/ft day) Speed (mph) 

Oct. 15-31 29.6 11.2 65.5 11.0 54.7(48.9)~/ 1226 6.48 

Nov. l-30 136.3 12.8 169.4 13.0 19.5(17.8) 668 4.09 

Dec. l-31 281.6 21.0 321.7 21.0 12 .5(11.86) 722 5.46 

Jan. l-18 217.2 27.3 243.5 27.2 10.8(10.3) 691 5.86 

Feb. 15-28 181.6 ;26 .2 204.2 26.0 11.1(10.8) 917 6.09 

I·. 

-.1 Mar. l-15 100.0 17.0 123.8 16.6. 19.2(18.6) 1216 6.26 
~ 

l/THERM = 100,000 BTU. 

2/ 
- Average difference between inside and outside temperature for the period. 

3/· . - F1gures in parentheses are percentage savings adjusted for electrical consumption. 

~/Horizontal surface. 



TABLE 2. EFFECT OF SOLAR INSOLATION ON INSULATED NORTH WALL CONTRIBUTION. 

% Savings 
1/ 2/ 

Avg Day Avg Night Total S~lar- Avg liT-
Date Day Night Total (BTU/ft Day) (oF) Wind Speed Wind Speed 

(m h) (mph) 

Jan 9 24.6 8.1 12.0 1143 31.3 4.6 4.1 

10 23.6 7.3 10.7 1084 33.5 4.3 2.4 

11 16.5 6.8 10.1 743 32.7 6.9 3.9 

12 no data 99 33.9 3.!:! 4.5 

13 10.8 6.3 8.4 220 30.2 2.2 3.9 

14 14.1 9.1 10.3 416 23.6 11.8 8.9 

15 25.2 4.9 9.3 1175 35.4 4.2 2.3 

!/Horizontal surface. 

2/ 
- Average difference between inside and outside temperature for the 24 hr 

period. The difference between houses was less than 0.2 F. 
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Overall view of greenhouse collection/storage system. 
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(a) charging mode 

RETAINING WALL 

(b) discharging mode RETAINING WALL 

Fig. 2. Cross sectional view of the storage bed showing airflow through the rock for-both the 
charging and discharging mode. The blower (not shown) is attached to the left end of the 
structure. 
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THE OPERATION OF A SOLAR POND-TO-GREENHOUSE HEATING SYSTEM 

Ted H. Short, Phillip C. Badger and W. L. Roller 
Department of Agricultural Engineering 

Ohio Agricultural Research and Development Center 
Wooster, Ohio 

A solar pond built at the Ohio Agricultural Research and Development Center 
(OARDC) during the summer of 1975 was designed to space heat up to half of an 
adjacent greenhouse (Figure 1). Another greenhouse of the same size and shape 
was heated with natural gas and compared to the solar-pond-greenhouse system. 
Since 1975 the solar pond has been modified to improve its reliability and 
efficiency and a polystyrene-pellet nighttime-insulation system is under develop,:-.. 
ment for greenhouses. This new combination may provide a surplus of heat for ·,, 
the solar heated greenhouse (Short, 1978). However, some solar pond operational 
problems still exist and further technical development is required. 

The OARDC solar pond was selected for Ohio as one of the more feasible solar 
systems to collect and store summer solar heat for winter use (Short, 1978). 
This feature is especially important in more northern climates where the total 
summer radiation exceeds three times the total winter radiation. If a clean s~lar 
pond is sized properly, it is possible to collect enough solar energy to approach 
boiling levels. This same pond can maintain elevated temperatures within its 
lower depths even while covered with winter ice and snow. The potential for 
matching this solar system to space or process water heating becomes as feasible 
as the available land will allow. 

Solar ponds are heated by absorption of short wave solar radiation through
out the vertical profile and at the pond liner. The upper level of the pond must 
have a transparent concentration gradient for the lower level to absorb and con
tain heat from visible and ultraviolet radiation. Most of the infra-red radia
tion is absorbed at or near the surface of the pond and this energy tends to be 
lost to the air by evaporation and conduction-convection. 

The solar transmission characteristics of polyethylene-greenhouse-type 
covers with a reflector system were evaluated for the OARDC solar pond in 1976 
(Husseini, Short, 1977). Irradiance at the pond surface was reduced by 23% or 
more depending on dirt, water vapor, and ice accumulation on the cover. The 
cover provides only a minor improvement in pond insulation when considered in 
series with the gradient. The net effect of the covering sy~tem was found to 
be negative. However, some temporary, well-insulated winter cover may be advan
tageous to reduce heat loss and to stabilize the pond surface. 

Ted H. Short, Associate Professor; Phillip c. Badger, Research Associate; 
and W. L. Roller, Professor; Agricultural Engineering Department. This paper 
was approved for publication by the Ohio Agricultural Research and Development 
Center as Journal Series No. 83-79·. This work was done under USDA/SEA Coopera
tive Agreement No. 58-7B30-8-16. 
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A general objective of the OARDC solar pond greenhouse system has been to 
have a pond surface area equal to or less than the floor area of the heated 
structure. This size objective has affected both the heat transfer design as 
well as the pond construction design. For instance, the heat transfer system 
involves water loops through water-to-air heat exchangers and a heat pump when 
the pond is near or below the greenhouse temperature. The pond was designed to 
be 8.5 x 18.3 x 3.0 meters deep, with a flexible liner and insulation in verti
cal wood-framed side walls. The solar pond has a high density convective zone 
of approximately 15%-20% sodium chloride in the lower half (1 .. 5 m). The top 
1.5 m of the pond is composed of a concentration gradient that varies from the 
convective zone concentration (15%-20%) to nearly 0% at the surface. 

Pond Construction 

There are many different ways to construct a solar pond depending upon the 
availability and value of space and land. An earthen pit with side slopes up 
to 45° is probably the most economical construction approach for large commer
cial solar ponds. Sloping sides, however, are less effective for small ponds 
since they increase the land area, salt requirements and heat losses. In all 
pond designs, a good leak-proof liner is essential to properly contain the con
centrated brine. Some form of insulation around the pond is necessary for long 
term storage. Rabl and Nielson (1975) proposed that solar ponds should become 
well insulated as the soil dries beneath the pond. This concept, however, has 
not worked with the OARDC pond. Neither has the soil been found to be a useful 
heat storage media, since the pond temperature is seldom less than the soil 
temperature. Therefore, an insulating technique was developed for the pond 
bottom when the OARDC pond was thoroughly re-designed in 1977 (Figure 2). To 
help assure dry soil directly beneath the pond, a 0.10 mm polyethylene vapor 
barrier was laid over the previous bottom and covered with 0.5 m of dry sand. 
Another 0.15 mm polyethylene sheet to serve as a backup liner was placed over 
the sand and extended approximately 1.0 m up along the walls. A 7.5 em diameter 
perforated plastic pipe was placed on top of the polyethylene sheet along the 
centerline slope. Additional plastic pipe was extended through the pond east 
wall to a concrete pipe manhole in the east pond bank. Pea gravel was spread 
over the polyethylene sheet and pipe to provide a level surface and a stable, 
porous backfill. Ten centimeters of construction grade (silicone treated) per
lite were placed over the pea gravel to provide the main liner support and an 
insulation layer. Polyethylene sheets were then hung from the wall to serve 
as a main liner cushion and a vapor barrier. These sheets overlapped on the 
inside of the backup liner to serve as an extension of that liner. This design 
provided a means of leak detection and containment, and the perlite gravel back
fill is not expected to erode or lose bearing strength if a small leak occurs. 

A polyester-reinforced alloy-vinyl pond liner was selected to meet solar 
pond design criteria after numerous failures occurred with a chlorinated poly
ethylene liner. Laboratory test comparisons with other liner materials indica
ted the alloy-vinyl material was superior in strength, dimensional stability 
and low porosity for a temperature range of 0 - 80°C. A fabricator was selected 
who had experience with vertical wall designs. Good fabrication has been found 
to be as important a consideration as the material since pond leaks can easily 
occur at seams or poorly designed corner areas. 
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Gradient Establishment and Maintenance 

Gradient establishment requires a significant amount of salt. In 1975, 
the 3.6 m deep (0.6 m deeper than present design) pond was established at a 
maximum concentration of 20%. This required over 120,000 kg (130 ton) of 
sodium chloride. To evaluate the need for such large quantities, Elwell (1977) 
studied the effect of solar pond concentration on gradient stability. He found 
that the theoretical limit on concentration of the OARDC pond was only 12% if 
the pond was to remain stable at 93°C. Any concentration greater than 12% 
would make the pond more stable while adding to the initial cost. Thus, when 
the pond was re-designed in 1977 to be 3 m deep, the concentration was arbi
trarily established at 15%. This required approximately 59,000 kg of sodium 
chloride that was hauled by truck and dumped by elevator into a pond filled 
3/4 full of freshwater. Approximately half of the salt went directly into 
solution and the other half piled up on the bottom. A 6 kw portable pump was 
used to circulate brine into the salt pile until all the salt was dissolved. 

The gradient in the upp~r half of the pond was subsequently established 
by first adding freshwater to the surface of the 15% brine until the pond was 
filled. Then a pump with a "Y" inlet was used to pump and mix 0% and 15% to 
form a 7.5% mixture that was injected between the two layers of the freshwater 
and concentrated brine. /More new layers were injected by this process until 
the upper half of the pond consisted of concentration zones less than 10 em 
thick. Salt in these layers diffused across the layer boundaries to form a 
gradient between the large 15% convective zone in the bottom half of the pond 
and a small convective zone at the surface (Short, 1976). This gradient 
serves as a transparent insulator that has an approximate thermal conductivity 
of 0.62 W m hr-2 m-2 °K-l. 

The solar pond was operated most successfully (without leakage and repair 
·"' problems) during the summer months of 1978. Some record high temperatures and 

heat storage levels were attained, but the maximum temperature fell shortof an 
80°C goal. The storage zone temperature on March 21, 1978,was 16.8°C (62°F). 
This zone temperature rose to 39.8°C (122°F) on June 21 and a maximum of 56.0°C 
(133°F) on July 21. The pond tended to reach an equilibrium temperature of 
approximately 55°C (132°F) during the latter part of the summer. This equili
brium became of concern, but was difficult to analyze without a good pond 
mathematical model. However, pond concentration profiles over a month period 
subsequently revealed a slow, but definite erosion on the bottom side of·the 
gradient as shown in Figure 3. It was theorized that the erosion was either 
due to massive convection of the storage zone or local convection along the 
north wall of the pond. Salt was subsequently deposited on the pond bottom 
along the north and south walls in late August to increase the salt concentra
tion and slow convection within the storage zone. A total of 1,818 kg (4000 
lbs.) of NaCl were added on August 31, 1978, and 5,964 kg (13,120 lbs.) of NaCl 
were added on September 12 (Figure 3). Such additions were made by dumping 
salt through a large funnel that released s.alt below the gradient. A 20% con
centration zone gradually developed in the bottom 60 em of tl1e pond and this 
zone tended to have the highest temperature. Thus, an average pond storage 
temperature shows a discontinuity starting in November (Figure 3). It is still 
not definite as to the initial effect of the salt addition. Massive convec-
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tion may have decreased as a result of less solar input and decreasing pond 
temperatures during the latter part of summer. However, the new gradient 
that formed near the bottom of the pond was a good indication of decreased 
convection. 

General gradient maintenance can either occur naturally or be done arti
ficially. The general requirement is to remove the salt that is slowly diffu
sing upward through the gradient at an approximate rate of 3.72 x lo-8 gm 
cm-2 sec-1. Mechanical maintenance requires pumping off a surface layer during 
the summer months at 60 to 90 day intervals. Usually 15 em of the dilute solu
tion near the surface is removed and replaced with 7-15 em of freshwater. 
Some of the freshwater can be made up with rainfall and some freeboard is 
desirable to prevent overflows· after severe storms. The gradient is maintained 
naturally in winter if ice forms on the surface. The ice controls the mixing 
of rain or snow that has accumulated on the surface and freezing is a desalt
ing process which tends to purify the surface and reconcentrate the brine below 
the ice. The ice also protects the pond from wind mixing, but no light trans
mission occurs since the ice is always covered with frost or snow. 

Light Transmittance and Maintenance of Pond Clarity 

Light transmittance through the g:~adient of the solar pond was studied with 
an underwater Eppley radiometer during May and June 1978. Average transmittance 
just below the gradient zone was around 0.2. This is equivalent to a 20% collec
tion efficiency (ass.uming. no losses) which seems to be a good average figure when 
the pond is kept free of debris, algae and bacterial growth. Brine leakages 
through the radiometer seals prevented these studies from continuing throughout 
the summer. Design modifications are being worked out with the Eppley Company 
to develop a more durable instrument for this harsh pond environment. 

Chemical treatment of solar pond brine is necessary to control bacteria, 
algae, and mineral content for good sunlight transmissivity as outlined by 
Short (1978). Control of brine pH is first of all necessary for optimum per
formance of the chemical treatments and to minimize corrosion. There are differ
ent methods and chemicals available for maintaining clarity with most of them 
adaptable from standard swimming pool and municipal water treatment procedures. 

Heat Removal 

A schematic of the heat removal system installed in 1977-78 is shown in 
Figure 4. Heat was taken from the bottom of the solar pond by circulating pond 
brine through plastic pipe to the shell of a shell and tube heat exchanger. 
Brine pumping was selected over an in-pond heat exchanger after a mathematical 
model study predicted that large in-pond heat exchange surfaces would be 
necessary at low pond temperatures. The heating system was designed so that 
when the pond was between 40°C and 80°C, freshwater in the tubes of the shell 
and tube heat exchanger was circulated to a water-to-air discharge heat exchanger 
in the greenhouse. When the pond was between 5°C and 40°C freshwater from the 
tubes of the shell and tube heat exchanger was pumped through the evaporator of 
a heat pump to keep the temperature of the water delivered to the greenhouse 
slightly above 40°C. A stand-by natural gas furnace was used for hot water 
heating when the.solar system was not operating. 
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All hot water flows were monitored with water flow meters and resistance
temperature devices (RTD's) at the inlet and outlet of each heat exchanger. 
The temperature differences and flow rates were integrated electronically and 
recorded hourly at a central data processor. Natural gas flows to the control 
greenhouse and to the stand-by furnace in the solar heated greenhouse were moni
tored with standard gas meters and.time c.locks. Solar radiation was measured 
inside and outside the solar pond heated greenhouse to determine the amount of 
passive solar heating during the daytime. Electrical consumption of the heating 
system pumps and the heat compressor was recorded with a ·standard KWH meter. 

Although the solar heat exchange system was operated during part of the 
previous winter of 1977-78, accurate heat flows were not measured and recorded 
until January, 1979. This instrumentation delay was somewhat unfortunate since 
the pond was already in the heat pump phase of operation when.all data systems 
were functioning. However, on two very cold days in January 1979, the direct 
exchange system was tested even though the pond was at 27°C and well below the 
40°C design temperature. The system was operated continuously with an average 
output of 7.560 kcal/hr (Figure 5) and was able to meet 45.5% of the average 
heating load (Table·l). All pumps as well as the air handler motor ran contin
uously to give an average system performance factor (SPF) of 4.1 (Figure 6). 
This meant that 4.1 units of heat energy were being moved from the pond to the 
greenhouse for each unit of equivalent electrical energy required by the pump 
and blower motors. 

? 

In late ~anuary, the warm water discharge from the shell and tube exchanger 
was switched to the heat pump system. The heat pump compressor ran almost con
tinuously in late January and early February to supply approximately 15,000 kcal/ 
hr. The heating load, as indicated by Figure 5, fluctuated ·extensively between 
day and night since the greenhouse crop required 22°C (72°F) during the day and 
14.5°C (58°F) during the night. However, the daytime gr~enhouse heat supply 
was greatly supplemented with passive solar energy, especially in late January. 
A total of 78% of the late January and 51% of the early February fossil heat 
requirement was met with the solar pond system (Table 1). 

The drop in the pond storage zone temperature during January heating can be· 
seen in Figure 6. When the pond reached about l5°C, and the heat demand was 
high, the heat pump system began having operational problems. These problems 
were especially related to balancing water flows to the heat pump evaporator. 
If the flow was too high, the suction pressure decreased rapidly and would stop 
the compressor. If the flow was too low, icing developed on the evaporator 
coils. It was decided at this point to switch the pond brine flow directly 
to the heat pump evaporator and eliminate the shell and tube exchanger (Figure 4) 
during heat pump operation. This modification was successful and the heat pump 
began operating smoothly again. 
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During the first half of March 1979, the heat pump solar pond system carried 
the entire heating load (Table 1). Passive solar heating of the greenhouse was 
so effective during this period that almo.st all daytime heating was passive and 
all night heating was supplied from the pond (Figure 5). During this time, the 
ice on the pond surface melted and the pond began collecting heat. By mid March, 
the pond was actually collecting heat faster than it could be discharged with 
the heating system. 

Discussion of Results 

It has been demonstrated that solar pond systems can be designed and oper
ated to effectively collect, store and transfer solar energy as heat. A number 
of problems with the pond and heat exchange equipment have occured, however, and 
must be better understood. While collecting heat in the solar pond during late 
summer of 1978, the pond gradient became severely eroded. This eroded gradient 
not only reduced the total summer heat collection, but it left the pond surface 
very poorly insulated for the winter. The gradient was again eroded in the spring 
with the brine pumping system after the heat transfer test runs were completed. 
While evaluating a new brine filtration system, flow rates were increased from 
1 L/s (16 gpm) to 1.5 L/s (25 gpm). Also a significant amount of air was leaking 
into the pumping system such that severe gradient erosion occurred over a 2-3 
day operating period. 

It has consistently been found that the best time to re-work the solar pond 
chemistry is during the spring when small temperature gradients exist. A plan 
being implemented for the 1979 collection period will be to increase the maximum 
concentration back to 20% for more stability. All efforts will be made to reach 
the 80°C goal by late summer while maintaining a good gradient for winter insula
tion. 

The future of solar ponds still looks very interesting. The economics 
have been shown to be favorable by Nielson (1975) and Styris (1976), but much 
depends on ones ability to design and operate solar ponds without losing 
stability while maintaining maximum clarity and efficiency. It is anticipated 
that continued studies with an operating solar pond and computer model will help 
answer the many questions about solar pond technical and economic feasibilities. 
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TABLE 1. The actual contribution of the solar pond and auxiliary heating system 
to the greenhouse heating load. Passive solar heating of the green
house is not tabulated, but is shown in Figure 5. 

NATURAL GAS FUEL SOLAR POND HEAT PERCENT 
TIME SPAN {K .CAL} {K.CAL2 SOLAR POND 

16 - 18 January 4 . 53 X 105 3.78 X 105 45.50 

26 - 29 January 3 . 28 X 105 1. 22 X 106 78.80 

6 - 9 February 7.34 X 105 7.67 X 105 51.00 

26 Feb. - 4 March 1.23 X 106 100.00 

5 - 11 March 1.16 X 106 100.00 

12 - 14 March 6 .45 X 105 100.00 

- 89 -



Figure 1. An overall view of the solar pond-greenhouse complex. The green
house module nearest the pond was solar pond heated and the farthest 
module was heated with natural gas. 

3" PLASTIC PIPE VAPOR BAIUUBR 

Figure 2. A cross-section of the re-designed solar pond with a leak detection 
system and bottom insulation. 
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Figure 4. A schematic of the solar pond heat removal system. The heat pump 
was used when the pond temperature was between 5°C and 40°C and a 
direct unit heater was used when the pond temperature was between 
40°C and 80°C. 
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Figure 5. Average daily heat received by the greenhouse for day/night tempera
tures of 22/14.5°C in relation to solar pond heat supplied. The 
natural gas contribution is shown in Table 1 for the same time 
periods. 
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Figure 6. The performance of the solar pond heat transfer equipment. The 
system performance factor (SPF) takes into account the thermal 
efficiency of all electric and blower motors as well as the heat 
pump compressor. The heat pump coefficient of performance (COP) 
accounts for on~y the thermal efficiency of compressor. 
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ENERGY CONSERVATION AND SOLAR ENERGY UTILIZATION FOR GREENHOUSES! 

INTRODUCTION 

J. W. White, R. A. Aldrich, W. J. Sherry, 
C. A. Mueller, W. F. Milburn and M. Kern2 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

Commercial greenhouse growers are being forced to examine many alternatives as pos
sible solutions to problems of fossil fuel scarcity and high fuel prices. Any tech
nique that reduces the amount of fossil fuel used will alleviate both scarcity and 
price generated stresses. An increase in the thermal resistance of the greenho~se 
shell (insulation) and/or substitution of an alternative energy source for fossil 
fuel will reduce fuel use. 

OBJECTIVES 

a. To design, build and evaluate solar heat s~orage and recovery systems using the 
greenhouse as the collector and using external hot air and hot water collectors. 

b. To design, build and evaluate greenhouse structures and environmental control 
systems that make efficient use of solar energy for heating and for plant growth. 

STRUCTURAL COVERING EVALUATIONS 

Each of the double layered houses (Fig.1,2) reduced heat loss by approximately 35 to 
40% compared to the glasshouse, fiberglass (Fig. 3) or fresnel lense acrylic houses. 
High winds pulled the polyester loose from the south walls extruded aluminum fasten
ers requiring its replacement with polyethylene in mid January. Different and better 
fasteners will need to be developed for this heavier (7, mm) and less flexible film 
plastic. 

Cracks developed in several panels of the 5 mm double layer acrylic. At this point 
we are not sure if this was caused by water freezing inside the individual channels 
or by nicks in the panels during installation which gradually enlarged with the 
stresses caused by repeated expansion and contraction. The integrity of the other 
materials has remained intact. 

When ice or snow storms were accompanied by very cold weather, the snow and ice ad
hered to the roof panels. The accumulation of snow and ice reduced light transmis
sion through these panels. However, most of the accumulations were on the north 
roof from which only a limited amount of reflected sky light was available. 

In areas of limited snow and ice these problems will not be serious, but in more 
northern areas it may be necessary to build separate houses when using double layered 
structural coverings. 

HIGH THERMAL RESISTANCE BLANKETS 

Analysis indicated it would be economically feasible to use a material such as a 
foamed plastic with a higher thermal resistance value (Rotz 1977). Three materials 
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were selected to be installed in houses 1, 2, and 4 at the Rock Springs Research 
Center. The materials in houses 1 and 2 were flexible foams, that in house 4 was 
rigid board stock. Storage during the day and transport between open and closed 
positions were the most serious problems to solve. 

The flexible foams were attached to a cable system and rolled from a shaft at bed 
height over three and one inch diameter plastic pipes to bed height at the opposite 
side of the greenhouse enclosing two sides and the ceiling. The two remaining sides 
were closed by.lowering the material vertically from storage along the tops of the 
crop support system. This system is illustrated in Fig. 4. 

Although economically feasible, thick thermal blankets with high thermal resistance 
have not been very practical. Storage and transport of the blankets is very diffi
cult and present mechanical problems that have not been solved. Multilayered blan
kets may offer advantages over thick foam blankets, but the cost of additional layers 
can not be justified with todays fuel costs. 

HEAT TRANSFER THROUGH COMBINED BLANKET-SHELL 

Standard methods of heat transfer analysis were used to esti~ate the rate of heat 
movement through the combined thermal blanket and greenhouse shell. Table 2 shows 
calculated heat losses for the six 20' x 20' greenhouses with and without the ther
mal blankets listed in Table 1. Values given are for a one degree Fahrenheit differ
ence between crop air and outside air temperature. It was assumed air exchange 
between crop air and outside would be the same for each greenhouse. One air exchange 
per hour in each greenhouse would add 79 Btu/hr-°F to the heating load. Two air 
changes were set for greenhouses with no blankets and one air change per hour for 
greenhouses with blankets closed •. Heat gain or loss to the ground was considered 
negligible and ignored in the calculations. 

Thermal blankets have been evaluated in three glass clad greenhouses over the past 
four heating seasons. All materials tested .have been relatively thin fabrics and 
films that could be used with linear induction motor and track systems. Approximately 
75 percent of the heating load for a greenhouse occurs at night, thus the reduction 
on an annual basis would be about 0.75 of the values given in Table 2. The poorest 
combination of shell and blanket in the experimental greenhouses would provide a re
duction of about 37 percent. The best combination would result in a 63 per,cent re
duction. A combination of double layer light transmitting shell and high resistance 
thermal blanket can reduce heat loss by about 80 percent. 

SOLAR HEATING SYSTEMS 

Collection of ·Excess Internal Heat 

The solar radiation which is incident in greenhouses can create large amounts of heat 
which is ventilated away and wasted in current greenhouse operating practice. Much 
of this heat can be collected and stored for later use. By subdividing the green
house into 30 square meter areas for collection and storage a typical system can be 
designed which could be installed in a commercial greenhouse. Each area would have 
16 cubic meters of rock bed thermal storage under the benches and a fan moving 0.25 
cubic meters per second of air through the rock bed to collect excess heat from the 
ridge and store it. ·the system would collect approximately 24 times as much energy 
as it would consume in power to run the fan. 
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Combinations of Systems Conserving Energy 

Internal collection systems can be used either alone or in. combination with other 
energy conserving measures. The performance of thermal blankets- and double glazing 
systems have also been investigated and documented at PSU. Table 3 illustrates the 
results possible by different combinations of these energy conserving systems. 

There are,many possible greenhouse industry attitudes toward acceptance of these re
sults, some probable ones to emerge would be: 

1. The least additional investment to accomplish some saving. 

2. the shorteS't payback period of the hlghest savings for a given annual owning and 
operating cost. 

3. The least future risk of unavailable fuel for heating or maximum possible reduct
ion in fuel requirement. 

These systems and their combinations provide a variety of results for the different 
investments philosophies present in the greenhouse industry. 

Internal/External Air Collection, Storage in Eutectic Salts 

The internal system consisted of 8 inch diameter polyethylene film tubes, 16 feet 
long, mounted in each ridge. Warm air from the ridge was pulled into the tubes by a 
centrifugal blower and then moved through a storage of 300 bottles of phase change 
material.

0 
Collection_was controlled by a ridge mounted thermostat set to start the 

fan at 29 C. A system of thermostatically controlled dampers permitted the same . 
blower to be used to recover heat from storage as needed and if available.· High and 
low temperature thermostats in the storage controlled fan operation to prevent 
over heating the greenhouse or sub cooling the storage. 

The external system consisted of 184 square feet of southfacing collector mounted 
at 58° from the horizontal and centrifugal blowers to move air through the collectors 
to a phase change storage. A separate blower was used to recover heat from storage. 
Blower and damper action were controlled by thermostats. The phase change material 
used in the two storages was a.Dow Chemical Company calcium chloride hydrate placed 
in sealed stainless steel cans. Approximately 1800 kilograms was used to fill 2,160 
cans to provide about 316 megajoules of heat storage capacity through heat of fusion. 

The system was charged (all the salt me·lted) several times during November 1978. Dur
ing the next three months the external collection system operated intermittently and 
the storage functioned only as a sensible heat sink and source. The ridge air tem
perature was too low for the internal system to operate during this period. 

Table 4 gives data for the three day period from midnight Margh 7 to midnight March 
9, 1979~ The storage bottles' surface temperatures were 15.6 C at the start of col
lection so early storage was as sensible heat to raise the temperature of the solid 
salt to its melting point of 26.7°C. Data are for the external system only as the 
internal system was shut down for remodeling. Heat stored in, and removed from, stor
age was calculated from air flow rates and temperature differences. Total heat supply 
was the sum of heat from storage, heat from auxiliary hot water and electric motors. 
All of the solar energy collected and stored was not recovered during the heating 
periods. This was due in part because of the low bottle temperatures at the start 
of the collection_on March 7th and in part due to the thermostat operation for solar 
heat recovery fan and auxiliary hot water circulating pump controls. In future tests 
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the controls will be adjusted to prevent competition between storage heat recovery 
fan and auxiliary hot water circulating pump. 

CROP STUDIES 

Results of Crop Studies, Fall 1978 

Snapdragon was used as the test crop in six experimental houses and in the glasshouse 
control during the fall-winter of 1978. The shortest time between transplauting and 
harvesting was for plants grown in the glasshouse followed by the single acrylic 
(fresnel) and the air inflated polyester (Llumar) (Table 5). The slowest growth was 
in the fiberglass house. The largest plants (longest stems and flower spikes and 
greatest fresh weight) were grown in the double acrylic and air inflated polyester 
houses. 

INDUSTRY ACCEPTANCE AND USE OF PROJECT FINDINGS 

As a result of the work accomplished under the project several greenhouse operators 
have installed thermal blankets to reduce fuel use. In two such installations, fuel 
use was monitored and fuel savings were in the range predicted from the results of 
these studies. There was one commercial system available in 1975 and at least six 
available now. Greenhouse equipment suppliers now carry thermal blankets as a regu
lar stock item. 

One Pennsylvania grower is carrying out an internal solar collection and use study 
with his own greenhouse facility. His ~esults substantiate the project findings. 
Another Pennsylvania grower has installed an external solar collection system and is 
monitoring its operation during the present heating season. 

There is continued interest in the entire area of fuel conservation with enough in
formation available to permit the commercial grower to make a sound decision on which 
system best fits his operation. 
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Table 1. Clauding; thero.<~l. blankets, and solar systems used with 
the experimental greenhouses. 

House 
No. Cladding 

1. Single layer 
fiberglass 

2. Double wall 
rigid acrylic 

3. Double wall 
rigid acrylic 

4. Single layer 
acrylic with 
fresnel lens 

5. Double wall 
polycarbonate 

6. Single layer 
glass 

7. Double layer 
polyester film 

Thermal Blanket 

~" urethane foam, 
aluminum foil faces 

1/8" polyethylene 
foam, aluminum foil 
faces 

spun bonded 
polyefin, 4 mil 

1" rigid urethane 
foam aluminum foil 
faces 

6 mil black 
vinyl film 

none 

6 mil black 
vinyl film 
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Solar Heat System 

Collector Storage 

internal/ phase change 
external eutectic salt 
flat plate 

external water 
flat plate 

external/ water and 
flat plate rock 

internal rock 
external 
flat plate· 

external water and 
flat plate rock 

none none 

external water and 
flat plate rock 

Fluid. 

air 

water 

water 

air 

water. 

none 

water 



Table 2. Estimated heat loss for the experimental greenhouse. 

Greenhouse 
No. 

1 

2 

3 

4 

5 

6 

7 

Without 

0 Heat Loss (Btu/hr - F) 

With 
Thermal Blanke t·s Thermal. Blankets 

Conduction Total(!) Conduction Total (l) 

923 1081 102 181 

633 791 161 240 

580 738 293 372 

873 1031. 101 180 

677 835 283 362 

Single layer lapped glass 

872 1030 373 452 

Total 
Reduction 
Percent 

83 

70 

50 

82 

57 

56 

(1) Infiltration was assumed to be two air changes per hour with no blankets and 
one air change per hour with blankets deployed. 
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Table 3. Computer Study of 4000 M2 Greenhouse-Energy Conservation Technique 

Total Annual Heat 
Requirement (1) 

Total Annual Fuel 
Requirement (1) 

Total Annual 
~~)ar Contribution 

Maximwn Heat 
(Furnace Size) (1) 

% F.uel Savings 
Compared to Base 
Glass House 

Initial. Investment 
Req'd for Energy 
Conserving Equip. 
Above Base Glass 
House 

Base 
Glass 
House(Z) +1(3) +1 +2 

N:J,.ght 
Temp. 
10°C 
+11. +2 

i 
7704 4140 7704 4140 3~32 

7704 4140 6480 3168 Z376 

i 

1224 972 '756 

5.508 5.148 5.508 5.148 5.148 

46 16 .59 69 

Note: 1) Energy values listed are gigajoules 

·Base 
Twin
wall 

House(.5) 

3276 

3276 

2.52 

57 

+1 +2 

2088 3276 

2088 2016 

1260 

2.196 2.52 

73 74 

+1 +2 

Night 
Temp. 
10°C 
+1 +2 

2088 1440 

1044 648 

1044 792 

2.196 2.196 

86 92 

2) This is a standard construction lap-glass gre!enhouse with 15. air changes/hour infiltration 
and the following temperature setpoints: 

a/, Day 18.3°C c/ 1st stage cooling 24°C 
b/ Night 15.5°C d/ 2nd stage cooling 27°C 

3) +1 represents the addition of a thermal blanket system using a thin material similar to 
tyvek or foylon. 

4) +2 represents the addition of a ~o113ction and storage system for excess internal heat using 
33.33 M3/S air flow rate with 2100 M storage . 

5) Twinwall refers to a rigid plastic extrusion similar to Tuffak-Twinwall, Qualex, or Primex. 



Table 4. Heat supply for House 1 during a three day period in March 1979. 
External solar energy collection. Phase change salt storage. 

Date 
,, 

3/7/79 3/8/79 3/9/79 

Total incident 
solar energy 
on collector 
(Megajoules) 423 369 359 

Total solar energy 
stored (Megajoules) 164 148 156 

Electrical power 
used in collection 
(Megajoulcs) 12 ,12 13 

Coefficient of performance 
stored energy/power use 13.7 12.3 12.0 

Collection efficiency (Percent) 
stored energy/incident energy 38.8 40.1 43.4 

Night time heat supply 
(Megajoules) 399 321 335 

Heat from solar storage 
58(l) (Megajoules) 97 113 

Percent of total heat supply 
from solar storage 30 33.7 

(1) From 5 PM to midnight on March 7. 
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Table 5. Preliminary Data Summary for Snapdragon Crop at Rock Springs. 

Greenhouse Cover 

FRP 
Primex 
Acrylite-SDP 
Acrylic fresnel 
Tuffak-Thinwall 
Glass 
Llumar 

zMeans of 300 observations 

Greenhouse Cover 

FRP 
Primex 
Acrylite-SDP 
Acrylic Fresnel 
Tuffak-Thinwall 
Glass 
Llumar 

Stem Length 
(em) 

118.2z 
130.3 
149.7 
106.4 
137.5 
113.0 
146.0 

- 1 01 -

Spike Length 
(em) 

16.lz 
19.2 
26.9 
13.9 
17.6 
15.8 
20.6 

Dates of Flowering 

2/20-3/10 
2/4-3/10 
2/5-2/20 
2/3-2/14 
2/6-2/20 
1/24-2/3 
2/1-2/17 

Fresh Weight 
(g) 

42.3z 
56.7 
74.8 
38.9 
62.8 
54.4 
67.5 



Fig. 1. House 3. Double wall rigid acrylic panel. Uninsulated flat 
plate collector. Water heat transfer to water-rock 
storage. Light thermal blanket. 

Fig. 2. House 2. Double wall rigid acrylic panel. Insulated flat 
plate collector. Water heat transfer to water 
storage. Heavy thermal blanket. 
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Fig. 3. House 1. Single layer fiberglass skin. Insulated flat plate 
collector, air heat transfer to eutectic slat storage. 
Heavy thermal blanket . 

THERMAL BLANKET - Part Open 
HIGH FHfJIIML lfi:SIJTAifC£ 

Fig. 4 . Perspective of high thermal resistance blanket in houses 1 and 2 . 
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THE PERFORMANCE OF A SOLAR ENERGY HEAT COLLECTOR 
AND GROUND STORAGE FOR HEATING A GREENHOUSE 

A.C. Dale & L.W. Turner, Dept. of Agricultural Engineering 
P.A. Allen & D.F. Hamilton, Dept. of Horticulture 

Purdue University, W. Lafayette, Indiana 47907 

INTRODUCTION 

The goal of this research is to develop further the system for the 
collection, storage and utilization of solar energy for heating and 
cooling greenhouses or rural houses or both that reduces the require
ments of energy derived from fossil fuels. 

The specific objectives of this project for the 1978-79 year for which 
this paper is written were as follows: 

1. To make further verifications on the improved solar energy 
collection method utilizing a system of reflectors to concentrate 
the solar energy entering the air collector. 

2. To validate the use of soil and groundwater as a "longtime" 
storage for solar energy with collection and storage of solar 
energy beginning in July, 1978. 

3. To determine additional advantages of using direct air flow from 
the energy storage to the greenhouse to serve as its energy source 
for heating, and to determine the possibility of using the cool 
air in the late winter and early spring to cool the soil and 
groundwater and then using this cooled mass for cooling green
houses. 

4. To maximize solar energy as the heat source while minimizing the 
greenhouse heat requirements at night with an insulation system. 

5. To find the effectiveness of the solar heated greenhouse system 
for promotion of the growth of vegetables and flowers. 

To accomplish these objectives, the following equipment and system 
which were fabricated earlier in the project were adapted for use in 
this study. 

An insulated solar energy collector was fabricated with reflectors to 
concentrate the solar energy. The reflectors were placed at the top 
and bottom of the collector at such an angle so as to reflect addition
al solar energy into the collector to give a greater efficiency. Air 
served as the energy exchange medium between the collector and storage 

1Journal article number 7605 of the Agricultural Experiment Station, 
Purdue University, West Lafayette, Indiana. 

This study was supported by the U.S. Department of Energy, and the 
Science and Education Administration, U.S. Department of Agriculture, 
and the Purdue Agricultural Experiment Station, Purdue University, 
West Lafayette, Indiana. 
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field of soil and groundwater at a depth of seven and nine feet for 
transfer of the heat to these materials. The collector was placed in 
operation in early July, 1978 to build up the stored energy for the fall 
and winter. In the late ~inter or early spring, cool air was circulated 
through the field to cool the storage. During the summer air will be 
circulated· through the storage field to provide cool-air for ventilation 
and cooling of greenhouses. The growth and production rates of selected 
vegetables and flowers were observed through the fall and winter seasons. 
Total effectiveness of the system was evaluated on the basis of measure
ments of the above factors. A view of the completed installation is 
shown in Figs. ·1 and~. The general plan and cross section are shown 
in Figs. 3 and 4. · 

THE SOLAR ENERGY COLLECTOR AND EQUIPMENT 

Physical Features of the Collector 

The solar energy collector fabricated for use in this project was a 
flatplate, A-frame type. A cross section is shown in Fig. 5. The 
frame was constructed of wood 2 11 x 6 11 (5 em x 15 em) material with 
2 11 x 4 11 {5 em x 10 em) members for framing. A schematic of the framing 
system and the ability to tilt for maximum solar insolation is shown in 
Fig. 6 .. The outer cover was a layer of clear 2 l/2 11 corrugated, 4 oz. 
Filon fiberglass greenhouse panels of standard grade. A layer of Dupont 
4 mil. type 20 Tedlar was mounted on the inside of the 2 11 x 4 11 (5 em x 
10 em) members which provided a 4 11 (10 em) air space between the two 
cover plates. The fiberglass cover has a transmissivity of eighty-three 
percent at an angle of incidence of zero degrees. The tedlar lining has 
a transmissivity of ninety-three percent at an angle of incidence of 
zero degrees. 

The absorber plate was fabricated of Alcoa Super Temper-Rib aluminium 
roofing. It is painted with black Slip Plate #1 graphite base paint 
manufactured by Superior Graphite Company of Chicago, Illinois. The 
absorptivity of the surface is estimated to be ninety-five percent. 

Four ·inches (Ten centi.meters) of Styrofoam insulation were placed under 
the collector plate to provide insulation. The back of the collector 
covered with 3/8 11 (0.95 em) c.,.o plywood with exterior glue. The ends 
of the collector were. also insulated with 4 11 (10 em) of styrofoam. 

The collector was fcibricated in 8 1 -0 11 (2.44 m) long A-frame which are 
units approximately 12• x 12• x 12• (3.66 m x 3.66 m x 3.66 m) in 
dimensions. Thus the cover plate is 12• x a• (3.66 m x 2.44 m) pro
viding an absorber area of 96 ft 2 (8.93 m2

). The 11 Vee 11 cavity of the 
duct provides an absorber area of 160 ft 2 (14.87 m2

). Eight sections 
were placed end to end to form the solar energy collector and collector 
duct. The sections were bolted to posts set in concrete to form a 
hinge for rotating the collectors~ the unit may be tilted to compensate 
for seasonal changes of the sun•s 11 track 11

• 

The total surface area of the collector is 768 ft 2 (71.4 m2
). Dis

counting the area of the framing members, the net area of the collector 
is 712.5 ft 2 (66.24 m2

). The heat transfer area of the absorber is 
119.0 m2 and the cross sectional area of the heat duct is 55.4 ft 2 

(5.15 m2
). 
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Fl~t reflectors were mounted at the top and bottom of the collector 
surface to reflect additional radiation onto the collector. These 
reflectors are mounted as shown in Fig. 5. They extend 12 1 -0" (3~66 n 
beyond the cover surface. The reflectors were fabricated of aluminiun. 
roofing of the same type used for the absorber. The roofing material 
is held in place by a wood frame constructed of 2" x 6" (5 em x 15 em) 
material. Steel cables were added to provide support for resisting 
wind loads. 

Blower, Controls, Ductwork, and Sealant 

A Dayton #70663 full-width, belt drive, double inlet, one-half horse
power centrifugal blower moves the air through the collector. The 
blower was mounted inside the collector over the outlet duct. Air is 
pulled through the collector and blown to the soil ducts through an 
insulated wood manifold. The manifold duct is 18 11 x 18 11 (46 em x 46 em) 
inside with l/2 11 (1.25 em) plywood on the outer wall with 211 thick 
styrofoam insulation on the walls. 

The blower is controlled with a Penn model R34DCA differential controll
er. The high temperature sensor is mounted on the absorber plate of 
the collector and the low temperature sensor is mounted near the outlet 
of the storage. When the temperature difference is above a set point 
the blower is energized. During part of the test the blower was turned 
on and off manually due to a defect in the controller. 

EXPERIMENTAL PROCEDURES 

Standard Method for Efficiency Measurement 

One of the objectives of this study was to determine the performance of 
the solar collector under various insolation rates, inlet temperatures 
and ambient temperatures. The parameters which show the performance 
for these tests are the temperature rise of the air passing through the 
collector and the collector•s efficiency. 

To make this .determination, the sola~ collector was tested with the 
ASHRAE Standard 93-77 .. Methods of Testing to Determine the Performance 
of Solar Collectors .. as a guide. The tests were conducted on the 
actual unit described above. 

Test Apparatus and Instrumentation 

To evaluate the parameters and variables, several instruments were 
installed and monitored in the test unit. These included thermo
couples for temperature measurements, a pryanometer for measuring 

·solar radiation, flow rate measuring instruments, and associated re- . 
. corders and data monitoring devices. 

A Doric Digitrend 220 microprocessor was used to monitor temperatures 
and flow rates through the collector. Cold junction compensation is 
built in for thermocouple connections. The microprocessor is ~apable 
of direct temperature readouts in degrees Celsius from thermocouples 
and linear millivoltages and higher voltages ranging from 1 microvolt 
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to 11 volts. Scan modes include automatic scan of points, single scan, 
a single point. Time of day and date are also monitored. 

Temperature readings were taken at the inlet and outlet of the collector. 
Thermopiles were installed consisting of an arrangement of four type T 
cooper-constantan couples connected in parallel to the microprocessor. 
The thermopiles are installed at a distance of at least 7 ax b, where 
a and b are the duct inside dimensions before and after the inlet and 
outlet to the collector. This is in accordance with ASHRAE Standard 
93-77 (1) to insure even flow and adequate mixing. 

Air flow was measured by two methods: (1) a Thomas meter and (2) a 
Sierra model 440 portable air velocity meter. The standard accuracy 
of the T~omas meter is within 1% of the reading. The ~ierra air 
velocity meter is within + 2% accuracy over the full range used. The 
velocity prob consists of-a velocity sensor and a temperature sensor. 
An accurate measure of mass flow is provided by converting the volume 
rate of flow derived from the velocity measurement to mass flow at 
standard conditions. Readings were taken at four positions in the test 
duct. 

Solar radiation is measured using an Eppley model 8-48 black and white 
pryanometer. The pyran~meter is mounted at the South end of the green
house of a height of 15 ft. (4.5 meters) above ground level. The 
pyranom~ter is oriented so that it is tilted at 60° from horizontal in 
the winter and 30° from horizontal in the summer. These are the same 
angles as that of the solar collector. The millivolt signal from the 
pyranometer drives a Moseley Model 680 strip chart recorder to monitor 
the solar energy incident upon the surface. 

In addition to the data being taken at the site, weather data are being 
obtained from the NOAA Agricultural Weather Service which collects 
hourly weather data at the Purdue University Agronomy Farm about eight 
miles from the test location. 

Test Procedure for Collector Performance 

Collector performance tests were conducted during several periods in 
1978 & 1979. For the tests the collector surface was positioned at an 
angle of 60° from horizontal and faced due south. Only periods having 
appreciable quantities of solar radiation available were tested. A 
typical test period ran from 10:00 a.m. (EST) to 4:00p.m. (EST). 
Quantities measured were inlet temperature (°C), outlet temperature 
(°C), insolation rate (W/m 2

) and ambient temperature (°C). 

Insolation rate was measured continuously by the strip chart recorder 
described earlier in this paper. The millivolt signal was measured by 
a planimeter to determine the average value which was converted to 
watts per sq. meter. 

Flow rates were measured using both the Thom~s meter and the air velo
city meter. These were made near midday when temperatures were higher 
in the flow stream. · 
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Analyses of Test Data 

Data collected were transferred to the computer file for analyses to 
determine collector performance. A computer program was written to 
evaluate the data and to print the results in tabular form. Inlet 
temperature, outlet temperature, temperature difference across col
letter (outlet-inlet), solar energy received, solar energy collected 
and collector efficiency. The average value of air flow using the 
Thomas meter was found to be 6607 lb/hr. (2997 kg/hr.). 

RESULTS 

Transmit_tance of Cover Plates 

Figure 7 shows the transmittance of solar energy through the cover 
plates of the solar collector as related to the angle of incidence of 
the solar radiation. The maximum transmittance was about 79% when the 
angle of incidence was 0 degrees. The transmittance decreased slowly 
up to an angle of incidence of about 55°. The transmittance began de
creasing rapidly as the angle of incidence i.ncreased. 

Efficiency of Collector 

Because of changing angle of incidence of the sun, efficiencies of 
solar collectors vary throughout the day. By selecting the period of 
observation, the efficiency can be shown to be relativley high or low. 
However in this study effort was made to find a representative 
efficiency by using the period from 10:00 a.m. to 4:00 p.m. (Solar 
time in the Lafayette area is about 45 minutes behind eastern standard 
time, i.e. solar noon occurs at about 12:45 p.m. EST). Using the 
procedure recommended by ASHRAE Standard, an efficiency curve was 
developed as shown in Fig. 8. The regression equation was developed 
from the actual data collected. The equati.pn is of the form: 

where, 

N = 65.81 - (1026.0)(Tf,i - Ta) 
I 

N = collector efficiency, % 
Tf . = inlet air temperature, °C 

'.1 

I = solar radiation, W/m 2 

Ta = ambient air temperature 

From the equation, the overall heat loss coefficient, UL' was found to 
be 0.89. The value of F compares quite favorably with those in the 
literature (17), indicat~ng that this collector is an efficient one. 
The value of· UL is fairly high compared to literature values. The high 
value of FR suggests that the efficiency is boosted by the r~flectors 
enough to overcome the higher loss coefficient. There is considerable 
scatter about the regression line as evidenced by the correlation 
coefficient of 0.86. This is due to, aside from experimental error, t 
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variation in-heat loss coefficient, UL' and transmittance of the cover 
with changing weather conditions and solar angle. 

As may be noted from Fig. 8, there were many periods when the 
efficiency of the solar collector efficiency ranged around 60 to 70 
percent. Most of these were in the milder weather conditions of the 
summer and early fall. Also the highest efficiencies were obtained 
when the sun's rays were within a few degrees of being perpendicular to 
the surface of the collector. One short-time measurement showed the 
collector efficiency was as high as seventy-eight percent. 

Over the winter test period, the mean value of the collector efficiency 
was determined to be 43.8%, while the predicted value was 48.7%. The 
difference between mean simulated and actual outlet temperatures was 
found to be 1.08°C. The maximum outlet temperature for winter opera
tion was 58.3°C, with a mean outlet temperature of 29.3°C. 

The mean of the hourly collected energy was 6.7 x 10~ kilo Joules for 
the actual test, while the simulation predicted a mean of 6.9 x 10 4 

kilo Joules. The maximum amount collected for any one hour was 1.33 x 
10 5 kilo Joules. 

The main cause of errors in prediction proved to be the estimation of 
the incident solar energy on the tilted surface. This involved a 13.3% 
mean error over the winter test period. If this could be predicted 
mare accurately, the deviation in temperature and collected energy would 
be less. 

Effect of Reflector Wings 

The reflectors were found to increase the overall efficiency of the 
collector by a factor which ranges from 1.10 times in the morning and 
evening to a maximum of 1.38 at solar noon. The main factor involved 
in the effect of the reflectors is the angle of incidenc~ of the suns 
rays. When the angle of incidence is large the reflected rays strike 
the surface at a small angle, generally less than 30°, thus most of 
the reflected rays do not penetrate the collector cover and have little 
affect on the collector efficiency. Conversely the reflected rays that 
strike the surface at an angle greater than 60° generally penetrate 
the cover plates and thus increase the efficiency by a significant 
quantity. It is estimated that the reflector wings increase the 
efficiency of the solar collector about 20 percent. 

Figures 9 & 10 show the variation of actual versus simulated incident 
solar radiation and actual versus simulated collector efficiencies for 
relatively clear days. The values predicted are very close to the 
actual values. Figure 11 shows the solar energy received and col
lected versus the simulated quantity for the same factors. Figure 12 
shows the actual versus the simulated temperatures which occurred on 
a typical day. 

RESULTS OF TESTS CONDUCTED IN 1978-1979 

Operation of the solar energy collector and storage system went almost 
perfect in 1978-1979. Rains that had generally flooded the system in 
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1977-1978 occurred once at the beginning of the operation when approxi
mately four inches of rain fell on the afternoon of July 2. After th~t 
period of inundation by water there were no interruptions. 

Availability of Solar Energy 

Table 1 gives the quantity of solar radiation which impinged on the 
horizontal surface and on the collector surface during the 1978-1979 
tests. Although June was not an official test month, some preliminary 
runs were made during that period. Average monthly temperatures are 
shown in Table 2. As may be noted, January and February were exception
ally cold months being 10.3 and 13.8°F below normal. Also there was a 
below normal amount of solar energy. 

Practical Total Efficiency of Collector 

Although the collector efficiency generally ranged in the vicinity of 
being 55 to 60% efficient in the collection of solar energy impinging 
on its surface, the overall efficiency of the system was about 45%. 
This takes into account warming up periods, high angles of incidenc~ in 
early morning and late afternoons, heat lost by the air in ducts befure 
entering the ground, and miscellaneous unmeasurable items such as leak
ing air. Thus when everything was taken into account, the system 
approached are overall efficiency of 45% in the quantity of energy be
ing transferred to the soil and ground water. This is above the 
average efficiency of most systems for the collection and storage of 
solar energy. 

June 19J8 

The average solar energy impinging on a horizontal surface at Lafayette 
in June 1978 was 531 Langleys/day. This was about 2% below normal but 
it is still a much larger quantity than is received during the winter 
months on a similar surface. The collector and energy transfer 
machanisms were operated some in June just to make certain everything 
was in order prior to the beginning of the official test in July 1978. 
With the collector tilted at 30° with the horizontal the quantity 
striking the collector was 0.92 times the quantity of solar energy 
striking a surface perpendicular to the sun•s rays. 

July 1978-February 1979 

The system operated twenty-three days during July 1978. During the re
mainder of the period the system operated without interruption. Through 
September the system performed almost as expected. The soil tempera
ture was raised from about 68°F (20°C) up to about 86°F (30°C) on the 
average as shown ~n Fig. 13. About the last of September ·the ambient 
daily temperature took a large drop. Almost at the same time the soil 
temperature (on the average) started dropping and it seemed virtually 
impossible to check the drop with the available solar energy. Tabl~ 3 
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shows the solar energy that was collected and stored in the soil each 
month during the entire test period. As may be noted the available 
and collected solar energy also dropped about 23 percent tn October. 

Temperature Measurements of the Soil 

The determination of the average soil temperature was difficult. It 
may be off somewhat even though about 55 thermo"couples were installed 
to monitor its variance. Figures 14, 15, and 16 show traces of temp
eratures at various locations in the soil and ground water around the 
air ducts. The temperature of the soil and ground water around (with
in 6 to 12 inches) the ducts reached about 98°F (37°C) before it 
started dropping in the middle of October, 1978. 

Energy Reclaimed for Heating 

Energy was reclaimed from October 7 to January 7 in an effort to main
tain a minimum of 50°F (l0°C} in the greenhouse during that period. 
The system would have been operated longer but at that time the soil 
and ground water temperature was so low that it was impossible to re
claim additional energy. In total it was estimated that about 23 
million Btus (24.4 x 10 9 Joules) of energy was reclaimed for use in 
warming the greenhouse. 

SUMMARY OF PERFORMANCE OF THE SYSTEM 

Generaily the system may be said to have performed as follows: 

1. One hundred nine million Btus (115 * 10 9 Joules) total solar 
energy was added to the soil and ground water during the test 
period. 

2. The average temperature of the soil and ground water energy 
storage was raised l8°F (l0°C} from July 8 to September 21. 

3. The temperature of the soil and ground water energy storage was 
held constant from September 21 to October 8; after this period 
it started a gradual decrease in temperature reaching a low of 
37.4°F (3°C) the ·last of February, 1979 . 

. 4. Twenty-three million Btus (24.9 * 10 9 Joules) of.energy were re
claimed from October 7 through January 7 to maintain 50°F (l0°C) 
in the greenhouse. 

5. Heat loss was so rapid due to conduction and convention to the 
surroundings that the temperature of the soil and ground water 
storage continued to fall without the reclamation of energy to 
heat the greenhouse after January 7, 1979. 

ALTERNATIVES FOR IMPROVEMENTS 

The system did not perform up to expectations as theorized in the ini
tial analysis. Thus one may well ask what can be done to improve the 
system? 
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Soil and Ground Water Storage Too Large 

For the solar energy collector used with efficiencies as obtained, the 
soil and ground water storage is too large. Although it is difficult 
to say how large it should be, an estimate is about one half the 
present size. 

The Storage Must Be Insulated Better 

The storage must be insulated much better. There is too much area 
·exposed to the cold atmosphere (the top surface) and to the cooler 

surrounding soil. Thus energy is lost continuously at a rate so large 
as to negate the received energy. The storage must be insulated with 
six to eight inches of insulation on all sides and on the bottom. 

The reduction of the heat loss through the upper surface could be 
taken care of by placing the storage under the greenhouse. The green
house would eliminate the low surface temperature and prevent wind 
from removing heat rapidly from the surface. Of course an insulating 
blanket in the greenhouse also is probably must. Figures 17 and 18 
are schematics of the proposed system that would greatly improve the 
operation. 
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TABLE 1. SOLAR RADIATION RECEIVED DURING PERIOD 

DIFF. QUANTITY IMPINGING 
NORMAL ACTUAL FROM ON COLLECTOR SURFACE 
DAILY LANGLEYS NORM LANGLEYS/ BTU/ FT 2 JOULES/FT 2 

MONTH LANGLEYS PER DAY PERCENT DAY DAY DAY 

July 522 426 -18.4 422 1555 1 641 X 10 3 

Aug. 498 440 -11 . 6 475 1750 1847 X 1 0 3 

Sept. 356 404 +13.5 497 18 31 1932 X 10 3 

Oct. 2 75 244 -11. 3 376 1 386 1462 X 10 3 

Nov. 147 157 + 6.8 308 1135 1197 X 1 0 3 

Dec. 113 116 + 2.7 257 94 7 999 X 1 0 3 

Jan. 159 127 -20.0 249 917 968 X 1 0 3 

Feb. 2 31 224 - 3.0. 345 12 71 1 341 X 10 3 . 

Avg. 2.87. 6 267.3 - 7. 1 

TABLE 2 . AVERAGE MONTHLY TEMPERATURES DURING TEST 

MONTH MAX. MIN. AVERAGE DEPARTURE N 
July 83. 1 63.3 73.2 - 0.6 
Aug. 81.5 61.6 71.6 +·o.3 
Sept. . 82.4 55.8 69. 1 + 3. 6 
Oct. 63.4 39. 5 51. 5 - 1.4 
Nov. 52.5 34. 3 43.4 + 2. 9 
Dec. 38.7 22.7 30.5 + 1.6 
Jan. 21.4 4.4 12. 9 -10. 3 
Feb. 22.8 4.0 1 3. 4. -1 3. 8 

TABLE 3. SOLAR ENERGY COLLECTED AND TRANSFERRED 
TO THE SOIL STORAGE 

MONTH BTUs 
1978-79 (millions) JOULES 

July 12.4 13.4 X 1 0 9 

Aug. 18.8 19.8 X 1 0 9 

Sept. 1 9. 0 20.0 X 1 0 9 

Oct. 14.8 1 5. 7 X 10 9 

Nov. 11.8 12.4 X 1 0 9 

Dec. 10.0 10. 7 X 1 0 9 

Jan. 9.8 10.4 X 1 0 9 

Feb. 1 2. 3 13.0 X 1 0 9 
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Figure 1. A View of the Solar Energy Collector and Greenhouse. The 
Soil and Ground Water Storage is Immediately in Front of 
the Collector. 

Figure 2. The Solar Energy Collector with the Aluminum Reflective 
Wings. 
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INTRODUCTION 

PERFORMANCE OF THE RUTGERS SOLAR HEATED 
GREENHOUSE RESEARCH UNITS 

J. c. Simpkins, D. R. Mears and.W. J. Roberts 
Department of Biological and Agricultural Engineering 

H. Janes 
Department of Horticulture and Forestry 

Cook College - ~tgers University 
New Brunswick, New Jersey 

The Rutgers solar heating system for greenhouses previously reported [1,2,3] has 
been evaluated for another heating season. The components of the system have been 
modified and their improvements evaluated. New work has been initiated on the 
collection of solar ene.rgy inside the greenhouse. TWo systems are under test, both 
of which circulate water through plastic film collectors inside the greenhouse with 
the warmed water being stored in the floor system. Operation of the greenhouse 
solar heating demonstration project [4] has provided for full scale testing of the 
components of the system. When scaling up in size from research prototype to full 
scale commercial systems, problems in the mechanical aspects of insulation and 
heat exchange curtains developed which are also being worked on in the research 
program. 

SOLAR COLLECTOR ALTERATIONS 

The standard five-layer polyethylene film, .wood·frame solar collector design has 
performed well thermally and the construction materials haven't been changed. The 
structural design has been strengthened .and simplified. A nonadjustable collector 
with a catwalk to facilitate covering and a wooden gutter has been designed and 
built. It is significantly stronger than previous designs. 

The effect of the fixed angle on total collection for the heating season was one 
·area of concern that was monitored this year. Table 1 shows the. heat per unit area 
of collector that was obtained for the 17 ft by 24 ft (5.2 m by 7.3 m) greenhouse 
for three partial heating seasons. The 1976-77 and 1977-78 seasons were years when 
the collector angle was adjustable, while in 1978-79 it was fixed at 45°. The 
totals are comparable and even though the '76-'77 season was higher to March 6, the 
total for the season was about 53,000 BTU/ft2 (600 mJ/m2) as compared to 48,000 
BTU/ft2 (545 mJ/m2) for '77-'78. Total collection for the '78-'79 heating season 
will approach 50,000 BTU/ft2 (570 mJ/m2) also. The collectors for the 48 ft by 100 ft 
(14. 6 m by 30 m). greenhouse were slightly less efficient due to higher floor storage 
t~peratures and slightly lower (40° and 33°) collector angles. \ 

The reason for the small variation. is probably that in New Jersey, December and 
January are the months of the year the highest angle is required, but are also the 
cloudiest months. The solar energy lost, due to less than optimum angle in these 
months, is small compared to the total heating season. Fixing the collector angle 
simplifies and strengthens the unit. 
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CURTAIN INSULATION SYSTEM 

Several materials were.reported on in previous papers [1,2,31 and this year was 
one of continuing data collection on the thermal and physical properties of these 
materials. 

The heat loss coefficient of 0.45 BTUh/ft
2

°F (2.58 W/m
2

K) for the aluminized mylar/ 
vinyl laminate installed in the 17 ft by 24 ft (5.2 by 7.3 m) prototpye greenhouse 
has been substantiated this year. Weathering and wear appear to have had little 
effect on the thermal properties of the material. Mechanically, the abuse of the 
drive system that moves the curtain is starting to show. Corners where there is 
stress concentration are tearing and points of high abrasion have had some mylar 
and aluminum rub off. A reinforced aluminized mylar/vinyl laminate material has 
.been developed to provide a mechanically stronger vinyl curtain material with thermal 
propcrticG OG good as the previous aluminized mylar/vinyl laminates. 

Other materials being tested in the 48 ft by 100 ft (14.6 m by 30m) greenhouse are 
6-mil woven black polyethylene, 4-mil dotted clear vinyl and 4-mil clear vinyl. The 
performance of these materials has been comparable thermally, but the black poly
ethylene is tougher mechanically and, since it is sewn, water seeps through the 
sewn areas reducing the water collection problem. The vinyl materials are softer 
and store more compactly than the polyethylene. With the redesigned drive mechanism 
which minimizes stress and abrasion, the material is holding up very well. 

The insulating curtain system in the larger greenhouse showed a savings capability 
similar to the one installed in the prototype structure. The larger system sealed 
better than the ~mall one, wh~ch may explain why the U value for both greenhouses 
was 0.45 BTUh/ft °F (2.58 W/m K) .in spite of having an aluminized insulating curtain 
in the small greenhouse. This indicates the importance of se?ling the curtain edges 
well to minimize air exchange from inside the curtain to outside. 

FLOOR STORAGE SYSTEM 

Everything continues· to go ·well with the floor storage units. The lin.er, backup 
heating systems ·and porous concrete cap are all holding up well and no·immediate 
problems are anticipated. 

One notable advantage with the floor being a heat exchanger in the greenhouse is the 
temperature. gradient. that occlirs. In a standard heating system·, it is warmest in 
the greenhouse near the top, which means more heat must be.provided to maintain ideal 
plant temperatures' than is necessary. With the warm floor, this gradient is inverted 
and the warmest·area is near the· floor and the coldest above the plant canopy. This 
reduces the greenhouse heat loss. 

VERTICAL CURTAIN HEAT EXCHANGERS 

The mechanical systems for stori.ng and operating the heat exchangers has yet to be 
made operational on a large scale. The short test lengths of 30 ft (10 rn) or less 
have been operated acceptably but the much longer lengths have not functioned well. 
A more effective and reliable roll-up system is being designed. 

I.ong term research in.several greenhouses has shown that some thought is required 
when choosing the material for the vertical curtains. There appears to be little 
difference in thermal performance between the materials,·as long as they are thin. 
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The major problem has been algae growth inside of curtains made from clear or trans
lucent vinyl and polyethylene. The algae has grown to such an extent in some cur
tains that it has closed over the holes in the heat exchanger water distribution 
pipe, decreasing the performance of the unit considerably. The problem has not 
occurred in heat exchangers made with opaque (black) materials; the lack of light 
prevents algae growth. There is another problem with vinyl which has not been 
treated with biocides, as it can be attacked by other organisms that destroy the 
plasticiser, causing it to shrink and become brittle. Care must be taken when 
choosing the heat exchanger and floor storage system liners to insure they contain 
biocides in their formulation. 

SOLAR HEATING SYSTEM PERFORMANCE 

Figures 1, 2 and 3 are the solar contribution and tOt<!-1· he<;1t ~equirement for the small 
prototype greenhouse for the September 1 - March 6, '76-'79 heating seasons. Table 1 
presents the numerical value for each, along with the. percent of the total heat re
quirement supplied by solar energy. The total requirement for these years varies 
somewhat from year to year due to the difference in degree days for the time period. 
The total solar heat provided is a function of the clear collecting days during the 
interval and col2ector size which has changed from season to season. The percent 
solar and BTU/ft of collector are of interest because they are an indication of the 
economics of the system. Although the percent solar heat has varied from year to 
year over the total heating season, it has been found to work out quite close to 
50% (53% 1976-77 and 46% 1937-78) and will be around that at the end of this heating 
season as well. The BTU/ft of collector has also been constant. The collector 
will supply approximately the equivalent of 1/2 gallon of fuel oil per square foot 
of collector surface each heating season in this area. 

Table 2 and Fig. 4 also show the September 1, 1978 to March 6, 1979 data for the 
48 ft by 100 ft (14.6 m by 30 m) tomato production greenhouse. The greenhouse con
ditions were set to maintain a minimum air temperature of 60°F (l6°C) and floor 
storage temperature of 70°F (21°C) from Septe~er 1 to early January. From early 
January to March 6, the air temperature was perrnitt.ed to drop as low as 45°F (7°C) 
while the desired minimum floor temperature was 78°F (26°C). The change in condi
tions affected the overall performance of the system and is one reason why it varies· 
considerably from the results obtained in the prototype greenhouse. The solar 
contribution shown in Table 2 is only about 24% of the heating load as opposzd to 
42% in the prototype greenhouse. It will be noted, however, that the BTU/ft of 
collector is only 5% less for the large greenhouse system. There are several fac
tors, in addition to the different growing conditions already mentioned, contributing 
to the differences. 

If Figs. 3 and 4 are compared as to solar contribution by month, they vary identi
cally, so it can be assumed the collectors for both greenhouses are operating simi
larly. The larger collector system is supplying slightly less on a squa2e foot bas~s 
due to the lower average fixed angle (38° vs. 45°)

2
but the 28,100 BTU/ft (323 mJ/m) 

of collector compares favorably with 30,200 BTU/ft (343 mJ/ft ) of collector. The 
large discrepency in the percent contribution of solar heat, 24% vs 42%isbecause 
the collector area to heat loss area ratio is 0.35 for the large house as opposed 
to 0.45 for the prototype greenhouse. A second major difference is that the vertical 
curtain heat exchanger to heat loss area ratio is 0.40 in the large greenhouse and 
0.55 in the small one. The floor to heat loss area ratio is 0.55 in the large and 
0.45 in the small. This indicates that the large greenhouse is able to maintain a 
larger inside to outside temperature difference than the small one without the heat 
exchangers, but that once the heat exchangers are needed, the smaller greenhouse 
can support a greater temperature difference than the larger one with identical 
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temperature water. The result is that the smaller greenhouse can utilize a greater 
percentage of its collected solar heat than the large one. In effect, the small 
greenhouse can maintain the set temperature with a colder storage temperature than 
the large one, so the backup heating system'does not have to supply as much heat. 
The difference was amplified because the floor temperature in the small greenhouse 
had no set minimum but would only require backup heat when the air temperature 
became too low, allowing for more efficient-use of the entire solar system. The 
systems would perform essentially the same if they were run identically and had 
the same collector and heat exchanger to heat loss area ratios. 

The data collected in the past three heating seasons provide a basis for a sizing 
procedure of the Rutgers solar assisted heating system for greenhouses. If these 
guidelines are followed in the design of the system and a properly installed insu
lating curta~n system tha~ lowers the overall greenhouse heat loss coefficient to 
0.45 BTUh/ft °F (2.58 W/m K) is provided, about 50% of the heat requirement can be 
provided by solar energy in He\'1 Jersey with a minimum greenhouse air temperature 
of 60°F (l6°C). The sizing of the system components depends on the ratio of green
house heat loss area to floor area. Three examples follow: 

Greenhouse- -Size 
··Large ·Medium ·small 

Greenhouse floor area 1 unit 1 unit 1 unit 

Greenhouse heat loss area 1.33 units 1.8 units 2 .. 5 units 

Solar collector area 0.6 units 0~8 units 1~1 units 

Vertical curtain heat 
exchange area 1.2 units 1.6 units 2.2 units 

Usable floor storage depth 7 in (17 cml 9 in (.23 em). 12 in (.30 "5 em)_ 

The above sizing requirements clearly show the ad;va.ntage .. of. larger greenhouses with 
lower heat loss area/floor area ratios. These design ratios have been worked out 
for New Jersey climatic conditions and would need modification.in other areas. 

CROP RESPONSE 

It was demonstrated with the Fall tomato crop of 1978 that productivity of plants 
in the solar heated greenhouse was very similar to that of recent seasons in a con~ 

ventionally heated facility (Table 3). The air temperature conditions maintained 
in the house during this time were close to those used under normal growing condi
tions. The air temperatures varied from a high of 80°F (27°C) during the day to 
a low of 60°F (l6°C) at night, the main difference being that the beds in the solar 
house were warmed approximately 5-l0°F (3-6°C) above normal. These warm root con
ditions appeared to have a minor effect on overall yield of the fruit. However, it 
appears that the Spring of 1978 crop (maintained under similar temperature condi
tions as the Fall crop) had a somewhat lower yield than normally obtained. 

In the Spring of 1979 an attempt is being made to optimize the heat conserving 
properties of the solar house, i.e., can the tomato productivity be maintained at 
acceptable levels while allowing the night air temperatures to slowly drop to 
45°F (.7°C) if the floor temperatures are maintained at or near 80°F (_27°C)? Pre
liminary results on vegetat·ive growth (.Table 4) from a. January 16, 1979 planting, 
indicate that stem length as well as stem dry weight increases at a faster rate in 
the solar heated house than in a warm air heated house. This indicates that at least 
vegetative growth is not curtailed under these conditions but is actually enhanced. 
Root growth as measured by dry weight increase is also higher in the solar house 
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for the variety MR-13. However, Jumbo and the Ohio State hybrid-68 showed no 
differences in the rate of root growth regardless of the growing conditions. Ini
tial observations of cluster development, flower number, and fruit set all indicate 
a decreased yield from the solar grown plants. Since the light intensity is lower 
and the relative humidity is higher in the solar facility, it is not possible to 
attribute these results to any one environmental parameter. 

Also under investigation at the present time is the ability of several lettuce and 
oriental vegetable varieties to develop in the solar heated greenhouse. 

~oinsettias were also grown in the solar house from October 9 to December 21, 1978. 
These plants were placed on the floor of the house and the air temperatures were 
varied approximately 80°F (27°C) in the day to 60°F (16°C) at night. The plants 
had a mean pot temperature approximately 5°F (3°C) above the ambient. The plants 
under these conditions produced good saleab-le plants. However, the bract dry weight 
(Table 5), and stem length were lower than similar parameters in plants grown in a 
nonsolar house. It was also noted that the date to anthesis was delayed 10 days in 
the solar house grown plants. 

It appears that tomatoes as well as poinsettias will do very well with only minor 
alterations in productivity or cultural practices in the solar heated greenhouse. 
However, work is continuing in the areas of testing different species for growth in 
the solar house and determining the conditions necessary for optimizing energy 
conservation and productivity in this facility. · 

INTERNAL SOLAR COLLECTORS 

The greenhouse is itself a solar collector from which heat is ventilated on some 
sunny days. It is possible to store some of this energy during the day for heating 
the greenhouse at night providing the collecting and storage systems do not inter
fere with the light in wavelengths the plants require for growth and with normal 
cropping procedures. · 

The Rutgers floor storage system is well adapted for this application. Two approaches 
to collect the heat during the day and store it in the floor for nighttime use are 
being tested. One system involves a black plastic vertical curtain heat exchanger 
permanently installed on the north wall of the greenhouse, and the other a trans
lucent.or dyed plastic liner installed inside the south wall and roof, over which 
water is circulated. 

The design of the black plastic north wall internal s~lar collector is patterned after 
the vertical curtain heat exchangers. It is a black plastic sheet hung over a water 
distribution pipe and positioned along the north wall of the greenhouse so it doesn't 
shade the crop from direct sunlight. Insulation can be installed behind it since it 
blocks all light coming through the north wall, or, if desired, it could be made to 
roll up and store or lower to the floor to permit north wall light into the struc
ture on cloudy days. A trial unit was installed in the larger greenhouse and some 
preliminary data has been taken. The collection efficiency based on the light inter
cepted by the unit was found to vary between 40 and 60% on sunny days. The efficiency 
is high because the air temperature in the greenhouse is close to that of the stored 
water during the heat collection mode. However, as the light level in the greenhouse 
is lower than outdoors, the internal collector does not contribute as much energy as 
the external collector. 

The transparent plastic south wall and roof collector is intended to absorb the 
nonphotosynthetically active radiation while transmitting wavelengths the plants 
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require. It is hoped this tan be accomplished by using dyed plastic as the ab
sorbing medium. A test greenhouse has been retrofitted with this system and data 
is being taken at this time. 

In each case, the water is stored in the floor storage unit and the system may be 
used along with the external collectors, with the possibility of reducing the square 
footage of external collector required. 
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SEASON 

Solar (10
6 

Total (10
6 

% Solar 
2 

BTU/ft of 

TABLE 1 

17' x 24' GREENHOUSE- HEATING FOR SEPTEMBER !-MARCH 6 

1976-77 1977-78 

BTU) 15.75 10.2 

BTU) 33.25 33.4 

47.4 30.5 

collector 43,300 30,400 

TABLE 2 

48' x :100' GREENHOUSE - HE71.TING FOR SEPTEMBER !-MARCH 6 

SEASON 

Solar (10
6 

BTU) 

Total (10
6 

BTU) 

% Solar 
' 2 

BTU/ft of collector 

TABLE 3 

1978-79 

71.12 

292.67 

24.3 

28,500 

1978-79 

11.4 

27.3 

42 

30,200 

THE YIELD IN . LBS/PLANT OF THE TOMATO VARIETIES JUMBO AND VENDOR 
DURING THE FALL AND SPRING OF 1978. 

Spring 1978 

Seeded 1/17/78 

Transplanted 
to greenhouse 3/6/78 

Fall 1978 

Seeded 

Transplanted 

7/11/78 

to greennouse S/2~/78 
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Jumbo 
13.2 

Yield 
Vendor 

9.7 

15.5 



TABLE 4 . 

THE INCREASE IN STEM LENGTH AND STEM AND ROOT DRY.WEIGHT OF VARIOUS 
TOMATO VARIETIES GROWN IN A SOLAR AND WARM AIR HEATED GREENHOUSE. 
VALUES ARE ON A PER PLANT BASIS. 

In the warm air 

Tomato Variety 
In•the ·solar ·house heated ·house· 

0 18 36 18 

MR-13 
Stem length (em) 8.4 27.2 49.8 20.4 
Stem dry wt (grams) .051 .601 2.8 .478 
.HOot dry wt (grams) .16 .655 4.209 .643 

Jumbo 
Stem length (em) 7.6 28.1 49.3 22.4 
Stem dry wt (grams) .051 .697 3.27 .658 
Root dry wt (grams) .085 .87 3.47 .879 

Hybrid-68 
Stem length (em) 14.3 44 67 35.9 
Stem dry wt (grams) .172 1.3 4.0 1.23 
Roqt drv wt (gramE;), ,171 3.153 5.698 ,982 

.. 

TABLE 5 

A COMPARISON OF THE DRY WEIGHTS OF TWO POINSETTIA VARIETIES GROWN 
IN A SOLAR AND A NONSOLAR HEATED GREENHOUSE .. 

Variety 

Annette Hegg Supreme 

Bract Dry Weight 
(g:r;:ams pe:r;: Pl.Cint) 

Solar House Nonsolar House 

5.2 7.9 

4.4 9.0 
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40.7 
1.66 
2.58 

33.7 
1.6 
3.48 

53.8 
1.95 
5,643 
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EXPERIMENTAL TESTS OF A FLUID-ROOF GREENHOUSE CONCEPT 

C.H.M. van Bavel and E.J. Sadler 
Department of Soil and Crop Sciences 

Texas A&M University 
College Station, TX 

The principles of conservation of solar and man-made energy in a green
house with a fluid-filter roof have been described elsewhe.re in detail 
[1,2,3]. In brief, a solution of copper chloride is pumped rather slowly 
through a hollow, transparent roof made of channelized plastic panels to 
and from an insulated fluid storage tank. 

Light for plant growth is admitted by such a filter, but the solar radia
tion of wavelengths exceeding 700 nm is fully absorbed. Thus, while the 
radiation needed for normal pl&,t growth is unaffected, daytime heating 
and eventual ventilation · requirements are reduced. The accumulated 
energy can be used to offset heat losses during the night. Should no 
heating be required, the excess energy can be disposed without diffi
culty. In the simplest method of application, the roof serves as both 
an energy collector and dissipator. · 

Additional advantages of the concept are that standard construction 
methods applicable to paneled, rigid greenhouses can be followed, that 
no photosynthetically active radi~tion is intercepted and that, in general, 
higher humidities and lower plant temperatures in the daytime promise to 
promote plant growth. Much of this remains tb be investigated and con
firmed. Nothing can be stated about the economics. Furthermore, there 
are construction engineering problems that require solution and testing. 
Nevertheless, the concept is a radical and intriguing departure from 
conventional approaches' and it applies equally to the problems of l>oth 
greenhouse heating and cooling. 

We started our project in 1978 with a theoretical analysis that will be 
reported in detail in the course of 1979. Several aspects of the simula
tion model, that predicts conditions in a fluid-roof greenhouse as a 
function of its physical environment, have been published [1,2]. It is 
based upon earlier work by others [4,5], adding special provisions to 
account for the unusual disposition of the solar energy and the special 
properties of the double-glazed, hollow roofing. It includes analysis of 
soil heat storage and the balance of carbon dioxide, as well as multiple 
reflections between foliage and roof of radiation between 700 nm and 
2200 nm, a significant matter that is usually passed over. 

'In current work we emphasize the testing of the model in an experimental 
greenhouse. If the model is reasonably accurate under a number of 
conditions, it can be used to evaluate the fluid-roof concept at any 
location where the required meteorological data are available, without 
eXpensive and tedious experimental work. This report emphasizes the 
details of our experimental approach and ci·tes a few prelimii.mary results. 
Significant improvements need yet to be made in the test installation and 
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the bulk of the work is still ahead. At this time the emphasis is on the 
physical environment and the potential energy savings, but further work 
must involve a study of crop response, about which our model also makes 
predictions, albeit with less firm input data. We are continuing the 
theoretical work, with the object of exploring alternative storage 
methods and possible interaction with ground-water or cooling water 
supplies. This activity will not be further detailed in the present 
report. 

EXPERIMENTAL SOLAR GREENHOUSE 

The structure that we decided to build is not a fullsize greenhouse with 
conventional features, nor a scaled-down or pilot-size model thereof. 
Rather, we have attempted to build a small enclosure that would produce 
conditions that une would expect in a full-size greenhouse that has the 
fluid-roof feature. We lowered the roof to 1.75 m [5.7 ft.] so that a 
person can just barely stand up, and made the walls 170 mm [6.7 in.] 
thick, heavily insulated inclusive of the poured concrete footings. Thus 
the sensible and latent heat losses through the sides are essentially nil. 

In addition, the outside walls were painted white and the inside coated 
with aluminum foil so as to produce a near-mirror for both short and 
long wave [thermal] radiation. The effect of this internal mirror is to 
produce an essentially infinite virtual space within which the shading by 
the walls and the position of the sun is immaterial and, indeed, cannot 
be observed by looking at the ground 'surface. 

The model that we have made has similar feature& in that it allows no 
horizontal losses or gains and that the position of the sun nor the 
orientation of the greenhouse enters into .the analysis., but or.rly the 
gl6.bal radiation on a horizontal surface and the longwave radiation from 
the atmosphere. 

The space thus enclosed measures on the inside 4.7 x 4.7 m [15.4 x 
15.4 ft.] or 22.1 m2 [237 sq. ft.]. The roof is made from angle steel 
and allows the installation of 8 standard panels of hollow-core, poly
carbonate panels [Tuffak - Twinwall] of dimensions 1.22x 2.44 m, 5.0 mm 
thick[4 x 8ft., 0.2 in. thick]. The channels in this material are of a 
rectangular cross-section 4.0 x 7.5 mm [0.157 x 0.295 in.]. Therefore, 
when filled with the filter fluid, the mass per m2 is slightly over 4 kg 
[0.8 lb. per sq. ft.], which is less than half that of standard glass. 

We believe that the angle steel roof construction is not the best and it 
i.s not convenient in securing the panels or exchanging them. We probably 
should change to redwood or aluminum, as·the.roof is quite light. 

The groundcover in the greenhouse is a standard St. Augustine turf, again 
to maximize conformity with the model which assumes a uniform vegetative 
cover, and to interfere as little as possible with placing and maintain
ing instruments. The turf grows in the natural soil of the site and is 
~atered with 30m [100ft.] of trickle tubing. The timing and duration 
pf water application is automatic. 
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The greenhouse is well caulked and sealed and, by actual test using 
carbon dioxide as a tracer, has a leakage factor of 0.7 airchanges per 
hour. Two ventilators can exhaust air, drawn in through self-·~losing 
louvers at a rate of 27 airchanges per hour. The ventilation fans are 
actuated by a thermostat that is enclosed in a ventilated radiation 
shield. 

The main construction challenge is obviously in the fluid circulation 
system. This should be durable and leakfree in any case, but the copper 
chloride imposes special problems. As the solution is very corrosive, 
everything must be made of plastic, including pumps, and valves. Further-, 
since copper ~on is potentially toxic to plants, thereis another reason 
for careful and conservative construction. 

After a year and a half of exposure to the elements and several tests 
with copper chloride, it appears that the polycarbonate i~ durable and 
does not yellow or otherwise change its optical and strength properties. 
For the plumbing we use PVC which is likewise satisfactory. The fluid 
storage is made from two 2000 1 [500 gal.] concrete septic tanks that 
are buried outside of the greenhouse, and internally and externally 

!sealed with a black mastic. We are confident that there are no problems 
ihere. 

The principal difficulty is in joining the polycarbonate panels to PVC 
tubing that runs along the two panel edges. At the present time we use 
a system where a slot is milled in the tubing. Originally, the seal was 
made with PVC glue, in common use for plumbing. We found that .PVC 
,softener, which is sometimes used before the glue application, crazes 
and deteriorates the polycarbonate. Further, the PVC glue even when 
used alone, produces a rigid joint that can crack due to wind vibration 
or other mechanical force. The result has been the occurence of many 
leaks. We have had better, but not perfect results with clear silicone 
construction caulk. At this time we feel that the use of white silicone 
rubber [GE RTV102] would be superior, and we have used it successfully tq 
stop leaks. Even so a simpler, less costly and more effective manifold-· 
ing method is badly needed. Polycarbonate tubing is now available and 
it can be joined effectively to the polycarbonate paneling with a simple 
solvent. However, close machining of the slot in the rigid tube is 
needed, and polycarbonate is expensive relative to PVC. 

The circulation system is simple. A centrifugal pump with nylon impelle~ 
lifts the fluid from the tank into the panel manifolds, whence it rises 

,along the 8° pitch of the roof through the panels to the ridge manifold
ing tube. This tube is provided with a standpipe and is of a large 
capacity so that the fluid drains, essentially by gravity, back into the 

' !sumps. The pump output line has an adjustable bypass to the sump so tha~ 
the flow rate can be regulated. 

iAt this time a maximum flow rate of 38 1/min. [1.34 cu. ft. per min.] is 
c'used. Flowmeters iri ·each panel supply tube still need to be added to 
1assure even distribution. The linear velocity of the fluid in the panel~ 
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is 0.96 m/min. [3.1 ft./min.] and the displacement is 1.68 1/ [min. m
2 

floorspace], or 1.68 mm/min. [0.066 in./min.]. The corresponding storage 
is 0.17 m3jm2 floorspace or, simply, 0.17 m [6.6 in.]. Therefore, the 
fluid turnover rate is 0.59 per hour. Model calculations have shown 
that deviations:from this figure have little effect on the energetics 
of the greenhouse. Moreover, they suggest that little is gained by 
manipulating the flow rate in attempts to maximize energy storage. Thus 
the fluid circulates continuously. 

Questions have been raised whether it would be more advantageous to drain 
the roof at night during cold periods and release the stored energy by 
some other means in the greenhouse space. At this time we have no 
theoretical or experimental answer. 

Schematic drawings of the greenhouse structure and of the fluid system 
are given in Fig. 1 and 2. 

INSTRUMENTATION 

Verification of the model prediction requires three categories of 
equipment: a/ instruments to characterize the outside environment, 
b/ instruments to characterize the greenhouse ~nvironment and the energy 
storage in the fluid, c/ a facility to collect data automatically in 
computer-compatible form. 

Essentially, we need to measure temperatures at a number of points, the 
output of a few radiometers, the windspeed, and the time and duration of 
ventilation. All temperatures are measured with copper-constantan 
thermocouples, referenced to 0 oc [32 OF] with an electric compensator. 
Air temperature inside and outside is measured in ventilated radiation 
shields, ·dewpoint temperature is found from the temperature of lithium
chloride dewcells, the fluid temperature in the pumps and at the inlet 
and outlet of the roof panels with insulated thermocouples in the fluid, 
and greenhouse soil temperatures at three depths in a like manner. 

Solar radiation is measured with a standard pyranometer and windspeed 
with an analog cup anemometer. The last two measurements need integra
tion over time, which is not currently available. Net radiation is meas~ 
ured above and inside the greenhouse as a check on the model calculation$. 
An event marker monitors the ventilation. No artificial heating or cool~ 
ing is, at this time, used. 

In the immediate future we will add a modern datalogger to replace an 
obsolete type. The new equipment will use a microprocessor to program 
the taking of data, to partially process the input and to store the 
output on a digital tape recorder with cassette storage. The results ca~ 
be directly read into a large computer for final processing, printing, 
and disk storage of the results. 

Although the experimental work is not very complex and requires no more 
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than 20 to 30 data channels, we are still several months away from 
having an entirely operational system. 

PP~LIMINARY TESTS OF MODEL 

Because of the present difficulties in totally eliminating the leakage 
of the copper chloride solution, all tests have been made with an empty, 
or air-filled roof. In a sense such tests are valid to examine the model, 
but they are not nearly as relevant. Therefore, any conclusions that 
can be drawn are preliminary. 

A test consisted in observing, over a 24 hour period of dominantly clear 
weather, the environmental conditions and the conditions in the 
greenhouse. Measurement frequency was typically every 20 minutes. Data 
were recorded as hard copy and on perforated tape, which was converted to 
magnetic tape and processed by an Amdahl computer. The processing 
consisted in converting signals to physical units, forming averages and 
so on. As the data logging system now in use is not perfect, some 
hand editing was required. 

The parameters measured in the greenhouse were 
a/ the air temperature 
b/ the air humidity 
c/ the soil temperature at three depths 
d/ the net radiation 
e/ the time and duration of forced ventilation 
All of these parameters are calculated by the model from weather 
parameters, initial conditions and greenhouse properties, and can be 
compared. 

Four tests are reported here on four separate days, as described in 
Table 1. A selection from the hourly comparisons of temperatures and of 
the 24-hour totals of net radiation and ventilation is given in Table 2. 

Temperatures and humidities as well as radiation inside the greenhouse 
are the main items of practical interest to growers, and were reasonably 
well estimated. Nevertheless, the measured air temperatures were 
consistently higher than those calculated by about 2 degrees C [4 °F] 
and this caused a large discrepancy in the calculated amount of ventila
tion, since, both in reality and in the model, the air temperature must 
rise above 25 °C to turn on the fans by a thermostat. In any case, the 
comparison of ventilation requirements is incomplete. 

It is also significant that soil temperatures were lower than estimated 
by the model. We believe that the cause for the discrepancy is the fact 
that the grass cover was thick and acted as a heat flow barrier, a 
condition not accounted for in the model. Thus, more of the net radiant 
energy was rejected into the greenhouse space, rather than admitted to 
the soil underneath. 

The present results lead us to conclude that there is no serious defect 
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in the model and to expect that it will handle the fluid-roof situation 
adequately. Obviously, these conclusions require further scrutiny. 
Also, our attention has been drawn to the need for a more careful main
tenance and simulation of the ground surface. In some cases, accurate 
prediction of root zone temperatures is as important as that of air 
or plant temperatures. 

A significant addition to the tests would be the measurement of the 
canopy or leaf [plant] temperatures. The model calculate.s these values, 
but our present program does not include the measurement. Conditions 
allowing, this feature will be added in the future. 

SUMMARY AND OUTLOOK 

An experimental fluid-roof solar greenhouse was designed and constructed, 
specifically for the purpose of testing its principles of operation. 
These are: a/ the interception of about half the solar radiation 
before it enters the greenhouse space and impinges upon the plant and 
ground surfaces and, b/ the removal of the energy by the working fluid 
to a storage facility and its subsequent use or rejection during the 
night. The test consists of matching measured conditions in the 
experimental structure with numbers calculated from a model that embodies 
the above concepts. 

So far, the preliminary data confirm the calculations, though some 
improvements in the model are indicated. Our experience suggests that 
the plumbing and circulation of a copper chloride solution present 
problems that must be solved prior to any practical application. Much 
more experimental work needs to be done in any case, before speculative 
calculations can be made about the potential of a fluid-roof structure 
in a variety of climates, and before it is warranted to construct a 
pilot structure, in which results can be obtained that relate directly 
to the energy problems of the greenhouse industry. 

Progress in our program will be speeded by planned improvements in data 
collection, and by solution of some construction engineering problems 
that stem from the desirability of using only commonly available 
components and materials. Also planned for the near future are detailed 
studies of plant behavior in the different environment created by the 
fluid-filter roof, whereas current work concentrates on physical and 
engineering questions. 
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Table 1. Description of weather conditions on the four test days. 

Julian Day 303 314 348 144 

Month/Year 10/77 11/77 12/77 5/78 

Daily s9lar r!ld. MJ/m2 11.3 '18.0 14.5 28.6 

Air temp. Max/Min C 28.3/18.7 16.5/0.5 20.0/5 .. 0 33.6/21.7 

Dew point Max/Min c 21.5/18.0 . 3.0/-3.0 7.8/0.7 23.3/21.6 

Description Warm Cold, Clear Cool, Clear Warm 
Fall Winter Winter Spring 

Table 2. Comparison of predicted and measured· conditions. 

Julian Day 

Air temp. C 
Maximum 
Minimum 3 ,Absolute hum. g/m 
Maximum 
Minimum 

Soil temp. C at 0.08 m 
Maximum 
Minimum 2 Net radiation MJ/m 

'Total ventilation m/day 

303 314 348 
PRED MEAS PRED MEAS PRED MEAS 

28.9 31.2 
18.9 19.6' 

24.2 25.2 
15.1 15.0 

29.6 26.0 
Z_4.2 24.0 
4.0 4.0 
441 

25.2 27.1 
4.1 4.6 

25.7 24.6 
4.9 6.4 

24.1 22.0 
18.9 19.6 
4.5 4.4 

33 81 

25.1 27.7 
7.0 7.5 

25.2 26.2 
6.6 7.4 

22.0 20.2 
17.6 17.6 

3.9' 3.4 
33 75 

144 
PRED MEAS 

34.1 38.2 
21.4 21.7 

24.8 24.7 
17.3 17.7 

30.8 27.2 
25.5 25.0 
11.8 9.8 

585 

Note: 1 MJ/(m
2

.day) = 88.1 BTU/(sq. ft. per day); 1 g/m3 = 0.000826 
humidity ratio; 1 m/day = 3.28 ft. per day. 
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Figure 1. Plan and cross-section of experimental fluid-roof greenhouse. 
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Figure 2. Diagram of the fluid system. Arrows indicate direction of 
fluid flow. Flow can be controlled manually. 
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ABSTRACT 

CONSTRUCTION OF TWO SOLAR ENERGY HEATING 
SYSTEMS FOR EXISTING GLASS GREENHOUSES 

John M. Wells and Harold V. Baggett 
Southeastern Fruit and Tree Nut Laboratory 

U. S. Dept. of Agriculture, SEA 
P. 0. Box 87, Byron, GA. 31008 

Construction of a solar hot water collector and storage system and a solar hot air 
collector and (gravel) storage system is complete. Each system has collector sur
face areas of 532 ft2 and energy storage volume 266 ft3; and will heat up to 1600 
ft2 of existing greenhouse facilities. Collector/greenhouse area ratios will be 
1:1, 1:2, 1:3 depending on total greenhouse area selected for testing. Energy sto
rage volume/collector surface area ratio will be 1:2. The design will permit con
trolled testing in matching greenhouse wings of 2 solar energy heating systems in 
comparison with conventional heating. Performance data will be collected during the 
winter of 1979-80. 

INTRODUCTION 

Solar energy heating systems are effective alternatives or supplement~ to convention
al heating services in commercial and experimental greenhouses (1 ,2,3). In laborato
ries of state and federal governments there is much interest in the use of solar 
energy to provide supplemental heat. Solar systems are particularly valuable where 
failure of conventional heating systems or where shc,rtages of fossil-fuel during 
severe winters would result in the loss of seedlings from rlant breeding programs. 
In addition, solar energy systems would permit cost savings in the long term for re
seacch programs anticipating increased overhead expenses, particularly in fuel, du
ring a period of fixed base funding. 

Research is currently underway at the Southeastern Fruit and Tree Nut Laboratory in 
Byron, Ga. to evaluate 2 solar energy heating systems for existing greenhouses (Dept . 

. of Inergy-SEA 4th year project entitled: 11 Evaluation of Two Solar Energy Heating 
Systems for Existing Glass Greenhouse Facilities 11

). This information will provide 
recommendations for cost-effective modifications of existing greenhouses. The modi
fications being tested are a) a heated water exchanger with an energy storage system 
exterior to the greenhouse, and b) a heated air exchanger with a gravel storage sys
tem exterior to the greenhouse. A future comparison will evaluate the cost-effective
ness of storage systems interior vs. exterior to the greenhouse. · The installation of 
these solar energy designs into matching wings of a large greenhouse complex will pro
vide an opportunity to make direct comparisons with a conventionally-heated wing. 
The information forthcoming will serve as a basis for recommendations to commercial 
and research greenhouse facilities. 

This report is a preliminary account of progress during the period of construction, 
July 1978 to March 1979. Operations will commence during the fall of 1979, and per
formance evaluations will extend throughout the winter of 1979-80. A final report on 
test results will then be published. 

DESIGN SPECIFICATIONS 

The greenhouse facility in which tests are to be conducted consists of 4 identical 
wings connected by a common headhouse. Wing orientation is SSW. Each wing is di
vided into 3 adjoining bays measuring 20' x 30', 20' x 20', and 20' x 30' from south 
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to north, with a total area of 1600 ft2. Lateral walls are 6 feet with a
3
ceiling 

apex of 13 feet resulting in t§tal bay volumes of 7200, 4800, and 7200 ft , or a 
total wing volume of 19,200 ft (Table 1). 

The existing method of heating is a circulating hot water system. Water is heated to 
150°F (65°C) by a natural gas-fueled boiler and circulated into each wing through· 
finned radiators. 

The surface area of each solar 2ollector system consists of 28 flat plates with a 
total collecting area of 532 ft . The ratio, ther~fore, of collector to greenhouse 
area is 1 :3 if the entire wing is included in the solar energy circulating system. 
For testing purposes each bay will be sequentially connected to the. circulating sys
tem enabling us to experiment with 600, 1000, or 1600 ft2 of greenhouse space. Pos
sible coll~ctor-greenhouse ratios to test will therefore be approximately 1:1. 1:2, 
or 1 :3. 

The volume of the energy storage system is a maximum of 288 ft3. Actual water or 
gravel volume will be closer to 266 ft3. The ratio, therefore, of energy storage 
volume to collector surface area will be 1:2. · 

CONSTRUCTION 

Construction operations centered around the energy storage systems, the collector 
support structures, the energy collector units, and the greenhouse circulation and 
control systems. 

Storage tanks--The tanks for energy storage were acqr:ired from the U. S. Government 
surplus property facility at Robins Air Force Base in Warne1A Robins, Ga. Property 
value of the tanks were $1200 each. Tanks were insulated with a 411 layer of spun 
glass blocks with compressive strength of 100 lbs/in2 and K value of 0.38. Block in
sulation was coated with a waterproof asphalt-base mastic. Tanks were buried in the 
ground up to 18 11

, and covered with lids made of 3/4 11 plywood sheets sandwiching 411 

polystyrene insulation. Bottom surface of the lids were sheathed with galvanized 
metal to prevent deterioration. Total cost of materials for each tank were $1227.00 
(Table 2). 

Su~port structure--Each collector support structure was made from 36 wooden trusses--
10 411 at the base, 9' high on the back side, and 15' across on the collector face, 
designed at a 48° angle for maximum solar light interception at our latitude. Truss
es were assembled 18 11 apart on a cinder-block foundation built around the buried sto
rage tanks. Plywood facing for placement of collectors provided a total support area 
of 15' x 45'. Facing was sealed··and painted prior to installation of collectors. 
Total costs associated with construction of each support structure was $1359.40 
(Table 2). 

Call ectors--Coll ectors were ordered prefabricated from manufactut~ers. Twenty-eight 
31 x 61 flat plate collectors were installed on each o·r1;he 2 support structures. 
Solar water collectors were purchased from Raypack Inc.-., Westla~~ Village, Cali
fornia, and double-glaze, solar air collectors from Solaron Corp,_/, Denver, Colora
do. Installation of solar water collectors required 250 ft copper tubing, fittings, 
a 1/8 hp collector pump capable of an 18' lift, and a l/3 hp circulator pump. Solar 
air collectors required duct work, a 1/2 hp collector fan with a variable speed 

1/Mention of a trademark or proprietary product does not constitute a. guarantee or 
.warranty of the product by the U. S. Department of Agriculture, and does not imply 
its approval to the exclusion of other products that may also be su-Hable. 
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motor (1100 CFM), and a 3/4 hp. indoor fan (1078 CFM). Total costs-associated 
with installation of the solar hot water collectors were $10,866.]2 (Table 2). 
Total costs for the solar air collectors were $9,274.65 (Table 3). 

Controls--Control systems for hot air and hot water solar units were obtained from 
the manufacturer of the respective collectors. Installation is currently underway. 
Copper-constantan thermocouples will be installed at critical points on each system 
for temperature monitorinq·. A weather substation of the U. S. Weather Bureau is lo
cated within 500 yds of the systems and provides all pertinent weather and insolation 
data. 
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Table 1. Basic specifications of solar hot air and hot water 
heating systems for existing glass greenhouses. 

Factor 

Greenhouse areas to be heated: 

Option a: End bay 
Option b: End + middle bay 
Option c: Entire wing 

Collector surface areax 

Energy storage volumex 

Air circulation rate (max.) 

Water circulation rate 

Units 

600 ft2 (7,200 ft3 space) 
1000 ft~ (12,000 ft

3
3 space) 

1600 ft (19,200 ft space) 

532 ft2 

266 ft3 

1100 ft3/min. 

5 gal/min. 

XAreas for solar water and solar air systems 

Table 2. Expendit~res for construction of solar hot water system for a 
1600 ft wing of an existing greenhouse. 

Item 

Storage tank 
Insulation material 
Waterproof coating 
Material for lids 

Superstructure foundation 
Support trusses 
Plywood facing 
Sealer and paint 

Prefabricated collectors 
Copper tubing and fittings 
Pumps 
Plumbing and valves 

Control system 
Labor 

Total 

Quantity 

288 ft3 vol. 
600 ft2 
80 gal 

10 I X 45 1 

36 
1125 ft2 

9 gal 

532 ft2 
250 ft 

2 

1 
407 manhours 

$ 

Cost 

ax 
764.00 
188.00 
275.00 

700.00 
374.40 
213.00 
72.00 

9,576.00 
402.72 
576.00 
312.00 

1 '120. 00 
1,221.00 

$15,794.12 

~Acquired from U. S. Government surplus property. Valued at $1,200.00. 
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Table 3. Exp~nditure~ for construction,of solar hot air system for 
an 1800 ft Wing of an existing glass greenhouse. 

Item 

Storage tank 
Insulation material 
Waterproof coating 
Material for lids 

Superstructure foundation 
Wooden trusses 
Plywood fac 1 ng 
Sealer and paint 

Prefabricated collector 
Duct work 
Fans 

Ducts in greenhouse 
Control system 
Labor 

Quantity 

288 ft~ vol. 
600 ft 
80 gal 

10 I X 45' 
36 

1125 rt2 
9 gal 

532 ft2 
75 ft 
1 

80 ft 
1 

407 manhours 

Cost 

$ oY 
764.00 
188.00 
275.00 

700.00 
374.40 
213.00 
72.00 

8,367.33 
467.65 
439.67 

1,000.00 
385.74 

1,221.00 

Total $14,467.79 

x/Acquired from U. S. Government surplus property. Valued at $1,200.00. 
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INTRODUCTION 

INHOUSE SOLAR COLLECTION FOR SOUTHERN GREENHOUSES 

C. D. Baird 
Agricultural Engineering Department 

University of Florida 
Gainesville, Florida 

and 

W. E. Waters 
Agricultural Research and Education Center 

University of Florida 
Bradenton, Florida 

The rising competition for energy and the accompanying increase in greenhouse heating 
costs have stimulated considerable interest in alternate energy .sources for green
houses. 

Grower talks [1] reports heating costs of $1/ft2 during 1978-79 as a common occurrence. 
·Heating costs as high as $50,000 per acre are alarming, particularly since.they 
represent an increasingly high percentage of the total production cost. Cost of 
heating for ornamental foliage producers in Florida where heating costs used to be 
of little concern is in excess of $10,000 per acre. 

These high heating costs have caused some growers to conclude that converting totally 
to sola-r heating systems is the immediate answer. However, the initial cost of 
solar heating systems is still very high and a careful assessment of all alternatives 
should be made. At this point the grower has a hard decision to make since it is 
difficult to determine the actual unit cost of solar heat and even harder to compare 
it with the uncertain prices and availab-ili-ty of conventional heating. 

It is not surprising that solar energy is being considered as an alternative to con
ventional greenhouse heating since the greenhouse itself has long been recognized as 
a good solar heat collector and furthermore greenhouses collect an excess amount of 
heat during some portion of the day, even during the coldest months. 

Early experience with a hydronic solar greenhouse heating system, utilizing conven
tional solar heating components [2] indicated that such a system would not be commer
cially feasible in the near future due to its high initial cost. It was apparent 

'that if solar greenhouse heating systems were to be economically feasible, lower 
cost components must be developed. Systems such as the ones developed by Rutgers 
University [3] have come a long way in making hydronic solar greenhouse heating 
systems economically feasible. However, these systems still have a serious drawback 
in the eyes of most producers since they require an external collector which may be 
as large as the greenhouse itself, particularly in northern climates.. In many cases 
the area for placing this large collector is simply not available. 

The system described in this paper attempts to e)iminate this problem by utilizing 
the greenhouse itself as a collector. Som~ researchers [4,5] have investigated 
greenhouses as solar coll_ectors and have found their performance to be poor, partic
ularly in northern latitudes. However, there is a large excess of heat collected in
greenhouses during daylight hours, particularly in the south, where the heat must b~ 
eliminated by some type of ventilation. The main problem with using the greenhouse 
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as a solar collector is the relatively low temperature of the heat collected in the 
greenhouse plant growth area. This means that a very large storage is required and 
very large volumes of air must be circulated. Any attempt in trying to increase the 
collection temperature would in most cases damage the crop in the greenhouse. The 
concept of this design proposes to increase the temperature of the excess heat col
lected by sealing off the attic and using it as the primary solar collector. 

DESIGN AND OPERATION 

Since there is an excess amount of heat and light available for most greenhouse 
crops in the south, the performance of the greenhouse as a solar collector can be 
improved by sealing off the attic and placing shade cloth in it (Fig. 1). 

A 1450 ft2 glass aluminum greenhouse located at Bradenton, Florida, was retrofitted 
using the design shown in Fig. 1 [6]. The attic collector consists of polypropylene 
shade cloth providing about 25% shade--over the entire attic. Clear polyethylene was 
placed immediately below the shade cloth and sealed to the walls of the greenhouse 
to prevent air exchange between the attic and the plant growth area of the greenhouse. 
The rock bed located under the plant support benches consisted of approximately 10 
tons of l/2-inch river gravel with a bulk density of 103 pounds/ft3. The rock bed 
was 18 in. deep, 40 in. wide, and 40 ft. long. In order to minimize resistance to 
air flow in the rock bed, a plenum was provided at the top and bottom of the bed 
causing air to flow vertically through the shortest dimension of the bed. Forcing 
air through the 40-foot dimension of the bed would be impractical due to the high 
pressure loss through the rock. The use of larger rocks will result in less preJsure 
drop but the 40-foot path would still require too much fan power. Also, when large 
rocks are used one must be concerned with the time lag in transferring heat to and 
from the rocks due to the internal resistance to heat flow. Concrete blocks with a 
small space between each are used as the air duct on the bottom of the bed. Blocks 
also provide additional thermal storage. 

Two fans were used in this system for convenience and flexibility in conducting 
tests. Each centrifugal fan is powered by a 3/4-hp motor and delivers 1500 CFM at 1 
in. water static pressure. 

The system is controlled by two differential thermostats and one single element 
thermostat which operate the fans and motorized dampers. One differential thermostat 
is used in the heat collection mode and operates fan 2 and opens dampers C and D, 
causing air to circulate through the attic and down through the rock bed when the 
attic temperature is at least l0°F higher than the rocks (Fig. 1). The other· thermo
stats are used during the heating mode and operate fan 1 and open dampers A and B 
when heat is called for in the greenhouse. The differential thermostat is wired in 
series with the single element thermostat so that the fan will be stopped when most 
of the heat has been extracted from the rock bed. The differential between the 
greenhouse temperature and the rock bed temperature is normally set at 2 degrees F. 
However, the differential on both thermostats is adjustable. 

This retrofitted experimental solar greenhouse heating system was not designed to 
provide all of the heating requirements. Therefore, conventional LP gas heaters 
were used as a backup. Figure 2 shows a typical performance of the system over a 
24-hour period. Refer to reference [6] for additional information on the perform
ance of this system. 
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MODIFIED DESIGN 

A modified design, based on results obtained from the initial retrofit system, is 
shown in Fig. 3. Note that the primary difference between this system and the one 
depicted in Fig. 1 is that an 11 0pen 11

, rather than a 11 Closed 11 duct system is used. 
The modified system has the advantage of being simpler in that only one blower is 
used and that one duct is eliminated. However, the main advantage of this design is 
the preheating effect obtained in the plant growth section of the greenhouse. To 
illustrate the preheating effect, consider Figs. 1 and 3 and assume that air leaves 
the rock bed at 70°F. In Fig. 1 (initial design) the 70°F air would be ducted 
directly to the attic where it is heated before returning to the rock bed. However, 
in Fig. 3 (modified design) the 70°F air leaving the rock bed will be preheated to 
the daytime greenhouse temperature (e.g. 85°F) before it enters the attic. This 
significantly increases the efficiency of the greenhouse as a collector and helps 
reduce the need for forced ventilation in the plant growth section of the greenhouse. 

Figure 4 indicates the solar collection efficiency of the modified greenhouse. The 
unusual characteristics of this greenhouse as compared to a conventional solar col
lector evidently cause a scatter of data points on a standard efficiency plot. Note 
that the collection efficiency averages over 30%. This represents a significant 
increase over the first design (Fig. 1) which had an average efficiency of about .10% 
for the same operating conditions. In addition to the preheating effect, the double 
glazing and higher percent shade also contributed to the increased efficiency. 

The main disadvantage of the modified design as compared to the initial design (Fig. 
1) is that, during the nighttime heating mode, air must be discharged from the top 
of the rock bed where the rocks are cooler than those at the bottom. In other 
words, the direction of air flow through the rock bed is the same for both the heat 
collection mode and the nighttime heating mode. This makes the design (rock size, 
bed depth, and air flow rate) of the rock storage system more critical than for 
systems where the air flow direction is reversed for the two modes of operation. If 
the rock bed is overdesigned, the fan must operate for several hours during the 
heating mode before a significant amount of heat is discharged from the top of the 
bed. 

It is very important that the fan operating time be minimized since it can represent 
a significant amount of energy when compared to the solar energy collected. For 
example, a typical 24-hour period resulted in 7 hours of heat collection and 10 
hours of nighttime heating. This required the operation of a 1/3 hp blower for 17 
hours resulting in about 6 Kwh of power consumed. The amount of solar energy utilized 
was about 200,000 BTU. In terms of electrical power the 6 Kwh represents about 10% 
of the solar energy, but compared to fossil fuel equivalents at the power plant, it 
represents 30-40% of the solar energy utilized. Thus, the importance of minimizing 
fan power consumption is evident. Since the static pressure against the blower was 
less than 0.1 in. water to circulate 2000 CFM, it should be noted that the effi
ciency of the fan and motor could be at least doubled when going to larger commer
cial-size systems and by carefully selecting the most efficient fan. 

On the other hand, a system with an unnecessarily high static pressure (bed too deep 
or poor duct design), for example 1 in. water, could actually require more energy in 
moving air than is collected from the sun. 

The rock bed storage system can be designed using heat transfer models such as those 
presented by Eshleman et. al. [7] in conjunction with pressure loss data for rock 
beds. 
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An additional advantage of the modified system is that warm air is discharged evenly 
along the bench rather than at one end. 

The modified design as indicated in Fig. 3 was used to construct a 60 x 25 ft wood
fiberglass greenhouse located at the Agricultural Research and Education Center, 
Bradenton, Florida. Only half of the greenhouse was initially equipped with the 
solar heating components. In addition to the sealed-off attic and shade cloth, the 
system consisted ot two 5.5 ft x 2.5 ft x 24 ft rock beds placed beneath the plant 
support benches. About 30 tons of 3/4-inch rock were used in the two beds. Ducts 
were built into the floor so that the solar heating system would not interfere with 
normal operations. 

ECONOMICS 

Table 1 gives an approximate distribution of the material costs for equipping the 
entire greenhouse. This system was operated during the '77-'78 and '78-'79 heating 
season. The estimated fuel savings over a 150-day heating season in '77-'78 was 
$300, based on LP gas at 42¢/gal (costs for operating fans were deducted). Current 
prices of fuel would result in fuel savings of nearly $400 per year. Thus, the 
payback period looks favorable even at current prices. 

NEED FOR FURTHER RESEARCH 

Presently, the main concern is the affect of reduced light levels on the crop. 
Table 2 gives the light-level reduction in the solar greenhouse as compared to a 
conventional greenhouse and outside conditions. 

Even in this low light-level, three cultivars of caladiums (Caladium hortulanum) 
were forced in the spring of 1978. Tubers were planted February 23 and most made 
marketable plants in 8 weeks or less, which is considered excellent. Leaf size and 
color were of equal or superior quality compared to plants grown in the conventional 
greenhouse. However, further work is necessary before making specific recommenda
tions. Once minimum light levels are determined for various crops, the amount of 
shade in the attic can be adjusted to match the crop. 

Other work needed includes the investigation of placing the shade on tracks and 
closing only when light levels are excessive. Also, guidelines for design and 
operation of rock storage systems need to be developed. 
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TABLE 1. COST OF MATERIALS FOR AIR/ROCK SOLAR HEATING SYSTEM. 

Polyproplene Shadecloth (1500 ft2) 

Polyethylene Clear Film (3000 ft2) 

Blower and Motor 

Differential Thermostats (2) 

Rocks (60 tons) 

Ducts, Concrete Blocks 

Benches (additional cost for rockbed) 

TABLE 2. LIGHT LEVELS AT'NOON IN VARIOUS TYPES OF 
GREENHOUSES LOCATED IN BRADENTON, FL. 

Date Solar House Double Glazed Single Glazed 

(Microeinsteins Eer m2 · sec.) 

1-18-78 220 650 760 
1-26-78 275 670 900 
2-2-78 350 500 1000. 

2-9-78 73 175 190 
2-17-78 40 90 130 

2-23-78 290 600 750 
3-1-78 270 800. 900 

3-13-78 320 700 1000 
3-16-78 . 350 900 1100 

3-22-78 300 800 1000 
·3-29-78 280 750 1000 
4-4-78 300 750 1000 
4-14-78. 380 900 800 
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ABSTRACT 

A large quonset style greenhouse, which was used the previous five years 
for the production of fresh market tomatoes, was modified by ir1stalling 
on the inside surface of the original corrugated fiberglass covering 
three air ~eparated layers of a material called Solar Membrar1e. A large 
above ground rock storage bin external and to the rear of the structure . 
was constructed to accept excess heat normally vented to the outside 
during clear sunny days. The energy collected is stored in the rock 
bed as sensible heat and is used to maintain operating temperatures 
during the nighttime periods. Engineering data have been obtained for 
approximately one year and are reported. The data indicate that during 
that time period the gas consumption was reduced by 70%, the electricity 
use increased by 6%, and the overall utility costs were reduced by 41%. 

A mathematical model which has been verified using actual performance 
data has been used as a design tool to indicate mechanical changes 
which would improve thermal performance. 

INTRODUCTION 

Developing a tech~ology to increase the usefulness of available solar 
energy in greenhouse structures is a goal shared by many at the present 
time. The commercial greenhouse industry has a very substantial incent
ive to utilize available solar energy because a net reduction in the 
utility bills is a positive financial benefit. With that goal in mind, 
a p~oject was started in June of 1977 in which a commercial quonset 
shaped greenhouse used for growing tomatoes 2nd cucumbers was modified 
by installing three layers of a unique material called Solar Membrane 
inside the building and by adding a large rock storage unit external 
and to the rear of the .quonset shaped structure. The installation was 
completed in the spring of 1978 and the system went into operation in 
tre month of April. Performance data were automatically collected 
since that time and some results based oM those data are presented here. 
The economic benefits of the design are also presented by usjng cost 
data obtained from the gas and electric meters installed on both the 
retrofit and control buildings. 

To extend the value of the project as a retrofit demonstration, it 
was necessary to develop a mathematical model to predict the overall 
thermal performance of the retrofit building both before and after the 

- 152 -



unit was modified. Thermal data related to the building and the rock 
storage were used to verify the mathematical model developed and the 
results are also presented here. The value of the computer model as 
a design tool has been demonstrated in this application be~ause varia
tions in the size of the warm air ducts were evaluated using the model 
and conclusions based on these results indicate optimum mechanical 
parameters for meeting the project objectives. 

SYSTEM OPERATION 

Important mechanical information and the detailed descriptions of the 
building, Solar Membrane installation, rock storage bin, warm air duct 
distribution system, controls and instrumentation have been described 
~lsewhere (1). Briefly, the dynamics of the retrofit greenhouse opeta
tio~ are as follows. During bright clear sunny days, excess heat energy. 
accumulates in the greenhouse because the inside surface of the original 
fiberglass covering has been augmented with three layers of air separated 
Solar Membrane. The Solar Membrane allows a large percentage of the 
visible solar radiation (300-2000 nm) to be transmitted into the green
house and absorbs a large percentage of the infrared energy; in effect 
preventing it from being reradiated to the outside. As a result, the 
greenhouse air. temperature increases to a control set temperature at 
which time the accumulated warm air in the front of the building is 
forced via ductwork into a large external rock storage bin. If weather 
condition~ permit, excess energy is stor~d continuously during the day. 
During the night, the electrical controls reverse the ducting fans and, 
if sufficient energy is stored in the rock bin, it is recovered to heat 
the greenhouse. The energy stored is utilized before the normal natural 
gas heaters are used to maintain a standard night temperature. 

PERFORMANCE 

The main function of the greenhouse is to produce a high quality fresh 
vegetable crop. To assure that goal with a reasonable reliability, it was 
decided to design the solar system electrical controls independent of the 
original greenhouse control circuits. That has proven to be a wise de-· 
cision because it allowed both the solar electrical controls and the 
original circuj.ts to be monitored with their own electric meters so that 
an accumulated comparison could be made at any time. For comparison 
purposes, an identical control building directly in front of the solar 
retrofit building was also instrumented wjth its own electric meter. 
In addition, gas meters were installed to monitor the total gas consump
tion of both buildings. Table 1 summarizes the total gas consumption, 
total solar equipment electricity consumption, and building controls 
electicity consumption for the solar retrofit building and the unmodi
fied control. That data indicates that the system installed in the 
solar retrofit building has effected: (1) a 70% reduction in the gas 
consumption, (2) a 6% increase in the electricity consumption, and 
(3) an overall net cost reduction of 41%. It s~ould be emphasized 
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that thEse data were obtained over a years period for tomato crops 
with typical night temperatures of 62°F and day temperatures of 75-85°F. 
Both the solar retrofit and control greenhouses were set to the same 
operating temperatures during the cropping periods. The cost data is 
based on Pacific Gas and Electric commercial rates for natural gas and 
electricity, which are approximately 0.219 $ per therm (100,000 BTU) for 
gas, and 0.046$ per KWHR for electricity. A cropping strategy which 
would more efficiently utilize the av_ai.lable s9~ar energy is a highly 
desirable aspect to be looked into as a fLture objective. It is felt 
that modified cropping strategies could make significant improvements 
in the net cost reduction figures. 

CONTROL LOGIC AND DATA COLLECTION 

Even though the solar equipment controls and the building control circuits 
are electrically isolated, it is obvious that they are coupled thermally. 
lf t~e crop environment is to be correctly maintained, it is ~mperative 
that the controls for both systems be adjusted within reasonably close 
tolerances. If the control states of both circuits are not adjusted cor
rectly it is possible that nEt energy use can actually increase dramatically. 
Some typical developments that can occur as a result of incorrect cuntrol 
settings are (1) heaters are used to heat the rock storage, (2) heaters 
are used to heat the greenhouse even though sufficient energy is avail-
able in thE rock storage, (3) excess heat energy is vented to the outside 
rathEr than to the rock storage. Because temperature controllers are 
usually not proportional devices but rather step control devices, careful 
adjustment of them is required. The project described here has certainly 
benefited by careful adjustment of controls and in addition, it has bene
fited by havin£ the use of an excellent data collection system. 

The data collection system monitors 54 channels of engineering informa
tion every hour and prints it on paper tape and un a conventional audio
magnetic tape cassette. The data collected falls into four major cate
gories. They are: (1) date, hour, minute-time code (3 channels), (2) 
outside meteorlogic~l data (6 channels), (3) retrofit and control green
houses and rock storage bin temperatures (30 channels), and (4) percent 
ON time for energy storage/recover fans, ventilation fans, heaters in 
retrofit and control greenhouses, motors, etc. (13 channels). These 
data provide an hour by hou~ record of the system parameters and are a 
valuable tool in evaluating the overall greenhouse performance. The 
data collected on the magnetic tape cassettes is processed by a computer 
and the large number of data collected (approx. 250,000 characters per 
month) are reformatted so that they can be easily used. The reformatted 
data is broken.up into three separate listings, each printed in standard 
132 character wide format so that they can be used with a minimum of 
inconvenience. The first listing contains timecode data and a series 
of thermocouple temperatures which represent the thermal status of the 
rock ·storage unit. The array of thermocouples begins in the soil three 
feet below t~e base of the rocks and progresses upwards at various 

- 154 -



spacings (usually 2 foot intervals) until the top of the rocks are 
reached. Two radial arrays are also located in the rocks. One is lo
cated at midheight and the other is located on the top of the rocks. 
The third listing indicates the percent ON time for all of the control 
hardware. Some of the more important data in the third listing are the 
amount of time that: (1) energy is stored, (2) energy is recovered, 
(3) heaters are one, (4) ventilator fans are on, and (5) evaporative 
cooling is used. 

In general, tre data quality is reasonably good and can be used with 
confidence. Some mechanical and electrical failures have occurred for 
short ~eriods of time to cause certain blocks of data to be of marginal 
value. However, all cycle time data is of good quality for our purposes. 
It should be mentioned that some wet bulb data tends to be marginally 
acceptable because of poor aspiration of the th ~mocouples, but steps 
have been taken to impr.ove that condition. 

COMPUTER MODEL 

Emperical engineering data obtained in the greenhouses.is very valuable 
for some purposes and is usually the only working data used by the com
mercial grower in his everyday operations. The fact that the grower 
usually learns but too late "what has occurred" or "what he should have 
done" by relying on trose data is small consolation for·the knowledge 
obtained. Normally a full season is required to evaluate the effect 
cf making changes in the greenhouse design. It is hoped that the change 
will be of benefit to the grower but the disadvantages are that the 
amount of time, labor and investment expense are costly. One of the 
valuable tools available to reduce the disadvantages associated with 
engineering changes is to model the changes using modern computers. 
In this way, if the model is reliable, changes can be made, "on paper" 
and the potential benefits compared to the potential costs to determine 
the desirability of making those changes. This in itself is not an 
expensive process but, it can be considerably less expensive than making 
the physical changes and measuring the consequences. To extend the use
fulness of this project just such a mathematical model was developed 
so that the engineering evaluation of greenhouse design changes could 
be made with a high degree of confidence. To model the greenhouse en
vironment with any reasonable accuracy, it not only is necessary that 
the model be accurate, but that the data used to verify the model also 
be of high quality. The professional quality of the model was helped 
considerably when the decision was m~de to use as the program nucleus the 
TRNSYS program (2) developed by the Solar Engineering Laboratory of the 
University of Wisconsin at Madison. The latest version (TRNSYS Version 9.2, 
February, 1978) of the TRNSYS Code was used for the simulation and it is 
expected that the v~rsion 10.1 to be released in May of 1979 will be 
used to update and improve some aspects of the solar greenhouse model 
developed here. · 
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In practice, formulating computer models can become undesirably complex. 
To eliminate some of the complexity, the TRNSYS program partitions the 
problem into representative components and develops mathematical models 
for each. Because the practical system consists of interconnected com
ponents, a mathe·matical description of systertr··p·erformance is developed 
by combining the models of all of the system components involved. Once 
all of the comporents of the system have been identified and a model for 
each has been formulated, the models are connected together so that in
formation can be transferred among them. This information transfer can 
be schematically represented by an information flow diagram of the system 
which identifies the input and output variables of each of the component 
models and indicates their interrelationship. The TRNSYS version 9.2 
was used as the nucleus of ·the program discussed here, however, in 
addition to that program eight new type programs had to be written to 
simulate the retrofjt solar greenhouse discussed here. The information 
flow diagram which re·presents the retrofit solar greenhouse is shown 
in Fig. 1. Each type of hardware or software represented in Fig. 1 re
quires an individual Fourtran IV subroutine. The subroutines model 
every component of the system: fans, rock storage, heaters, louvers, 
radiation processors, plant evapotranspiration, pad cooling, humidity, 
controller logic and ot~ers. To test t~e validity of the developed model, 
actual measured values of meteorlogical data take·n from the greenhouse 
data tapes were used in the program as inputs and the computer model 
of the greenhouse calculated what various building and rock storage 
temperatures should be as a result. Figure 2 indicates some results of 
that validation test. The calculated model values and actual measure
ments are not exactly the same which shows that further improvements can 
be made in the model. However, it appears that the existing model is 
close enough to actual measurements to be used as a design tool to deter
mine relative changes in building performance. 

The time history cf greenhouse and ~ock storage temperatures are im
portant in the day to day operation of a typical greenhouse but they 
are no more important than another aspect of our computer model which 
determines the greenhouse energy balance over the time period simulated. 
By surveying the total energy needs of th~ greenhouse over any given 
time period, the net cost of operating thE building can be determined. 
In addition, the computer analysis gives a clearer insight into where 
the building loses the energy it has acquired either from the sun or 
from gas heaters or rock storage. Figure 3 illustrates those consider
ations for a typical three day period in December for the retrofit 
greenhouse with Solar Membrane and rock storage. Some of the more ob
vious conclusions derived from the figure are that even though the build
ing is sealed reasonably well, it still loses 19% of its energy through 
infiltration losses. Also, the simulation indicates that the rock 
storage as it is pre~ently designed contributes only 11% to the green
house energy gain. The rock pile was reasonably well designed but the 
practical fact that it could not be placed within the building as part 
of the design process causes its practical value to come into question. 
These same conclusions are much more apparent when the data of Table 2 
are analyzed. Table 2 is a comparison of energy balances for the 
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greenhouee with various thermal modifications. The original building 
prior to retrofit is classified as being "Normal fiberglass without 
storage". That data is shown in column 4. The building is then modified 
by adding Solar Membrane and rock storage. That data is listed in Column 2. 
(Also shown in Fig. 3.). For completeness, adding rock storage to the or
iginal building - Column 5, eliminating rock storage to evaluate the 
effectiveness of the Solar Membrane - Column 1., and doubling the storage/ 
recovery mass flow of air are also presented. The data clearly show that: 
(1) the Solar Membrane reduces the gas use by 50%, and (2) doubling the 
air mass flow does not significantly improve the overall benefit of using 
an external rock storage unit in this application. 

CONCLUSIONS 

A large commercial greenhouse can be modified using Solar Membrane and 
the energy required to maintain correct operating temperatures using 
natural gas can be reduced over 50% based on worst case conditions using 
our computer model. In practice the gas consumption has been reduced by 
70% based on a full year of actual operation. Because the Solar retrofit 
equipment is an additional electrical load, the net electrical energy 
required increased by 6% over the same time period. The net result of 
using Solar Membrane and an external rock storage unit was to reduce the 
utility costs by 41~6. lt is anticipated th;:;t further reductions in the 
utility costs can be made by: (1) modifying the crop strategy and (2) 
performing parametric studies to evaluate the effectiveness of further 
engineering changes in the greenhouse structure. It appears that the 
external rock storage unit used in this project has inherent limitations 
to its usefulness. Other considerations prevented the unit from being 
placed inside the greenhouse structures for this project; however, the 
advisability of placing other similar rock storage units external to the 
greenhouse is highly questionable. It is still felt that this project 
has a real value in that it is a full scale, properly instrumented 
learning tool dedicated to the educational process. 
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TABLE 1 

SUMMARY STATISTICS FOR SOLAR RETROFIT 
GREENHOUSE PROJECT 

March 30, 1978 to March 17, 1979 

TOTAL GAS CONSUMPTION 

SOLAR EQUIPMENT 

SOLAR 
RETROFIT 
BUILDING 

79120 ~ $ 173.27 * 

ELECTRICITY CONSUMPTION 1807 KWHR $ 82.40 ** 

BUILDING CONTROLS 
ELECTRICITY CONSUMPTION 6130 KWHR $ 279.53 

TOTAL ELECTRICITY 
CONSUMPTION 7937 KWHR $ 361.93 

TOTAL COSTS $ 535.20 
TOTAL COST SAVINGS 

UNMODIFIED 
CONTROL 
BUILDING 

258,100 $ 565.24 

7466 KWHR $ )40.45 

7466 KWHR $ 340.45 

$ 905.69 
$370.49 

GAS CONSUMPTION REDUCTION• 70 % 
ELECTRICITY CONSUMPTION INCREASE: 6 % 
NET COST REDUCTION• 41 % 

* - 0.219 $/THERM 
** - 0.0456 $/KWHR 

TABLE 2 

SIMULATION SUMMARIES OF VARIOUS 
GREENHOUSE CONFIGUARATIONS 

-TYPICAL 3 DAY PERIOD IN DECEMBER-
(ALL VALUES IN THERMS) 

1. 2. 3. 
SOLAR SOLAR SOLAR 

MEMBRANE Mr:MBRANE MEMBRANE 
WITHOUT WITH WITH 
STORAGE STORAGE STORAGE 

DOUBLE 
m RATE 

GAINS 
SOLAR 123 12) 123 
GAS HEATER " 90 8? 84 
ROCK BIN RECOVERY 0 27 50 

213 237 257 
LOSSES 

ROCK BIN STORAGE 0 20 36 
PAD COOLING 13 11 8 
INFILTRATION 42 44 44 
EVAPOTRANSPIRATION 28 26 23 
CONDUCTION/CONVECTION 17 18 19 
RADIATION 108 1l2 113 

208 231 243 

LOSSES/GAINS RATIO 0.976 0.975 0.946 
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4. 5· 
NORMAL NORMAL 

FIBERGLASS FIBERGLASS 
WITHOUT WITH 
STORAGE STORAGE 

12) 123 
181 178 

0 25 

304 326 

0 10 
0 0 

41 41 
9 8 

42 43 
207 209 

299 311 

0.984 0.954 
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ABSTRACT 

OPERATIONAL EXPERIENCE 
COMMERCIAL HYBRID SOLAR GREENHOUSE 

DOE Contract No. EG-77-C-05-5455 

D. L. Collins 
Solargenics, Incorporated 

20319 Nordhoff Street 
Chatsworth, California 91311 

Performance evaluation of the solar heated greenhouse has been divided into 
separate functional groups so that the independent impact of each group can be 
assessed accurately. Solargenics constructed its own instrumentation syst~m 
since no cost-effective system with real-time operational readout was avail
able. Data verification is essential to good long-term operational analysis. 
The present instrumentation system allows examination of each data channel as 
seen by the A/D converter, as well as providing incremental, hourly, and daily 
summary reports. 

The first baseline evaluation element was the active solar system. This ele
ment includes collectors, field piping, packaged solar mechanical equipment 
back-up equipment, uni-temp radiators, and all associated controls. The act
ual equipment performance was compared with the computer-generated perform
ance baseline.. To date the data of actual versus computed performance tracks 
within acceptable limits. 

Work is now proceeding with operational evaluation of the heat recover~ sys
tem. This system consists of a multifunctional rock storage bin, a unique 
stratification barrier, and related ducts, dampers, blowers, and .controls. 

COMPUTER-GENERATED BASELINE 

As part of the project goal, Solargenics developed a computer code which 
allows sizing of a hybrid solar system for a commercial greenhouse at any 
geographic location ahd to predict monthly energy savings. ~omputer codes 
are only valuable if they can be verified. Data for the project greenhouse at 
Anthony, Texas was used to establish an energy-saving baseline projection. 
Figure l shows the predicted performance for the project greenhouse in the 
single glazed or standard configuration. Figure 2 shows the predicted per
formance with the stratification barrier acting as double glazing. The single 
glazed configuration required 1096 square feet of collector while the double 
glazed version required 941 square feet of collector. The cost of the strati
fi~ation barrier was less than the cost of 155 square feet of collector and 
thus was integrated into the final design. 

INSTRUMENTATION SYSTEM 

Solargenics developed a real-time instrumentation system based on the 8080 
microprocessor LSI. Software was developed that would permit system calibra
tion in the field without sophisticated test equipment. The software also 
allows the user to get direct readouts from each analog channel. This fea
ture simplifies system adjustments and verifies sensor performance. Opera
tional testing data is reported in increments ranging down to five minutes. 
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Most typically, hourly summary reports are provided and a 24-hour report is 
provided. 

All computation and reporting is accomplished at the greenhouse thus eliminat 
ing reporting delays. The greenhouse operator has direct access to the data 
and can report system problems immediately. The system reports both perform-
ance data, as well as status of each pump, blower, damper, and control valve 
in the system. Figure 3 shows a typical "engineering 11 report. Figure 4 shows 
both a 1-hour and a 24-hour report. 

INITIAL OPERATIONAL RESULTS 

From a cold start at 55°F in early March, the system contained 1,500 gallons 
of. ll5°F water at the end of one day. This is an energy collection of 749,700 
BTU's. This figure includes all system losses. The solar input was 1,642,050 
BTU's. This gives an overall system collection efficiency of 45.6 percent 
daylong. This figure should reach close to 55 percent when the system balanc
ing is optimized and all piping and storage tanks reach temperature equilib
rium. 

The computer sizing program projected the March energy contribUtion from the 
active solar at 30,297,200 BTU'~. The system based on measurements taken is 
providing 23,240,700 BTU·'s before full balancing is accomplished. This says 
that the overall active solar system is working to within 76% of the computer 
estimate. 

At the present time operational testing is underway to assess overall active 
system performance, effectiveness of the uni-temp radiator elements, and the 
back-up system capacity.· We are also evaluating the data format to make sure 
it is simple enough for the grower to use an effective reporting tool. 

PRACTICAL COMMERCIALIZATION 

Although it is too early to state that the Hybrid Solar Heating System for 
Commercial Greenhouses is economically viable, it does appear that the predic
ted performance of the system matches the actual performance. If the data 
continues to follow predicted lines, then commercially practical systems can 
be built to satisfy the energy needs of the Controlled Environment Commercial 
Growing Operation. Simplified performance reporting appears to be a useful 
tool to the grower and it allows him to tune his system to reduce back-up 
fuel costs. 
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COMMERCIAL GREENHOUSE SOLAR SYSTEM PERFORMANCE 

B. Gerald Staton 
Lockheed-Huntsville Research & Engineering Center 

Huntsville, Alabama 35807 

INTRODUCTION 

This paper deals with a solar heating system constructed at the Ulery Greenhouse 
Company in Springfield, Ohio. The Ulery complex includes approximately nine 
acres of greenhouses where seasonal pot plants, green foliage plants and spring 
bedding plants are grown. Their greenhouses are heated with both steam and hot 
water systems using natural gas or oil as fuels. The .present fuel cost for heating 
is running approximately $1.00 per square foot of greenhouse floor space. 

Under contract• to the Department of Energy's Office of Conservation and Solar 
Applications, a solar system was designed and constructed to provide approxi
mately 60 percent of the heating energy to a 8650 ft2 greenhouse fl]. The system 
sP,own in Fig. 1 was made operational in July 1978. All of the site prepara·• 
tion, collector support structures and construction footings were done by Ulery 
personnel. In addition, these personnel installed a significant percentage o;f 
the collectors. 

SOLAR SYSTEM DESCRIPTION 

Six-thousand square feet of flat plate collectors were installed in place over four 
rows of wooden support structures. The design approach sel~cted utilized state
of-the-art collector components {absorber, glazing and insulation) and required 
erection techniques currently possessed by commercial greenhouse personnet 
This helps considerably in making solar systems more competitive economically. 

Three of the four wooden support structures are open on the back allowing the use 
of this structure for storage. Approximately 4000 sq ft of storage space was made 
available and is being fully utilized by the Ulery Greenhouse Company. The fourth 
support structure covers an in-the-ground concrete storage tank which contains 
25,000 gal of water used for thermal storage. Drain down back into the tank, after 
collector operation is achieved by proper sloping of the collector plumbing. 

The absorber plates were made from 6 in. wide x 0.05 in. thick extruded aluminum. 
A nominal 0.5 in. copper tube is connected to the extrusion with a snap ring fitting. 
The absorber has a flat black finish with an absorptivity of approximately 0. 9. 

The single cover was made from a tempered, low iron content glass. This 0.125 in. 
thick glass has a transmissivity of 0.90 and was installed in sections measuring 32 
in. long x 79.5 in. high. Silicon adhesive was used to con.nect the glass to the wooden 
support structure. Automobile radiator hose was used to make the 1200 connections 

. between the 600 aluminum absorber panels and the upper and lower manifolds. 

Hot water from the thermal storage tank is pumped into the greenhouse for h~C\,ting 
purposes. Approxima~ely 2000 lineal feet of finned-pipe heat exchangers are located 

* DOE Contract EG-77-C-05-5453. 
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under the growing benches. The pipe is made of copper and the radiating fins made 
of aluminum. 

INSTRUMENTATION AND DATA REDUCTION 

A list of the measurements selected to monitor system performance is pre~ented in 
Table 1. The instrumentation used includes resistance thermometers, water flow 
meters, a pyronometer and an electric power transducer. The outputs of the sensors 
are fed to a DEC PDP-11 V03-HA microprocessor where the sensor outputs are tab
ulated and the specific system performance is calculated. Some of the performance 
parameters calculated include: 

Solar Energy Available 
Solar Energy Collected 
Collector Efficiency 
Solar Energy Used for Heating 
Auxiliary Energy Used for Heating 
Power to Operate Pumps 
Heating Degree Days 

Tabulated as well as calculated values are normally printed on an hourly basis. 
Daily totals of integrated values are also printed. 

PERFORMANCE 

Operational testing of the system began in July 1978. The purpose of this testing 
was to "wring out" the system, find and correct problem areas, determine pre
liminary performance and make simple modifications that improve system per
formance and lifetime. Most of the problems found were leaks in the plastic 
(CPVC) manifold nipples due to thermal expansion and contraction. 

Greenhouse heating began in mid-October 1978. A plot showing the solar energy 
collected as well as the solar energy and auxiliary energy used for heating during 
1978 is shown in Fig. 2. One can readily see that the auxiliary requirements for 
that period were minimal. The grower kept the greenhouse temperature very low 
(30 to 50 F) during December (he was growing Easter lilies) thus accounting for the 
low heating requirement. 

A chart showing the performance for the month of November 1978 is shown in Fig. 3. 
This shows the energy collected ·and used on a daily basis as well as the variation in 
greenhouse, ambient and storage water temperatures. There were 12 days during 
this period that the solar flux was so low that no collection was possible. The grad
ual drop in greenhouse temperature during the latter portion of the month was con
trolled by the grower. 

Figure 4 shows the hour-by-hour performance of the collectors during a good col
lection day (November 11, 1978). The ratio of collected energy to incident energy 
was 0.33 during this day. Approximately 2. 7 x 106 Btu were collected as referenced 
by the rise in the 200,000 lb of storage water temperature. 

Figure 5 shows temperature time histories during the full day of November 11, 1978. 
The greenhouse was being heated from midnight until 9 a.m. and again from 8 p.m .. 
until midnight. Solar energy collection occurred from 10 a.m. until 4 p.m. 
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An accurate determination of collector efficiency over a short time interval is very 
difficult to obtain due to the variation in solar flux and collector plate temperature. 
Whole day efficiency can readily be determined and such is presented in Fig. 6. 
Sufficient data were obtained in order to get the general trend of the curve. 

PROBLEMS ENCOUNTERED 

Major problems encountered were: 

• Excessive thermal expansion of the CPVC manifolds 

• Lower than expected volume flow through the collectors 
and a resultant loss in collector efficiency 

• Clogging of about 10 percent of the collector tubes due to 
mineral::; I:JL el..ipitated from tho storage W'~ tPr 

• Freezing and subsequent rupture of these tubes. 

Modifications to the system are being made in order to solve these problems. The 
CPVC manifolds have been replaced with copper manifolds and constructed in shorter 
segments so that the maximum expansion is reduced by a factor of ten. A new pump 
will be installed that increases the volume flow by a factor of two. This increased 
volume will help to raise the collector efficiency. It will also reduce the collector 
outlet temperatures and correct the precipitation problem. 

CONCLUSIONS 

A solar heating system has been constructed that will provide approximately 4 x 108 

Btu per year of heating energy. This supplies approximately 60 percent of the total 
required energy to a 8650 ftl greenhouse at the Ulery Greenhouse Company. 

With the exception of some problems due to excessive cold weather the system has 
performed well. Modifications to the system will furth e r increase the performance 
and remedy the cold weather problems. 

The forecast installed system cost (for future installations) is $65,000. This means 
that the installed cost per square foot of collector area will be $10.83. 

REFERENCE 

1. Staton, B. Gerald, ''Solar Heating of Cornrnercial Greenhouses- Final Report, 
Phase IV," LMSC-HREC TR D568489, Lockheed Missiles & Space Company, 
Huntsville, Ala., October 1978. 
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Fig. 1 - Aerial View of So.~ar Heating System 
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Table 1 - Solar System Measurements 

Units After Conversion 

Storage Temperature · F 

Greenhouse Temperature F 

Ambient Temperature F 

Collector Plate Temperature F 

Inlet Temperature to Collector F 

Outlet Temperature from Collector F 

Inlet Temperature to Heat Exchanger . F 

Outlet Temperature from Heat Exchanger F 

Collector Flow Rate gal/min 

H;eat Exchanger Flow Rate gal/min 

Steam Condensate Flow Rate (for Deter-
mining Auxiliary Energy Usage) gal/min 

Solar Flux in Plane of Collectors 2 
Btu/ft -hr 

Electrical Power Used by Solar System kW 
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SUMMARY 

MONITORING OF THE 
SOLAR HEATING OF A COMMERCIAL GREENHOUSE 

R. 0. Cummings, SeD 
f~odular Systems Division 

43 Second Avenue 
Burlington, Massachusetts 01803 

Under Department of Energy sponsorship, Modular Systems Division has constructed a 
solar heating system to heat a commercial greenhouse. MSD has now started the pro
cess of monitoring the performance of this system and will continue p~rformance 
monitoring over a two-year period. 

SYSTEM AND GREENHOUSE DESCRIPTION 

The system is a single cavity receiver of 5000 Ft2 gross area and is shown in Fig. 1. 
The operating principles of the system are depicted in Fig. 2. The greenhouse·heated 
is a 15,000 Ft 2 glass greenhouse, presently poly-covered, and utilizing oil heat with 
a heating system of 7,000,000 BTU/hour capacity. 

EFFICIENCY TESTING 

Efficiency tests were conducted on the collector in November of 1978. The instrumen
tation and methodology of the tests ar~ presented in Table 1. The results of that 
testing are shown in Fig. 3. 

SYSTEM ECONOf~l CS 

The efficiency testing results were input to an analytical model of the collector and 
system. The expected energy production and use are shown in Table 2. The energy 
production and use curves were utilized ta develop the payback cur~es of Fig. 4 and 
Fig.· 5. 

DAILY SYSTEM MONITORING 

Daily monitoring data for December, January, and February are summarized in Table 3. 
As shown, the actual energY-gathering falls short of prediction. Actual heat produc
tion is correlated against actual flux in Fig. 6. The results clearly indicate a 
loss of incident solar. Transmission measurements made as shown in Table 4 indicate 
unimpaired transmission of the glass. Therefore, the·solar energy is being trans-. 
mitted into the system, but reflected out rather than absorbed. This means that in 
the next part of our program we must take steps to darken the interior, particularly 
the floor of the collector module. 

WORK FOR NEXT PERIOD 

In order to bring system performance up to par, it will be necessary to blacken the 
interior surfaces to prevent reflected losses and then to verify improved performan~c. 
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TABLE 1 

INSTRUMENTATION FOR TESTING COLLECTOR 
n = MCp (T2-T1) - Oelectric 

collector 
Anet. ldt 

Item Instruments Equation/Comment 

1 Insolation, I a) Eppley Precision Pyranometer 
b) Lintronic Volt-Time Integrator 

Anet Jldt 

2. Net Clear Aperture Physically measured on site and 
Area, Anet from construction drawings ' 

"3. Storage Tank Temperature Honeywell 24-Point Temperature Qstorage = MC(T2-T1) 
Rise, (T2-T 1) Recorder Where: MCp = Tank Thermal Mass 

4. Electric Power G. E. KW-Hour Meter Subtracted out of final collector 
Consumption, Oelectric efficiency equation as a parasitic 

loss 

5. Solar Angle Post indicator on Cartesian Co- Incident angle can be determined 
ordinate Graph Paper from X & Y coordinates of shadow 

cast by post. In addition, incident 
angle modifier Farcar. be calculated. 

6 Environment Temperature, Honeywell 24:-Point Temperature Both temperatures ·used in 
Te Recorder parameter, 

(Tc- T e) Collector Temperature, 
Tc I 

which is plotted against ncollector 
to produce a collector efficiency 
curve. 
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TABLE 2 

PREDICTED PRODUCTION 
BASED ON EFFICIENCY TESTS 

SOLAR USEFUL 
HEATING SUPPLY SOLAR %LOAD 

MONTH DEMAND BTUx108 ·eTUx108 CARRIED 

January 6.28x108 .46x108 .46x108 7 

February 5.37 .53 53 10 

March 5.28 .66 .66 13 

April 3.44 .61 .61 18 

May 2.05 .62 .62 30 

June 1.23 .67 .67 54 

July .43 .76 .43 100 

August .08 .77 .08 100 

September .82 

October 1.34 .74 .74 55 

November 3.29 .48 .48 15 

December 5.65 .44 .44 8 

Total: 35.61x1 08BTU/YR 5. 72x1 08BTU I YR 

%of Annual Load Carried: ·s 72x1o8BiutYB - 16% 
35.61 x1 08BTU I YR 

Useful Solar: 5.72x108BT~/YR = 154,595 BTU/YR-FT2 
3700 Ft . 



TABLE 3 

ACTUAL vs PREDICTED INSOLATION 

MONTH AVG. AVG. 
DAILY PREDICTED DAILY ACTUAL 

INSOLATION INSOLATION 

December 3.09 X 106 2.97 X 106 

January. 3.40 X 106 3.44 X 106 

February 4.54 X 106 5.18x 106 

ACTUAL vs. PREDICTED PRODUCTION 

MONTH AVG. AVG. 
DAILY DAILY 

PREDICTED ACTUAL 
PRODUCTION PRODUCTION· 

December 1.45 X 106 0.9 X 106 . 
January 1.55x106 0.7 X 106 

February 2.0 X 106 1.5 X 106 



TABLE 4 

MEASURED GLAZING TRANSMISSION 

DATE TRANSMISSION 

1-6-79 
1-7 .796 
1-8 .791 
1-9 .794 
1-10 .795 
1-11 .796 

I-' 1-12 
.....:1 1-13 CD ""' 

1-14 .792 
1-15 .791' 
1-16 .790 
1-17 .785 

1-18 .780 
1-19 .757 
1-20 .757. 
1-21 .757 
1-22 .757 
1-23 .761 

1-24 .761 
1-25 .760 
1-26 .760 
1-27 .758 
1-28 .766 



FIG . 1 
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FIG. 3 GREENHOUSE MODULE 
EFFICIENCY vs. COLLECTOR TEMPERATURE 
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MODULE PAYBACK TIME VERSUS ENERGY COST 
FOR 2, 5, AND 10 PERCENT ANNUAL PRICE INCREASES ABOVE INFLATION 

CONFIGURATION: DETACHED 
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INTRODUCTION 

PERFORMANCE OF THE KUBE PAK 
SOLAR HEATED GREENHOUSE 

D. R. Mears, W. J. Roberts, P. w. Kendall and J. P. Cipolletti 
Biological and Agricultural Engineering Department 

Cook College - Rutgers University 
New Brunswick, New Jersey 

The greenhouse solar heating demonstration project at Kube Pak Garden Plants, Inc., 
Allentown, New Jersey, is based upon the results of the research program conducted 
at Rutgers University. This research program has been geared to applications with 
commercial double-covered polyethylene structures. Emphasis has been placed on the 
development of low initial cost systems. Insofar as possible the materials and 
techniques utilized in the research and demonstration programs are currently available 
to the greenhouse industry. 

The original proposal for the solar demonstration called for the retrofit of 7200 ft
2 

(668 m2) of existing greenhouse. However, by the time the project was ready to start, 
the cooperating growers were planning a new 58,000 ft 2 (5388 m2) addition to their 
range. With .the opportunity to install the solar components as a part of new con
struction, it was anticipated that work would be greatly simplified. Also, there was 
an opportunity to determine the economies of scale that could be obtained from building 
a large commercial unit. Therefore, the entire 58,000 ft 2 (5388 m2) addition was con
structed as a solar heated unit. Expansion of the project has required a tremendous 
increase in the efforts of the research team and in the support required. However, it 
has provided an excellent facility for the full scale trial of all of the components 
of the Rutgers solar heating system. 

\ 
SYSTEM DESCRIPTION AND CONSTRUCTION \ 

The major elements in the system installed a~ube Pak have been described in reports 
on the Rutgers research program [1,2) and in earlier reports on the construction of 
the demonstration facility [3,4,5). Multibay gutter-connected greenhouses covered with 
two layers of polyethylene. film are the most economical commercial units to heat. 
However, further heat loss reduction is needed if solar heating is to become practical. 
A movable horizontal curtain which encloses the growing area at night has been in
stalled in the greenhouse. In earlier work, it was shown that substantial heat savings 
are Obtained With properly installed Single-layer 1 thin-film CUrtainS [6) • . 

The solar heated greenhouse consists of 10 gutter-connected bays each 20 ft (6 m) wide 
and 290 ft (88.4 m) long. Insulation curtains are pulled across each section of green
house by motor driven cables 10 ft (3 m) apart. The curtain is supported between the 
cables by stationary polypropylene monofilaments. A number of new curtain materials 
are being tested at Kube Pak including: 4-rnil (0.1 mm) clear vinyl, 4-rnil (0.1 mm) 
clear vinyl laminated to 0.5-mil (0.013 rnrn) aluminized mylar, 6-mil (0.15 mm) black 
vinyl, 6-mil (0.15 mm) black vinyl laminated to 0.5-mil (0.013 mrn) aluminized mylar, 
4-mil ,(0.1 mrn) black vinyl laminated to 0.5-mil (0.013 mm) aluminized mylar with and 
without polyester mesh reinforcement and 4-mil (0.1 rnrn) black polyethylene. 

The porous concrete floor system is both storage and primary.heat exchanger for the 
rreenhouse. The floor is constructed of four laye~s: polystyrene board insulation, 
l vinyl swimming pool liner, gravel flooded with water and a cap of porous concrete. 

The porous concrete forms a firm floor, a heat exchange surface and allows excess 
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irrigation water to drain. The water provides thermal storage when mixed with gravel 
and is the.heat·transfer fluid for the solar.collector and.secondary heat transfer 
system. The vinyl liner contains the concrete,·gravel and water. The insulation also 
serves as mechanical·protection for the liner during construction. 

The floor and other elements of the system are shown in the schematic diagram of Fig. 1. 
The floor is divided into 20 equal.sections, 10 each on the north and south sides of 
the center walkway. Water flow is shown in the.second figure. The supply flumes under 
the center walkway and the return flumes to the pumping pit are all vinyl lined. 
A 7-1/2 hp pump supplies water to the solar collector, or circulates water through the 
floor. Heat from·the backup boiler can.be added to the floor system by circulating 
heated water through the pipe loop heat exchangers located in the return flumes. 

The solar collector consists of a frame covered with five layers (two clear tubes and 
a black sheet) of plastic film. The black plastic sheet, which is the absorber plate 
of the collector, is sandwiched between the two air-inflated clea~ greenhouse grade 
polyethylene tubes. The air spaces between the rear two layers and the front two 
layers are kept inflated with small blower~. The black polyethylene absorber is pressed 
between the two inflated. polyethylene ··cushions ·which stabi-lize· the structure and· pro
vide some insulation. A layer of polypropylene shade fabric is laid over the black 
polyethylene absorber. The weave in the shade.helps to spread the flowing water uni
formly and the polypropylene layer.helps prevent the polyethylene layers ~rom sticking 
together when the collector is.left dry. At Kube Pak, 11,000 ft2 (1020 m) of solar 
collector were constructed. Analysis of performance data will indicate the best ratio 
of collector to greenhouse floor area for large greenhouses. 

SYSTEM COSTS 

The.costs for the various components have.been given in detail earlier [4,5]. These 
costs are summarized in Table 1. 

TABLE 1. COST SUMMARY 

· ·rTEM (Materials·and·Labor) 

Floor storage/heat exchanger . 
Backup.heat exchange system 
OVerhead curtain insulation 
Pumps, electrical work and ~ontrols 

2 Solar collectors (11,000 ft · [1020 m l) 
(collector cost $2.36/ft2 collector 

[$25.50/m2]) 

Total 
cost 

$ 83,000 
2,000 

17,400 
8,700 

26,000 

cost/ft 
2 

greenhouse 

$ 1.43 
.04 
.30 
.15 
.45 

Cost/m 
2 

greenhouse 

$ 15.40 
.37 

3.23 
1.61 
4.83 

It should be noted that more solar collector area is needed for a greenhouse of this 
size. However, if there were an increased contribution from solar collectors there 
would be a need for vertical curtain heat exchangers which have been d2scribed earlier 
[1-5]. These units cost $6500 for half the greenhouse or $0.22 per ft ($2.41/m2) if 
installed in the entire house. 

Some of the costs in Table 1 would be encountered in an~ greenhouse, such as the costs 
of the walkways. The sav.ings in the conventional heating system components not in
stalled could also be credited against the tabulated expenses. In this case, heating 
pipe worth about $9,000 was saved, as well as the labor for its installation. 
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It must be clearly recognized that in the construction of a solar system of this size 
there are significant economies of scale that will not be obtained on small projects. 
For example, in the overhead insulation system, most hardware costs are proportional 
to perimeter rather than area. Drive and control systems· are single items. 

SYSTEM PERFORMANCE 

The unit was used in the spring of 1978 for the production of bedding plants. Some 
seedling flats were. germinated directly on the warm floor and later in the spring the 
entire floor area was.utilized for bedding plants with some sections being cycled 
through a double crop. Hanging baskets.were also produced at the same time. Desired 
flat temperatures were.held within 2°F (l.l°C) throughout the greenhouse. The circu
lation system·for water through the floor is capable of maintaining uniform condi
tions throughout the. greenhouse. 

During the summer of 1978, about one-quarter of the floor area was used for poinsettia 
stoc.k plants and in the. fall the entire area was utilized by potted poinsettia cuttings. 
OVer 30,000 pots of varying size· were produced. An important aspect of the effects on 
plant. growth of the solar heating·system is the.relationship.between soil temperature 
and the air and floor.temperatures. The.temperature profiles for a typical 24-hour 
period for 4-inch (10.2 em) pots are shown in Figs. 3 and 4. The monitore!l pot in 
Fig. 3.was raised slightly off the·floor while the other was placed directly on the 
floor. During the day the.sun hea~!:) the·greenhouse air and.the soil in the pots so 
that all these.temperatures are warmer than the water stored in the floor which ·is 
being· heated by the solar collectors. At night the greenhouse ambient air temperature 
falls more rapidly than the soil.temperature. These figures indicate that pot soil 

.temperature at night is basically.determined by air temperature and that the small 
pots have a.much stronger thermal coupling with the. air than the warm floor. Another 
observation was .that night air temperatures in the plant canopy.were as much as 2 or 3°F 

. (l.l-l.6°C) warmer than just under the drawn curtain. 

Figure 5 provides similar information for a larger (10-inch [25.4-cim]) pot on another 
night •. The large pot is influenced somewhat more by the warm floor as shown by the 
thermocouple under the pot which is warmer than the greenhouse air during the night. 
The larger pot is warmer at the bottom and the soil temperature gradient indicates 
cooler soil near the top of the pot. Also, in the larger pot, .·heat accumulated during 
the day is lost more slowly during the night than is the case with the·4-inch (10.2 em) 
pots. These temperature profiles are in agreement with what could be expected from 
basic heat transfer considerations. It is important to consider the dynamic nature 
of the soil.temperatures and the differences caused by pot size when considering the 
horticultural aspects of the influence of soil.temperature on plant growth. 

The energy saving aspects of the solar system are shown in Fig. 6 and in Table 2. The 
nine weeks of data shown here cover a period when both the solar.section and an adjoining 
check section were operating. The degree day bases are different as the sections were 
not held at the same tempe.rature. Over the nine weeks the 802 million BTU (842xl06kJ) 
used in the solar section divided by the 854.5 degree days and the 78,000 ft2 (7246 ~2 > 
of expose~ roof and walls indicates a mean heat transfer coefficient of 0.50 BTUh/ft °F 

2 
(2.84 W/m °K) •.. A similar computation on the uninsulated eheck house which had 93,000 ft 
(8640 m2) of exposed roof and walls produces a mean heat transf.er coefficient of 0.81 
BTUh/ft2°F (4.6 W/m2°K). Thus the average energy savings attributable to the insulation 
system is about 40%. This relative savings can be calculated at any point in time by 
comparing.temperatures in the greenhouse, .over the insulating curtain and outdoors. 
Checks .of the data show that this relationship is fairly constant. For example, on the 
night of January 15...;16, 1979, it was 23°F ·· (-5°C) outside, 50°F (10°C) over the curtain, 
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and 70°F (21°C) in the growing area, indicating at that time a 43% energy saving. It 
is easy to check the perfo:rmance of the insulation system by checking relative attic 
temperatures. If any curtains do not seal tightly when closing or become torn, the 
attic temperature rises indicating a reduction in insulation effectiveness. 

The energy totals for the nine weeks are shown in Fig. 6 and Table 3. The 1283 million 
BTU (1347xl06 kJ) required if not insulated, was calculated ~y assuming the heat trans
fer coefficients were increased from 0.5 (2.8) to 0.8.BTUh/ft °F (4.5 W/m2°K). At 
$4.00 per million BTU ( $4.20/106 kJ) . The insulation system saved $1900 and the solar 
collectors $1500 during this 9-week period. 

During January and early February 1979, the solar. greenhouse was used to germinate 
seedlings directly on the heated floor. During this period the water in the floor 
was held at about 90°F (32°C), the air at 72°F (22°C) and the soil between 70 (21) 
and 75°F (23.9°C). Temperature profiles from a typical 24-hour period are shown in 
Fig. 7. On the night shown, the outside ambient temperature was about l0°F (-12.2°C). 
This situation demonstrates the capacity of the system to maintain desired soil and 
air temperatures. During this period the curtain insulation system. was very effective 
in conserving energy. However, there were very few hours of sunshine in January and 
February, so the contribution of the solar collectors was relatively small. The high 
floor temperatures being maintained also limited collector operating time. 

Later in the spring of 1979, the entire solar section was switched over from seedling 
germination to bedding plants production. The temperature profiles for March 18-19 are 
shown in Fig. 8 and for the earlier dates of February 28-March 1 in Figs. 9 and 10. 
As was the case with the fall poinsettia crop, the.soil temperatures indicate a much 
stronger thermal coupling with the air than with the floor. Soil temperatures at the 
bottom of the tray may be warmer than air temperatures during the night. In Fig. 9 
comparison of attic temperature with greenhouse ambient and outside ambient again shows 
the effectiveness of the insulation system • 
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This work was performed as a part of NJAES Project No. 556, supported by the New 
Jersey Agricultural Experiment Station and Hatch Act Funds. 
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TABLE 2 

PERFORMANCE OF SOLAR GREENHOUSE 
DURING FALL 1978 POINSETTIA CROP 

s 0 L A R s E C T I 0 N C H E C K S E C T I 0 N 

DEG. COLLECTOR BOILER TOTAL DEG. 

BTUxl0
6 6 

WEEK DAYS BTUxlO BTUxl0
6 6 

DAYS BTUxlO 

Oct. 5-11 65.5 73 34 107 57.5 180 

12-18 69.0 39 36 75 82.0 184 

19-25 67.0 79 14 93 94.0 195 

26- 1 69.5 58 20 78 97.5 230 

Nov. 2- 8 74.5 35 18 53 102.5 220 

9-15 86.5 35 23 58 114.5 186 

16-22 125.5 22 66 88 153.5 239 

23-29 167.5 11 119 130 195.0 264 

30- 6 129.5 28 92 120 157.5 207 

TOTALS 854.5 380 422 802 1054.0 1905 

TABLE 3 

NINE-WEEK ENERGY SAVINGS FOR FALL POINSETTIA CROP 

Energy required if not insulated 1283xl0
6 

BTU 100% 

Total energy actually used 802xl0
6 

BTU 63% 

Energy provided by solar collectors 380xl0
6 

BTU 30% 

Energy provided by fossil fuel 422xl0
6 

BTU 33% 

Energy saved by insulation 48lxl0
6 

BTU 37% 
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AGRICULTURE'S CHANGING NEEDS 

REMARKS BY PHILLIP ALAMPI 

GREENHOUSE SOLAR ENERGY BANQUET 
Sheraton-Regal Inn, Piscataway 

April 2, 1979 

Good evening, ladies and gentlemen: 

It is a pleasure to be here tonight to speak on New Jersey's agriculture, its 
viability, and its potential to change. The basic role of agriculture in any 
enlightened nation is to feed, clothe, and shelter its people. 

In New Jersey where expanding population, economic growth and social change are 
dynamic, there are multiple pressures on the resources devoted to agricultural 
production and distribution. One of these pressures is illustrated by the very 
complex job of getting more and more production from less and less land. This 
challenge is a hard core reality that is being addressed by the agricultural 
research leadership and the incentive of the American farmer. 

The key to success is the ability to change. Sound, forward-looking research, 
accomplished and administered by talented and highly motivated people, has made 
us the best clothed, sheltered and fed people in the world. All of this occurs 
at the lowest percent of take-home pay of any nation. Thus, our past research 
efforts and innovations have, up until now, served us well. 

The issues and questions surrounding the future roll of agriculture in New Jersey 
are of critical importance. New Jersey is, in fact., a testing ground and pilot 
operation for many of the issues that will become evident on a nationwide basis 
at a later date. 

New Jersey is the most densely populated state in the Nation. Yet, the presence 
of more people in the State puts an extra burden on sound.research for our farm 
production and marketing economy. The great gains we have experienced in popula
tion and economic growth since World War II have resulted in the loss of about 1.4 
million acres of prime farmland. ·This is a substantial price to pay for our spec
tacular growth. This loss of farmland has forced us to recognize the need to 
increase our efforts to enhance agriculture in the decade ahead and has added a 
certain urgency to the task. The basic policy of the executive branch of our state 
government and the will of our New Jersey citizens, is that agriculture shall be· 
preserved in the Garden State even if it is in a modified, but sophisticated, form. 

Recently, New Jersey hosted the Northeast Agricultural Leadership Conference in 
Cherry Hill. This Assembly, made up of farmers, researchers, government officials, 
agricultural experts and rural life specialists from the 10 northeastern states, 
was a precedent-setting event in many ways. It was funded by a grant from the 
National Science Foundation, and co-sponsored by the Coalition of Northeast Governors 
and the Northeastern Association of State Departments of Agriculture. 

The purpose of the Assembly was to bring together the diverse groups which affect -
or are affected by - agricultural issues in the Northeast, and try to develop solu
tions to our common problems on a regional basis. 
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I honestly think that the Northeast Agricultural Leadership Assembly is going to 
serve as a model for other regions in the United States, because our experience 
was so successful, and one of the things that we learned during the three-day 
meeting was that as a region, we can get some things done which we cannot accomplish 
individually. 

As an example is the recent announcement by U.S. Secretary of Agriculture Bob 
Bergland of an advisory task force on rural transportation. We, in New Jersey, 
submitted names for consideration on the task force as did many other States. The 
appointments to the task force were announced by Secretary Bergland just a few days 
prior to the Northeast Agricultural Leadership Assembly in New Jersey. To the dis
may of the Commissioners and Secretaries of Agriculture in the Northeast, there was 
not a single member named to the task force from any of the Eastern states. 

We talked with Secretary Bergland about the need for the Northeast to have a repre
sentative on this important task force. We in the NOrtheast have rural transpor
tation problems which warrant the consideration of this kind of committee, and we 
believe that not only can we benefit from participation on ·.the committee, but the 
rest of the United States would also benefit from our input. 

Secretary Bergland responded by agreeing to appoint a representative from the 
Northeast to the task force to serve as a non-voting member. I called a meeting 
of the NOrtheast· Commissioners .. and Secretaries of agriculture who were participating 
in the meeting in New Jersey and we agreed to recommend to Secretary Bergland the 
name of Robert Harridge, who serves as Vice President of Transportation for Agway, 
one of our largest agricultural cooperatives in the region. The point to be 
realized here, is that as a region, our voice was heard. 

There are· other opportunities for this regional approach to common problems of the 
Northeast which we a~e just beginning to investigate. Energy tops that list. The 
Northeast produces no substantial energy of its own, except for nuclear power, and 
during the energy crisis of 1973 and 1974 we had to temporarily shut down many of 
our industries which depend upon natural gas because the oil companies were not 
honorinq their commitments to the Northeast. 

Our memory of shivering through that winter with a large percentage of our popula
tion unemployed is very clear. We definitely need to unite as a region on energy 
policy, planning and conservation. 

During my 23 years as Secretary of Agriculture, I have seen a dramatic change in 
our farming enterprises. Not too many years ago, livestock, dairy, and poultry 
accounted for well over half of the farm products sold in New Jersey. Today, it 
is just the opposite with harvested ·crops accounting for two-thirds of our farm 
commodities sold. In the crop sector, grain production is making giant gains. Soy
beans now account for nearly one-third of the acreage harvested in New Jersey. This 
is remarkable, because I have always felt that our comparative advantage is in fruit, 
vegetable and ornamental crops. 

One of the primary causes of change in agriculture during the past 15 years has been 
labor and factors directly related to labor. The shift from vegetable crops and 
dairy operations to field crop production was stimulated by a lack of available 
labor. Labor housing issues in the fruit and vegetable industry further accelerated 
this change in agriculture. Farmers have adjusted to this situation by sUbstituting 
for labor, energy and mechanization. 
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In our efforts to preserve agriculture here in New Jersey and in other states, we 
found that many people view agricultural preservation as trying to maintain the 
status quo: keeping the farms, th~ fields and the practices as they are today. 
This is not realistic; agriculture is going to continue to change. The agriculture 
that is going to survive and flourish in an urbanizing environment is the intensive,· 
small-acreage, highly mechanized systems familiar to all of us. I'm talking about 
the greenhouse and greenhouse-related structures which modify the environment. Your 
research may appear to be a little ahead of the times to some, but from what I have 
seen, you are right on target - oil costs are accelerating upwards and there is the 
question of adequate supplies. 

At the Northeast Agricultural Leadership Assembly, which I mentioned earlier, the 
Research Agenda Committee made the following observations: 

1. That basic to an ongoing and truly viable agricultural industry in the Northeast 
is-food production efficiency, and that the nation's past and present world 
leadership in this has come about through a research structure of American farm 
families working in concert with public research, teaching, and extension insti
tutions, government departments of agriculture, and private industry. This basic 
structure should not be changed. 

2. That the agriculture experiment stations and the USDA are placing too much atten
tion on theoretical research and too little on applied research of direct help 
to the farmer. And t~at it is essential to restore the earlier balance between 
these two if the Northeast agricultural economy is to remain viable. 

3. Because the future of agriculture will be secure only to the extent that we make 
the necessary investments in research, it was recommended that state governments 
of the Northeast increase their financial commitment to agricultural-research 
through their land grant colleges and universities to a more commensurate level 
with the other states. 

It is easy to agree with the committee's suggestions, but more than our agreement 
is needed. Success will require all of us interested in agriculture to work together, 
and to work hard. 

A participant in the Northeast Agricultural Leadership Assembly recently said that 
man is motivated by two main drives: sex and greed. We know which is the primary 
drive. I would like to talk about the second. For us agriculturalists, this "greed" 
is really what we call incentive. Farmers have it, especially· at this time of year 
during spring planting. It is the incentive to get more out than they put in - to 
make a profit - that commits them to taking this gamble. I challenge you in your 
research efforts to help those in agriculture to eliminate some of the risks and 
uncertainties of crop production through greenhouse research. 'The farmer will do 
the rest. 

It is a pleasure to host you in the Garden State. We say that our fruits and vege
tables and other farm products are "Fresher By Miles." If you miss being back home 
taking that farming gamble as spring plowing and planting begin, you can always take 
the gamble in Atlantic City. But I can tell you from experience that the farming 
gamble is much better for the spirit and, in fact 1 for the pocketbook. 
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While New Jersey is highly populated, 23 percent of the State's total acreage is 
devoted to agriculture and nearly 40 percent is woodland. ·Our northwestern_ 
counties .remind me of· Vermont and our coastal beaches. provide excellent recreation 
and seafood •. one of the wonders of.this great State is that our three leading 
industries underline our diverse character. Petrochemicals, agriculture and tourism 
flourish in harmony. I hope you will have an opportunity to visit our farms, 
forests,. and beaches, as well as our cities. We in agriculture are trying to keep 
the "good life" part of New Jersey. 

Thank you·. 
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,----------~-----------------------------------------

TOURS 

On Tuesday afternoon, 3 busloads toured some of the research facilities at Rutgers 
University, a commercial rose-growing establishment and.the solar demonstration 
project at the Kube Pak Corporation. As is usually the case when there is a large 
tour or public demonstration of the Rutgers solar research program, the skies were 
overcast and there were intermittent periods of rain throughout the afternoon. 

RUTGERS UNIVERSITY 

At the greenhouse research area at the Biological and Agricultural Engineering Depart
ment, a number of new ideas were shown. The small research prototype greenhouse which 
has been monitored through three complete heating seasons illustrated the use of a 
movable curtain insulation system, movable vertical curtain heat exchangers, water 
storage in gravel under a porous concrete cap and an external plastic film solar 
collector. A larger slant-leg, wooden frame greenhouse is being used to research 
concepts for internal solar collection. A gravel-water floor storage without a con
crete cap is being used with the water pumped through internal solar collectors. 
The concept being evaluated is centered on clear plastic film collectors consisting 
of 2 layers between which water flows. Light and heat can be intercepted by the layer 
of water sandwiched between the layers. The amount of light intercepted and con
verted to heat can be increased by inserting greenhouse shade netting or dyed plastic 
films between the clear layers. The ideal dye would absorb infrared and 
nonphotosynthetically active radiation while passing light useful to the plants. 

A 3-bay gutter-connected house is being used to test various-mechanical systems for 
moving vertical curtain heat exchangers and thermal blankets. A new roll-up concept 
for the north wall insulation curtain and vertical curtain-heat exchangers is being 
developed. A system where the overhead thermal blanket is hung from a low-cost cable 
drive system is being used to test three different thermal blanket materials, one of 
which consists of tWo layers. This house has a ventilation system controlled by a 
4-stage unitwhich opensa window in increments to match the airflow provideo by the 
fans. By proper control of the incoming air,good mixing is achieved and localized 
cold or hot spots are avoided. The floor of this greenhouse has not been capped with 
concrete and the gravel and water are heated by a·96 ft long prototype collector. 

The 96 ft prototype collector is of the most recent design and was built by students 
of Cook College working from prepared plans. By having students purchase all 
materials and build the collector, the adequacy of the plans was evaluated. This 
collector is a fixed-frame unit and is the strongest and simplest collector framing 
system developed at Rutgers. 

In a small 10'xl2' greenhouse, a porous concrete floor has been laid over plastic' 
pipe. Studies are underway to determine the effects of pipe spacing,- water tempera
ture and flow rate ontheperformance of this type of floor heating system. Most 
commercial installations of plastic pipe under porous concrete use fossil-fuel-fired 
water heaters to provide the warm water for the system, but there is a clear potential 
to use solar energy in such cases, as source temperature required is about 90°F. 

At the horticultural research farm a 48 ft by 100 ft vegetable research greenhouse 
is being heated with solar energy provided by two 96-ft-long solar collectors. In 
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this greenhousetheplants are grown in plastic lined troughs set directly on the 
flodded gravel. The walkways are paved with porous concrete. The north wall is 
insulated permanently with styrofoam beads blown between the plastic layers. Inside 
the greenhouse, along the north wall, is a black plastic film double curtain through 
which water can be trickled day or night. During the day, the unit acts as an 
internal solar collector and at night it can act as a vertical curtain heat exchanger. 
Movable curtain heat exchangers are hung over the walks and are rolled up like a 
porch awning during the day. 

WRIGHT'S ROSES - CRANBURY) NEW JERSEY 

Wright's Roses, owned by Chip Wright, was established in 1925 and is composed of 
110,000 square feet of glass house area and a 50,000 squar~ foot gutter-connected 
plastic film greenhouse sold by X.S. Smith of Eatontown, New Jersey. The main crop 
is roses, supplemented by 45,000 square feet of standard mums and pompoms. Wright's 
has a fleet of 7 trucks which service 100-125 florist shops around Central New Jersey. 

Several energy-conserving efforts being undertaken at Wright's include the use of 
double polyethylene over glass on the north roofs and aluminum-foil-faced plastic 
foam insulation on the lower north walls. Chip Wright observed that a major benefit 
of his energy conservation measures was a significant increase in yield as his 
heating system is now capable of maintaining desired night temperatures during 
severe cold weather. 

KUBE PAK GARDEN PLANTS) INC, - ALLENTOWN) NEW JERSEY 

Fred and Bernie Swanekamp operate two plastic greenhouses of their own design. One 
house is 1000 ft by 250ft (5.7 acres) and the uLher is 900ft by 290 f~ (5.99 acres). 
Bedding plants make up the biggest single item produced by Kube Pak. Approximately 
250,000 flats of flowers and vegetables are produced each year. In the fall, approxi
mately 30,000 poinsettia plants are produced for Christmas. Last fall this entire 
production was in the 200 ft by 290 ft solar dP~onstration section. There is also 
some year-round production of foliage plants for nearby florist and plant shops and 
garden centers. 

In the first 1.5 acres of the 250-ft-wide house there is a regular concrete floor with 
steel warm water piping nnderneath which has been in service for some time. During 
the past year there has been extensive renovation work done in this house. The entire 
5.7-acre range was raised 1.5 ft and cross ties replaced with trusses to enable an 
insula~ion system to be instaJled. The remaining 4.5 acres were paved with porous 
concrete with polyethylene pipe underneath to provide floor heating. 

The main feature of this tour was the 58,000-square-foot solar demonstration section 
which was completely filled with bedding plants. The floor storage/heating system 
and movable blanket insulation system, as well as the 11,000 square feet of rain
drenched solar collectors of three different types were inspected by the tour group. 

A large number of questions were fielded at each tour stop by the tour guide and the 
owners of each installation. The tours were successful and gave the conference 
participants a good look at the research. 
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OVERVIEW OF THE RUTGERS GREENHOUSE SOLAR ENERGY 
RESEARCH AREA 
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KUBE PAK GREENHOUSE SOLAR HEATING DEIONSTRAmN 
Fred and Bernie Swanekamp·Owners 

DCCICN£:0 DY 

THE BIOLOGICAL AND AGRICULTURAl ENGINEERING DEPARTMENT 
Cook Colleqe • Rutqers University 

~UPPORTI:O BY 

KUBE PAK GARDEN PLANTS INC. 
US. DEPARTMENT OF ENERGY. GRANT EG-77-C-05-51M 
THE NEW JERSEY AGRICULTURAL EXPERIMENT STATION- COOK COLLEGE 
STAUFFER CHEMICAL CO~ WESTPORT. CONN. 
MONSANTO COMMERCIAL PRODUCTS .ST.LOUIS.MO. 
YAW WINGERDEN PLASTIC GREENHOUSE CO .. FLETCHER. N.C. 
XS.SMITH INC •• RED BANK. N.J. 
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SOLAR COLLECTOR FIELD AT l<UBE PAK 
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SPRING BEDDING PLANTS IN SOLAR DEMONSTRATION, KUBE PAK 

THERMAL BLANKETS CLOSING 
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SOLAR ENERGY FOR HEATING GREENHOUSES AND 
GREENHOUSE-RESIDENCE COMBINATIONS 

Exhibitors List 

X. S. Smith & Calmac 
Drawer X 
Red Bank, New Jersey 

Solar Sun Still, Inc. 
15 Blueberry Ridge Road 
Setauket, New York 11785 

(516) 941-4078 

Clover Gardens Products 
P.O. Box 874-F 
Smyrna, Tennessee 37167 

Andray Products 
23 Centerway 
East Orange, New Jersey 07017 

(201) 672-2249 

Stuppy Greenhouse Supply Division 
P. 0. Box 12456 
Kansas City, Missouri 64116 

(816) 845-3071 

Monsanto Company 
200 No. 8th Street 
Kenilworth, New Jersey 07033 

Stauffer Chemical Co. & Chicopee 
1 Metroplaza 
Edison, New Jersey 08817 

(201) 549-6880 
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SOLAR ENERGY FOR HEATING GR~ENHOUSES AND 
GREENHOUSE-RESIDENCE COMBINATIONS 

Abdallah, N. Ben 
Bio-Research Engr. Dept. 
Univ. of. British Columbia 
Vancouver, B.C. Canada 
VGT 1W5 (228-2565) 

Acevedo, Edmundo 
Faculted de Agronomia 
Universidad de Chile 
Santiago, Chili 

Ainoris, John 
Solar Sunstill, Inc. 
15 Blueberry Rdg. Road 
Setauket, New York 11733 

(516) 941-4078 

Alampi, Phillip (Hon.) 
State of New Jersey 
Dept. of Agriculture 
P.O. Box 1888 
Trenton, N.J. 08625 

Albright, Louis D. 
!)epartment of 

Agricultural Engineering 
Riley-Robb Hall 
Cornell University 
Ithaca, New York 14850 

Allison, Leon o. 
Stauffer Chemical Company 
1 Metroplaza 
Edison, New Jersey 08817 

(201) 549-6880 

Altman, Jim 

She~aton-Regal Inn 
Piscataway, New Jersey 

April 1-4, 1979 

CONFERENCE PARTICIPANTS 

Altman, Landy 
ARS Energy Research Coordi

nator 
Room 219, North Building 
SEA-USDA, Agric. Res. 

Center-West 
Beltsville, Maryland 20706 

Anstruther, Peter 
1 South Balch Street 
Hanover, New Hampshire 03755 

(603) 634-4074 

Anthony, Harry c., Sr. 
·Monsanto Company 
No. 8th Street 
Kenilworth, New Jersey 07033 

(201) 276-2900 

Armstrong, John 
Calmac Mfg. Co. 
150 So •. Van Brunt Street 
Englewood, New Jersey 07631 

Atwater·, Clive 
Hooper & Angus Associates 
Suite 502 
950 Yonge Street 
Toronto, Canada M4W 2J7 

(416) 961-4151 

Auer, William 
Division of Solar Energy 
DOE 
20 Massachusetts Avenue 
Washington, D.C. 20545 

(202)370-9633 

Ausiello, Peter 
200 N. 8th Street 
Kenilworth, N.J. 07033 
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Bachelder, Stephen 
County Agric. Agent 
Union County Extension Serv. 
300 North Avenue E. 
Westfield, N.J. 07090 

Baird, C. D. 
Agricultural Engr. Dept. 
University of Florida 
Frazier Rogers Hall 
Gainesville, Florida 32611 

(904) 393-1864 

Badger, Phillip C. 
Ohio Agric. Research and 

Development Center 
Wooster, Ohio 44691 

(216) 264-1021 

Bello, Richard 
Dept. of Geography 
McMaster University 
Hamilton, Ontario L8S 4Kl 
.Canada 

(416) 525-9140 X4537 

Bidgood, T. I. 
200 N. 8th Street 
Kenilworth, N.J. 07033 

(201) 276-2900 

Bloch, Steven, G. 
Box 131-A 
Harrisonville-Ferrell Rd. 
Mullica Hill, N.J. 08062 

(609) 478-4040 

Boffo, Louis 
R. D. #1 
Muncy, Penna. 17756 



Bonja, Robert Church, Gerald E. 
Churchill Jr. High School 302 Central Avenue 
Norton Road Cape May County Vo. Tech. 
East Brunswick, N.J. 08816 cape May Point, New Jersey 

(201) 257-8300 08212 

465-3064 
Brady, Ed 

Dale, Alvin c. 
1144 Hillcrest Road 
West Lafayette, Indiana 47906 

(317) 463-5410 

Davidson, Graham 
Agrownautics, Inc. 

Box 134, R.D. #4 Cipolletti, John Box 723 
Willow Drive 
Jackson, N.J. 08527 

(201) 928-0257 

(Bio/Ag Engrg, Rutgers, Cook) Lakeville, Conn. 06039 
330 Felton Avenue· (203) 435-9846 
Highland Park, N.J. 08904 

Braver, Karl 
(201) 846-6745 Davidson, 0. Wesley 

1156 Kearney Drive 
290 Sylvan Road 
Babylon, New York 11703 

Click, Larry North Brunswick, N.J. 08902 
.Agric. Dept. (201) 297-1578 

669-6801 

Brown, Evan c. 
c/o Ecotope Group 
2332 E. Madison 
Seattle, Washington 98112 

(206) 322-3753 

Brox, John F. 
1363 Broadway 
Dracut, Mass .. 01826 

(617) 953-0831 

Buxton, Jack W. 

Box 5101 
Tenn. Tech. University 
Cookeville, Tennessee 38501 

(615) 528-2830 

Collins, D. L. 
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