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ABSTRACT

Sadlor, B oand Veo Bavel, O H M D85S Simulation and mssvrement of cnergy part ion
i Mhnd roof greonhouse. Apeie For Meteoaeol, 35 1—103

A 2%’ greciphowse was Dtted withe o hollow, channeled plastie ool theoogh which o
A0 solulion of Cully was pumpred. This rool wasa spectratly discrimsinating Tilter that
Lrassmtbted  S0—060% ol photosyatheticallby active  radbiation and 0—13% of nomactive
radiateon, Thong 5 penods of L4 davs Troan Seplember, L9799, Lo July, 1950, data werns
collectad on enviconmentsl conditions  solar arradianee, aic lemperalure and humidity,
and windspeed | and on greenhouse conditions temperatore and Bomidity of the air,
temperature of the orop, the ool the fludd storage tank and oo fowr depihs in the soil,
and net radiation bolh phove the greenhouse and above the crop in the preenhonse,

The environmental condilions were used as boundary value inputs i a decermintstic,
mechanstic; and dvssmic simulation model of the greenhouse svstem. Teo test the maodol,
its culpuls were compared to the corresponding measured values. The model simulated
the various temperatires 1o within 2370 and the net sudistion Lo within 200 30 W m ™2
For one of the Tlive cesta, thehumidity was simulated almost sxactle | but the eeliabilite of
the unadiny data e the other tests was inadeguale

The pgreenhouse tanks stored. enoegy equivolent o 325 of the daily total of solar
radialion, Among the T2 {est days, this ratio ronged Trom 23 1o 435 This conlrosts witly
a figuee of 157 for energy storape by 2 eonventionsl greenhouse, which we have found by
samulatinn of the fest structuee with an cimpty raol

[NTRODUETION

Ine purpose of o greenhouse s to protect plants from adverse environ-
ments, allowing economic crop production m areas that would otherwize be
less suitable. Durnng clear sky comditions, however, the climate nside a
greenhouse will likely have a wider temperature range than the ouatside
crvironment, with temperalures ahove ambilent during the day (Wagooner,
19547 and possibly below ambienl daring the pight, A cold, clear nighl
requires heating, uswally with fossil fuel, and a clear, sunny day reguires
cooling, asually by ventilalion and aided by evaporative cooling if necessary,
Ventdation with fans requires electricity, an expensive form of energy.
Cooling van also be done by neutral shading of the crop, but this is al the
pxpense of light required in crop production.

A precnhouse desipn that provides a more efficient means of coaling and
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bBeating during e¢lear weather would elearty be of benefit o the greenbouse
industry, Such i design was proposed by the French [nstitut National do
Hecherehe Agronomigue (INBAY in Avignon, France [(Damagnez el ol
LE75R), It utilized o spectral filter 1o trap Lhe approximately 507 of solar
radhation that the crop cannol use o photosynthess. Tins radiation wis
comverted to leat i Lhe roof rather than allowed to pass through and hea
Ly erop and the greenhouse sir.

In the INRA greenhouse, amd e the one used i Lthe Lests reported here, a
J5 solution of copper chlonde was pumped throush o hollow plastic roof,
This made the raof a longwave cutol Dlter wt TOD nm (Mores ot al,, 1955),
The flowing solution also served as the heat transporter Lo storage Tacility
sueh as an underground tank. A Bler INRA design used a hlue-green glass
panel as the fller; wator running over the panel was Lhe working Muid, and
asecond ghiss lver covercd The system (Chiapale, 1981)

Coneurrent with physical tests of the Feasihility of the faid-roof concept
i Avignon, France, theoretieal studies were condocted a1 Texoas A& M 1ni
versity i College Station, Tesas, The objectives were Lo assisl ongineering
frasibility studies and, later, to optimize siging of the greenhouse com
ponents and refine the management strategy. The prineipal tool in this
thearctical waork was a dyvnamic simufation model of the physies of the
fluid-roof greenhouse. The model was based on physical refationships, bt
nevertheless required  verifieation before application, The model tests ro-
ported  bere were condocted concurrently with oexperiments o Avignon
[Chiapale er o al, T8#S5) They differ from the Avignon tests e thiat the
rhation was absorbed by the [lud, CoCly in water, rather than by the
tinted ghiss: Also, the current 1ests represent an independent verificatlion of
Lhe model nyoa different olimmte,

Theorelical analyses of the climeate mside o Auowbaeood greenhowse have
shevan it Lo be more mederate than i stancard glass or plastie enclosuros,
Radipnt load an the crop, temperatores G the air and the crop, crop water
pae, and waler stress ol the coopoare all reduced. The price of these ime-
provements 15 o4 shightly reduced photosynthetically active radiant flux and
dasomewhat bgher humichty (Van Bavel et al., 1981 Chiapale et al,, 198530
Hecause Lhe lemperatare regime s more moderate, less day-time venlilalion
i= required noa Tlud-roof greenhouse, so that eventual carbon dioxide
fertihzation would be more effictent.

R T S

The theoretical analvss used o compuler meodel o simulate the effect of
environmoenl, struclure, and control methods on the elimate inside e
oreenhouse. This model was developed vsing established phiysical relation.
ships 1o describe the low of eocrey and mass 0 the greenhouse systom.
The model, SGTH, has boen described briefly mo Van Bavel et al, (1981 and
Chiapale et al {1983y, and inomore debail by Sadler CV9R3) A sumumary will



bee given here. For more information aboul SGT9, a detailed user's puide is
cvantodele Prome Che ol boars,

The model was designed Tor use onan Amdahl 170 VG or VIS compuater
with TBM operating system MVSJESS. 1 was writton i TRMS Cont inuous
mystent Modefing Program (CSMEP L TBM, 1975, and Speckhart and Green,
PECTE L, whiele s o statement-orne el sprecii-pairpsose ingnage for the sume
bticen of time adependont systems,

SGTH was developed with the assumplion that o greenhouse could e
clesertbend s a0 svstem ol conmectsl, homoponous compenents ;) the roal,
the vrap, 15 sorl lavers, the e wsude, and o stomee tank, SGTY was o one-
chimestonal modely Tux of energy and mass were assumed Lo oceur o Lo
vertieal drection anly The cross-low of e o ventilation has boon des
sefthid as adding o gquastseeomnd dimension to the analvsais (Seginer and
Lovae, 19710, bt o clicd mot aled cermplesity e the maeedel The same wis
Leuee Tor the flow ol Mol through the rool. A reeest oview of related
arecnhose modeling studhes can bo Towned 1 Sadlor (1983,

The energy content of cach compartment in the proenhouse was ol
aclereed by 1ts tomperiloee; e crop was assuemed o Buve neglighile hoat
cappiely so0thal i emperatuze then reflected  thermal equilibrdom. The
sirface ol the soil dilso was assumed to luve neghgible Beal capacity, The
transler of heat From the Gk 1o the surrounding sonl was simualated using
acseparate soil compartment around the tank, A witer balines was kept Tor
Phe e andd Tor comdensation on thae ressl surfiee

FErergy was assumped toomove by oway of shortowayve tichis oy, long-wave
riteliieliean, sensitle Nest of convection inalts atent beal of evaporation to air,
by conduction in solids, and with mass Tlow of air i ventlaton and of flud
n fow through the rool and storage wink, Short-wave radiation was coi-
silered  separately i vwo wovelbamds photosyothetically-netive radintion
(PAR ADO=T00 nm) and non-ietive medintion (NAR:D T00-3000nm). The
transmession, rellection. and absorption of short-wave mdiation deponded
o Ahe eptical properties i each waveband of the roof, crap, and soil Lmng-
witve radiation was assumed to depend on the lemperature and emittance of
the roof, crop, and soil sceordmg e the Stefan—Boltzmann retlationshep.
sensible heat flux depended on the temperature difference botween o surface
and the i by a reststance form of Newton's Liw of cooting, Latent heat flus
wis Tound from the product of the latent beal of eyvaporation and the witer
vapor Tlux rated the lattey was Tound from the difference belween the bu-
michity of the e and o the surfuee under consideration using 4 resistance
torm of Fick™s law of dilfusion. Conduction of heat in the soil was caleulated
using Fourier’s law following the example of Wieronga and De Wit {1970,

Thir crop was assumed to be a horizontal plane of unit leal-area indes and
neghgible feat capacity . Fucther, ot was assumed Lo be homogenous regared.
g temperalure, internal huomadily, and nternal carbon dioxide coneen-
tritian. The optical properties of the crop depended on leal arvea index and
were found usig the radiation routines from a complex canopy model



IMeCree and Van Bavel, 18977), Evaporation from Lhe erop was controlled by
L resistance of the leaf in series with thie resistance of the aeradyrnamic
houndary layer above the leaves, The leal resistance depended oo the morn
lmiting of two factors: leaf waler potential and absorbed PAR. The Rl
iy of the leaf imterior was assumed to be thatl of saturation a1 the feal
tempreratire,

The model included simulation of the carbon balance, mcluding carbon
dioxide assimilation and respiration, as well a5 the effect of 1he nternal
varbon dioxide level. Howsever, no measurements of the simulated  yir-
ables were made and 1ts was assumed that the carbon dioxide halance has o
negligible effect on the enerey fluses.

The greenhouse used Tor the tests was locatod on the Texas A& A Ungver-
sity Research Annex, 1 km west of Breyan, TX, The structure mensured
bEs b8 m wall height inereased from 1,59 to 1.92 m from eave to prizth
The walls of the greenhouse were 015 m thick, insulated, and covered with
polshed aluminum foil on the inside and white paneling on the outside.
The reduved height, nearly Mat roof, and reflective, insulated walls were
ustd to reduee the horzontal flux of heat out of the greenhouse. To reduce
honzontal flow of heat below the wall in the soil, the soil beneath the
grecnhouse was insulated From the surrounding soil by 0.05 mof styrofoam
instlation tooa depth of D.3m, A sod of St Aupustinesrass {Stenotaphrim
sectindatim [Walt. ) was established inside the greenhouse Lo provide an
vl -nntained, permanent crop during the tests.

Thie rool was constructed of channeled . hollow polvcarbonate panels
{Tuwlfnk Twinwall, Tiohm and Haas Co., Phitadelphia, PA, USAL in 6 mm
Uek 1.22 5 2.44.m sheets: Each panel wus itted with supply and return
mandolds made of 30anm PYVO pipe, Two 1.5-m" Muid storage 1anks were
bured ouwtside the preenbouse, The tanks wore lilled with 3% Ll
witlerss coneentrated HCD was added to mamtain the pH hetween 2 and 3,
thus preventing precipitation of copper compounds. The fluid was cireu
latee by a magnetically-drven, nylon-mpeller pump (Model AC-5-MTID,
March AMfe. Co., Glenview, 1L, USA). Connecting plumbing was PVC pipe or
Mesihie tubing throughout because the Tuid was corrosive,

During the tests, measurements were made 1o characterize the environ-
ment hoth outside and inside the greenhouse, Solar irradiance was measured
with o pyranometer (Model CM-2, Kipp en Zonen; Delft, Holland), Outside
ar temperature wias measured with a venuibted, shielded thermocouple
Plape T, (WG mmb as an average of 1wo messurernents af 1 m height, Dw-
point temperature was measured with o LiCl dew eell (Model S5P1298,
Mmneapolis-Honevwell Regulator Co.. Mimneapolis, MN, USA) at a sample
bewht of Tm, Wind speed was measured with an analog cup anemometer
(Maodel: Windseope, Taylor Instruments, Arden, NC, USA) at a height of
Hhme Two additional environmental conditions wore nol measured: the
shy long-wave arradiance was caleulated  from ambient temperature and
hamidity by the method of ldso (1981), and the temperature of the tlee)est
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layer (2 m) of the soil below the greenhouse was assumed constant at the
initial value.

Greenhouse air and dewpoint temperatures were measured at three points
near the center of the greenhouse using the same methods as were the
outside conditions. Greenhouse crop temperature was measured with an
infrared thermometer (Model IT-3, Barnes Engineering Co., Stamford,
CN, USA). In addition, in two of the five tests, the leaf temperature was
measured with a fine thermocouple (Type T, 0.05 mm). The roof tempera-
ture was taken as the weighted average of 3 thermocouples, two in the
supply and one in the return manifold. These were 0.5-mm, type T thermo-
couples coated with silicone-based caulk to prevent corrosion or electrical
effects from reactions with the fluid. Tank temperatures were measured
with similarly-treated thermocouples that were weighted and suspended at
the center of the tanks. The soil temperatures were measured with four
thermocouples at 0.08 m, four at 0.18 m, four at 0.40 m, and one at 1.6 m.
The net radiation between the roof and crop was measured with a Fritschen-
type net radiometer (Micromet Inst., Bothel, WA, USA) as was the net
radiation between the roof and sky. The operation of the ventilators was
monitored with the event recorder of a strip chart recorder (Model 680M,
Hewlett-Packard Co., Corvallis, OR, USA). For the test periods in which
supplementary heat was required, a 1500-W electrical heater was suspended
from the roof; the time of operation was recorded manually.

During the tests, data were collected at 15-min intervals with a micro-
processor-based data collector (Model PD2064, Esterline Angus Corp.,
Indianapolis, IN, USA) and were printed on a paper tape and a magnetic
cassette tape (Model 817TI, Techtran Co., Rochester, NY, USA). These
data were transferred to a computer for processing. ’ '

Tests were made during five periods of 1—4 days each over a period of
1 year, as shown in Table I. The first test period had clear late-summer
weather; the next two, cold, clear winter weather; and the last two, hot,
dry summer weather.

TABLE 1

Test periods for the fluid-roof greenhouse tests

Abbreviation Start End

SEP79 0000 09/27/79 0815 09/28/79

11/28/79 0500 12/03/79

EB 8 0000 )2/20/80 14 02/24/8
0000 06/20/80 1300 06/22/80

JUL 80 0900 06/30/80 1300 07/02/80
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The environmental inputs for the model were the actual measurements
made during the tests. Initial conditions were taken as the measured green-
house conditions at the start of each test. Parameters were taken from the
literature or measured for each test if appropriate. Those that were measured
are shown in Table II. Parameters invariant over the test series were the
greenhouse geometry and the properties of the crop. The heater energy
output was used as an input to the model.

The optical properties of the fluid roof are of special interest. They were
calculated from measurements made with the pyranometer and a photon
flux meter (Model LI180, Li-Cor Inc., Lincoln, NB, USA). Three measure-
ments were made with each sensor: upward above the roof, inverted above
the roof, and upward immediately below the roof. A black shield was sus-
pended below the roof to eliminate reflection from the crop. The pyra-
nometer measurements were used to determine the optical properties of the
roof for total solar radiation; the photon flux measurements were used for
the photosynthetically-active waveband. The properties of the roof for
non-active radiation were calculated from these data and the assumption that
solar radiation is 47% PAR and 53% NAR. Reflectance was calculated as the
ratio of the inverted sensor reading above the roof to the reading in the
upward position. Transmittance was calculated as the ratio of the upward
reading below the roof to that above the roof. Transmittance of the clear
panel was reduced by 10% to account for the area of opaque structural
members.

RESULTS AND DISCUSSION

In all, tests were conducted during five periods. Because of limitations of
space, we have selected the NOV 79 and JUN 80 test periods for a detailed
data presentation. These are representative of winter and summer perfor-
mance of the model. The results of the simulations are plotted along with
the measured values of each test variable.

The environmental conditions used to drive the model for the two tests
are given in Figs. 1a and 1b. The NOV 79 test had weather typical for the
area after a cold front passage: clear skies and a cold, dry. airmass. The
JUN 8O test period had conditions warmer and drier than normal for the date
and area. The sharp drop in air and dewpoint temperatures and the increased
wind speed in the early morning of the second day correspond to the passage
of a cool dry front that resulted in fewer clouds the second day.

The air temperature was usually simulated within 2°C during the NOV 79
test (Fig. 2a), and during the JUN8O test (Fig. 2b), except in late afternoon,
when the error reached 3°C. The interior humidity is shown in Figs. 3a and
3b. The NOV 79 test had agreement within 1.5gm ™3 for all but the first day,
but the JUNS8O test had reasonable agreement only at night and up to
3gm™3 overestimation during the day. The NOV 79 test was the only period
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Fig. 1. Environmental conditions for the NOV 79 test (a) and the JUNSO test (b).

with satisfactory simulation of humidity. Later supplementary measurements
of humidity with wet/dry bulb psychrometers indicated that the dew cells
may not always have functioned reliably, however.

The roof and tank temperatures were both simulated fair}y well with
essential agreement during the day and overestimation by 2—3°C during the
night in the NOV 79 test. The overestimation of the diurnal wave is shown
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Fig. 2. Comparison of measured and simulated greenhouse air temperature in the NOV79
test (a) and the JUNS8O test (b). The measured values are individual points; the simulated
values are solid lines.

for the tank temperature in the JUN8OQ test (Fig. 4). In this test, the daily
average is nearly correct, but the amplitude of the wave is about 1.5°C too
large. Results for the roof temperature are similar. This contrasts with the
NOV 79 test, in which the overestimation of the amplitude was accompanied
by a 1—1.5°C overestimation of the daily average.

The net radiation between the roof and crop was simulated generally
within 20 W m™2. That between the roof and sky was simulated to within
about 30Wm™? except for the middle of the first day in the NOV 79 test
(Fig. 5a). The agreement was similar for the JUN80 test (Fig. 5b), and also
for the other three tests. The scatter of the measurements about the simu-
lation line results from the simulated values being hourly averages, whereas
the measurements were instantaneous, taken at 15-min intervals.

In the introduction, it was stated that the rationale for the fluid-roof
design was the objective of diverting solar energy to storage. The amount so
stored by the experimental structure is readily computed by the SG79
model; it can also be calculated from the measured temperature of the water
in the storage tank. In Table III, the results of this test of the model are
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Fig. 3. Comparison of measured and simulated greenhouse air humidity in the NOV 79
test (a) and in the JUNS8O test (b). The measured values are individual points; the simu-
lated values are solid lines.
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Fig. 4. Comparison of measured and simulated tank temperature in the JUN8O test. The
measured values are individual points; the simulated values are solid lines.
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Fig. 5. Comparison of measured and simulated net radiation between the greenhouse roof
and sky in the NOV 79 test (a) and in the JUN 80 test (b). The measurement of values are
individual points; the simulated values are solid lines.

given for all five test periods. This table shows, for each day of record, the
incident global solar radiation, the measured and the computed (simulated)
storage, and the ratio between the latter. The average ratio over all days was
1.09, indicating a slight underestimation by the model. Of further interest is
the collection efficiency of the fluid-roof greenhouse as a translucent solar
energy collector. This efficiency was defined as the measured energy storage
divided by the daily total of solar radiation. The average figure was 32%,
somewhat higher results were obtained in the cool season than in the warm
season.

CONCLUSIONS

The greenhouse model simulated the inside air temperature to within 2°C
in most cases, as did the roof and tank temperature. The humidity was
simulated well in one of five tests; some of the discrepancy in the other
tests was attributed to measurement error. The net radiation between
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TABLE III

Comparison of measured and simulated daily energy storage in the fluid-roof greenhouse
system. Both values are derived from daily temperature increase and the heat capacity of
the storage tanks. Daily global radiation is abbreviated DGR

Test Date? DGR Storage Ratio Collection
(Mdm~2 S/M efficiency
Sim. Meas/DGR
(Mdm™?)
SEP79 9/27 20.6 6.18 5.63 0.91 0.30
NOV79 11/29 14.6 3.35 3.56 1.06 0.23
11/30 14.2 4.08 4.29 1.05 0.29
12/01 135 4.29 4.85 1.13 0.32
12/02 13.5 3.86 4.76 1.23 0.29
FEB80O 02/20 14.8 6.36 6.88 1.08 0.43
02/21 18.9 6.54 6.82 1.04 0.35
02/22 18.4 7.57 8.43 1.11 0.41
02/23 18.4 5.68 6.77 1.19 0.31
JUNS8O 06/20 22.4 6.52 7.20 1.10 0.29
06/21 24.5 7.14 8.55 1.20 0.29
JULS80 07/01 28.0 8.37 8.49 1.01 0.30
Mean 1.09 0.32
% Month/day.

the roof and sky, and between the roof and crop were simulated within
20--30Wm™2. The total energy collected by the greenhouse structure
and stored in the tank was computed with an accuracy of about 10%, as
determined on 12 separate days of record. These agreements approach the
tolerances expected in the design of greenhouse systems.

In sum, we conclude that the model is adequate for making predictions
of the conditions in a fluid-roof greenhouse for horticultural applications;
improvements may be possible, however. From an engineering viewpoint,
the simulation model should be adequate in computing solar energy storage,
supplementary heating requirements, and ventilation requirements. Thus,
it can be used to size tanks, heaters, ventilators, and circulation pumps.
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