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ABSTRACT

An analytical procedure to detemmine the effectiveness of greenhouses
as solan collectons was presented. This procedure was used to predict
the effect of severnal construction parameters on solar radiation input
to greennouses. The orndlentation of the greemhouse was found to be the
most efgective conAi&uciionvpanameIen contrnolling sofan radiation
Anput to greenhouses. The effective albedo of the plant canopy was also

gound to be a significant facton.

A new sofar gheenhouse design, suitable forn high Latitude negions
was developed. The results showed that an internal solan collecton
could be incorponated as an integrnal part of the greenhouse design.

The concept developed could be used as a g§ree-standing greenhouse on 4in

a combination with Livestock building.

The efgiciency of the solar input was Lnvestigated for the
conventional and the shed greenhouses, both as a §ree-standing unit and
a greenhouse-animal shelten system, using computern simulation analyses .
The nesults indicated that the efficiency of solar input is highly
dependent on Location; the effect of Location on the shed type design

L8 monre progound.

A Zypical case of a greenhouse-hog barn production system was
<nvestigated using computer simulation analyses. The nesults showed
that such a food production system achieves a significant reduction
An conventional fuel consumption due to both animal waste heat

necoveny and solarn enengy utilfdization.
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INTRODUCTION



GREENHOUSE INDUSTRY IN CANADA¥*

Greenhouse production of flowers, nursery plants and

vegetable crops is a significant component of Canadian

agriculture. The 1980 total surface area under glass and
plastic was estimated at 382.76 hectares, with the province

of Ontario accounting for 60 percent of the total, followed by
British Columbia with less than 14 percent and Quebec with
slightly over 11 percent. The total sales value of flowers,
ornamentals, bedding plants and vegetables was estimated at
over 216 million dollars in 1980; while the totél fuel cost
used by the greenhouse industry was over 25 million dollars,

or 11.6 percent of the sales value.

In 1980 the annual fuel costs per unit area under cover
ranged between 5.53 S/m2 in the province of Quebec to
9.60 $/m2 in Nova Scotia. The national average was estimated
at 6.63 $/m2. Unit fuel cost in Ontario was closest to the
nationai average at 7.07 S/ﬁzvbecause of its large contribution
in surface area under cover; &hile in British Columbia, due
to relatively warm climate, the unit fuel cost was only

5.70 $/m2.

The low fuel costs per unit area in Quebec may be
attributed to the fact that some greenhouses in the province

do not operate for the entire year. 1In Nova Scotia, the high

* All the statistical information in this section is derived
by the author from Statistics Canada, Greenhouse Industry,
Catalogue 22-202, 1979-1980.



fuel costs per unit greenhouse area could be explained by

higher fuel prices and colder climate than in southern Ontario.

NEED FOR ENERGY CONSERVATION

The need for energy conservation and renewable sources
of energy utilization for greenhouse heating was a result of
the continuous increase, for the last decade, of conventional

fuel costs.

The increase in energy costs have focused the attention
of greenhouse operators on conservation methods such as
installation of thermal curtains, use of double covers and more .
efficient greenhouse designs, planting late in the season, or
growing plants requiring lower temperatures. In conjunction
with applying conservation techniques, some growers went into
fossil fuel substitution programs. These included waste heat
utilization, combustion of wood and wood residues, and solar
energy utilization. However, much more research, development
and demonstration projects are needed to keep a viable greenhouse

industry operating in adverse climatic conditions.

Obviously there is no single solution.to the energy
dilemma facing the greenhouse industry today. However, the
author believes a combination of new energy conserving ideas and
concepts, solar energy utilization and waste heat recovery and
re-use may alleviate the burden of high fuel costs for greenhouse

operators.



The work presented in this study on internal solar energy
collection and utilization, and animal waste heat recovery and

use for greenhouse heating, is only one of the many possible

concepts which might prove reasonably efficient in reducing
the dependence Qf the greenhouse industry on non-renewable
energy sources. Therefore, the following proposed concept
should be taken as a partial solution and should be applied in
combination with other energy conservation methods for green-

houses.

In this study, it is proposed that animal heat from live-
stock buildings be used in conjunction with solar energy to
heat adjacent greenhouses. Two situations need to be investi-
gated: retrofit of existing structures and incorporation of a

new and efficient design for expansions and new operations.

The criteria for the new design were: ease of construction
ahd improvement of the internal solar radiation collection
efficiency of the attached greenhouse. 'Obviously, for ease of
construction a standard gable structure, with the long-axis
oriented east-west, divided by a vertical wall at the ridge
giving two shed sections, was proposed. One section is an
animal shelter and the other a greenhouse. This design would
permit the installation of a solar collector inside the
greenhouse, on the upper portion of the dividing wall on the
south—fécing side. The placemént of the collector, in this

manner, is not expected to interfere with plants or normal



operations within the greenhouse. However, it remained to be
seen if the shed-shaped greenhouse would perform at least as
well as a conventional gable greenhouse having identical floor
area, orientation and construction materials. Surprisingly
enough,_théoretical analyses indicated that its performance

as a solar collector was significantly better than.a gable
shape greenhouse under Vancouver climatic conditions. There-
fore, it was then decided that the shed-shaped greenhouse could
also be used efficiently as a free-standing structure. This
new desigﬁ was then called by the author as a "solar-shed
greenhouse” and was analysed, in this study, separately and

in combination with a livestock building.

In 1980, a solar-shed greenhouse was constructed at the
Agriculture Canada Research and Plantiouarantine Station in
Saanichton on Vancouver Island, British Columbia. Its per-
formance is being compared to a conventional gable glasshouse
located at the same site. Preliminary results were presented

by Staley et al.(1981).

t

It is hoped that the data collected from the expérimental
greenhouse at Saanichton would be used for calibration of_the
mathematical model developed in this study. This would make
it possible to predict its performance accurately at other

locations in Canada and elsewhere.



PROPOSITIONS

The following propositions were considered to apply to

this study:

1. High costs of energy are plaguing the producers of
greenhouse crops, even though the growers are taking
steps to conserve fuel by installing night heat saving

curtains, using double layers of plastic with an air

space between the layers, planting crops late in the
season and growing plants which have lower temperature

requirements (Baird et al. (1977)).

2. Greenhouses waste substantial amounts of heat by
ventilation during the day while they consume large
amounts of supplemental heat at night (Chandra and
Willits(1980), Brundrett and Turkewitsch(1979), Baird
et al.(1977), Short et al.(1976), McCormick(1976),

Liu and Carlson(1976), Price et al.(1976), Willits et al.

(1979), Simpkins et al.(1979)).

t

3. External solar collectors for greenhouses require a large
amount of additional space, thus resulting in a waste

of valuable land (Brundrett and Turkewitsch(1979)).

4. Internal solar collectors located in the ridge area of
conventional greenhouses will cast a shadow on the plant

canopy, thus reducing crop productivity (Wiegand(1976)).



Internal solar collectors located on the north wall of
conventional greenhouses will be shaded by the plants,
thus reducing the collection efficiency of the solar

collector (Wiegand(1976)).

Ventilation and supplemental heat is required, even during
cold weather periods, to keep the humidity within the
livestock buildings at acceptable levels (Bon et al. (1981),
Stauffer énd Vaughan(1981) , Sokhansanj et al. (1981),

Spillman et al. (1981)).

OBJECTIVES OF THE STUDY

The principle aim of this study was to reduce the

dependence of greenhouse operations on fossil fuels.

The following were the main objectives:

To devélop a simple mathematical model which would

predict the solar radiation capture of greenhouses

as a function of measured insolation and greenhouse

construction parameters. |

To develop a computer simulation model for estimating
potential energy savings due to the utilization of
waste animal heat from livestock buildings to supplement

greenhouse heating demand in a greenhouse-animal shelter

. combination.

To develop a suitable system for improving internal
solar energy capture by the greenhouse in an integrated

greenhouse~livestock building.



ASSUMPTIONS

The major assumptions underlying objectives 2 and 3

were as follows:

1. Livestock producers are willing to operate greenhouses
or vice versa, or a cooperative between a livestock

ﬁroducer and a greenhouse operator could be organized.

2. Exhaust air from the livestock building does not have

a detrimental effect on the growth of greenhouse crops.

INFERENCES

The major inferences related to this study were the

following:

1. Daytime waste heat from a greenhouse can be stored for
night use.

2. A significant amount of surplus animal waste heat is

available to justify its recovery for greenhouse usage.

3. The shape of the greenhouse can be altered from the
conventional in order to accommodate for an efficient
{
internal solar collection system without seriously

affecting the availability of light to the plant canopy.

4, An integrated greenhouse-livestock operation is more
energy efficient than a separate greenhouse production

system.



SCOPE OF THE STUDY

The:scope of this study was limited to investigations
using computer simulations. The study consisted of four
stages. 1In the first stage, the effect of greenhouse
construction parameters including shape and'energy'conservation
measures on the solar radiation captured by the greenhouse wefe
studied theoretically. In the second stage, mathematical
models were developed for the different subsystems of the
greenhouse-livestock combination. These subsystems included;

a livestock building, a conventional greenhouse and a solar-
shed greenhouse. In the third stage, a computer simulation
model was developed based upon the mathematical models of

the second stage. . The computer model was kept as general

as possible such that it could be used to analyse a single
greenhouse, a single livestock building, a conventional
greenhouse-animal shelter combination, and a solar-shed
greenhouse either free-standing or attached to a livestock
building. The complete computer program was written in the
FORTRAN language. In the fourth stage, the computer simulation
model was used to investigage the feasibility of a conventional
greenhouse-hog barn combination, and a solar assisted
greenhouse-swine finishing house combination. The feasibility

study was based on energy savings only.
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ORGANIZATION OF THE MANUSCRIPT

For the convenience and clarity of presentation, this
manuscript is presented in three separate parts. Part I
deals with the effectiveness of greenhouses as solar collectors,
where the solar radiation input and then the solar energy
capture by greenhouses are covered in Chaper 1 and Chaptef 2,
respectively. Part II investigates the feasibility of a
retrofit situation of a conventional greenhouse-livestock
building combination. In this part, Chapter 3 is devoted to
the livestock subsystem, Chapter 4 te the greenhouse subsystem;
while the combination of the subsystems is treated in Chapter 5.
Finally, solar energy utilization in a greenhouse-livestock
building combination is investigated in Part III. This part
includes Chapter 6 where the deve}opment of the solar-shed
greenhouse concept is given in detail, and Chapter 7 where the
combination of this new greenhouse design to an animal shelter

is investigated.

Each of the three parts could be read separately with the
‘
exception of Section B of Chapter 2, where the calculation of
diffuse radiation configuration factors for gable greenhouses
is needed for full understanding of the material in Chapter 4.

Also, the mathematical model for a livestock building developed

in Chapter 3 is a regquirement for Chapter 7.
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GREENHOUSE THERMAL ENVIRONMENT MODELS

Most of the existing mathematical models are based on
the energy balance method. This method consists of dividing
the greenhouse into different components; cover, plant
canopy, ground and greenhouse air mass. The heat and mass
fluxes among these components are modeled mathematically thus
obtaining an energy balance for each component of the
greenhouse system. The result is the generation of a system
of simultaneous algebraic equations to yield the temperatures
of the components.
Several models are discussed in this section
whose major objective is the prediction of temperature
and humidity inside the greenhouse. The differences between
these models are the assumptions underlying their development
and the boundary conditions chosen to arrive at a final solution.
Probably the most important assumption, where discrepancies
between models occur, is the treatment of the heat capacity
of the greenhouse. Some of the models, either explicitly or
implicitly, treat all components of the gfeenhouse system as
having a negligible heat capacity; while others, single out
the soil component as having a significant heat capacity.
However, some of the authors of these models have also expressed
concern about treating the plant canopy component as having a
negligible heat capacity, but none has considered it otherwise.
Obviously, the choice of the assumptions with respect to

the system component's heat. capacity depends on the intended
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use of the model. If the determination of psychrometric
properties of the air within the greenhouse is the objective
. of the model development, then the heat capacity of the soil
and perhaps that of the plant canopy (i.e. tall plants at
full stagé of growth) should be considered. On the other
hand, if the objective of the model is the prediction of
greenhouse heating requirements, then the steady state
analyses are adequate (Kindelan, 1980).

Other discrepancies between the existing models are the
selections of the boundary conditions. Primary boundary
conditions, that is climatic variables that are easily
obtainable, would be preferred. For example, the use of net
radiation into the greenhouse or the ground temperature as
inputs to the model is not recommended. Preferably, these
variables should be determined by the mathematical model from
primary boundary conditions sﬁch as solar radiation incident
on a horizontal surface and ambient air temperature.

Brief descriptions follow of.the_mOst recent and frequently
referred to mathematical models for the prediction of a green-

house thermal environment:

Walker (1965) presented an analytical procedure for
predicting temperatures within both heated and ventilated
greenhouses. A heat balance in a greenhouse was expressed
mathematically involﬁing solar heat gain, conduction heat
loss, thermal radiation heat loss to atmosphere, ventilation

heat loss, evapotranspiration heat loss, and furnace heat.
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Experimental tests were conducted to determine the
applicability of the analytical procedure for the prediction
of greenhouse temperatures- rthey found a mean difference
between the predicted and observed temperature of 1.4%

for periods of high solar radiation input when ventilatioh
was required. The analytical procedure was reported suitable
for predicting the greenhouse heat requirement during cold

weather periods but test results were not included.

Selcuk (1970) used unsteady state heat and mass balance
equations for controlled-environment greenhouses yielding
24 simultaneous non-linear differential equations. These
equations were solved numerically using the finite difference
method. A greenhouse analysis which included the effects of
soil water evaporation, plant transpiration, and condensation
on the cover was presented.

Formulations of the heat balance on the cover, heat and
mass balance on the. airstream, heat balance over the plant
canopy and heat balaﬁce on moist soil were given in detail.
greenhouse. The model was found to predict temperatures of plant,

cover, soil surface, and inlet and outlet air within l.SQC. A five

percent difference between predicted and measured air humididy

ratios was reported.

Takakura et al.(1971) presented probably the most

detailed computer simulation model available for predicting

temperature variations of the soil-plant canopy-greenhouse
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system components. The analysis included soil water
evaporation, plant transpiration, condensatioﬁ on the glass
cover, and heat storage in the soil. A two-dimensional heat
conductidn‘equation was used to model the soil. The solution
requires the temperature at a certain depth as a boundary
condition. Beam and diffuse components of solar radiation
were considered separately.

Heat balance equations were given for plant surface,
soil surface, glass surface and air within the greenhouse.

The model was tested for specific days and found to give

reasonably accurate values for temperature variations.

Duncan>et al .(1976) reported on the development and use

of a greenhouse simulation model for predicting winter heating
loads and evaluating the potential storage and reuse of excess
solar energy in a greenhouse with a rock bed. The greenhouse
energy balance model . accounted for solar radiation input,
thermal radiation heat loss, conduction heat loss, ventilation
heat loss, evapotranspiration heat loss and heat loss to the
ground. The thermal radiation ‘and conduction heat losses

were combined using the overall heat transfer coefficient
method. The solar heat gain within a greenhouse was taken

as equal to solar radiation incident on an outside horizontal
surface multiplied by two constants, one representing the
transmittance of the greenhouse covering material and the
other the absorptivity of the plant canopy. The absorptivity

of plants and other objects in the greenhouse to solar
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radiation was taken as 0.70 to 0.85. Detailed analysis of
heat loss to the ground was.not given, but each unit length
of greenhouse perimeter was assumed to have an equivalent
overall heat transfer coefficient équal to that of one unit

area of wall.

Calibration and validation of the model was accomplished
using 3-day measured data in April within an experimental’
greenhouse located at Lexington, Kentucky. They found a
mean temperature difference between simulated and measured
values of less than 1°C. Analyses using the rock bed
simulation were performed for two 9-day winter heating periods
representing cold January weather and milder March weather for
an under-bench rock storage system. Their results showed
little potential for excess solar energy storage in January
but potentiélly 11.1% reduction in heating requirement in

March.

Froehlich et al, (1979) deVeloped a mathematical model

for predicting the steady-periddic thermal behavior of
greenhouses. The temperature of internal greenhouse air,
plant canopy, floor surface and covering surfaces were
predicted in closed form. The model also predicts the
humidity of the greenhouse air. Testing of the model was
found to predict the temperatures with reasonable accuracy.
But a significant difference occurred between the measured

and predicted humidity ratios at low ventilation rates.
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Kindelan (1980) described a model to simulate the
internal greenhouse environmeﬁt by the energy balance method.
The system was divided into four components similar to the
model presented by Takakura et al.(1971). The soil, plant,

internal air and cover were modeled by heat and mass balances.

For the so0il heat flow analysis, unlike Takakura's model,
the deep ground temperature was not given as a boundary
condition butvobtained as an additional result of the

simulation.

It was stated in the paper that testing of the greenhouse
model was carried out by predicting the ambient conditions in
a small hydroponic greenhouse, but only predicted values were
reported. Therefore, the prediction acCuracy of the model

could not be evaluated.

Chandra et al.(1981) improved on the model represented

by Froehlich et al. (1979) by incorporating a detailed analysis
of thermal radiation exchange between plants and greenhouse
surfaces. The surfaces were assumed gray, isothermal, and

{

perfectly diffuse.

When the greenhouse>air temperature and relative humidity
are given, the model predicts the heat and moisture balances

of the greenhouse air.

The model was tested using measured greenhouse data

reported by Froehlich(1976). The data were gathered in a
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22 m x 11 m east-west oriented single-glazed glasshouse

located at Cornell University. Hourly data for outside air
temperature and humidity ratio; greenhouse air temperature

and humidity ratio, plant canopy and floor surface temperatures
in the greenhouse, and the total hourly solar radiation on a
horizontal surface outside the greenhouse were used as inputs in
the model. Five test days (2 in August, 1 in November and

2 in December) were selected representing summer and winter
conditions. Comparison of model predictions and measured
greenhouse data‘indicated that the mathematical model can
predict the greenhouse thermal environment with reasonable

accuracy.

Brundrett and Abbot (1981) developed a thermal model

for predicting hQurly or daily averaged‘heating or ventilating
loads of greenhouses. During the development of the model
the following factors were considered; covering material,
passive sola; contribution, air infiltration or ventilation
rate, temperature stratificafion within the greenhouse and
variation in the outside air temperature. The model is also
capable of predicting heating loads for greenhduses equipped
with thermal curtains. The thermal model has been extensively
tested using an experimental greenhouse located in southern
Oontario. They found that monthly average weather conditions
are suitable for predicting annual fuel consumption by

greenhouses.
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SOLAR HEATING OF GREENHOUSES

During daylight hours when solar energy is available,
the supplemental heat requirement for the greenhouse is zero
or small. Most of the fossil fuel for greenhouse heating is
used at night. Therefore, heat storage is a necessary part
of a solar energy collection system.

With respect to solar energy applications to greenhouse
heating, solar collection systems can be divided into "integral"
and "non-integral" collectors depending on whether the collector
is contained inside the greenhouse, or is a separate
construction outside the greenhouse. Furthermore, integral
solar collection systems can be classified as "active" or
"passive".

A comparison of integral versus non-integral collectors
for greenhouses is given in a list of advantages and
disadvantages by Price.et al. (1976). An integral solar
collection system in a greenhouse will save on the cost of
collector construction and on equipment that would be needed
to transfer externally collected heat to the greenhouse; In
addition, heat losses inherent in extérnal collectors would
be eliminated or at least reduced by integral collectors.
However, internal greenhouse collection systems usually have
a low efficiency and give lower operating temperatures than
external collectors. Also, an existing greenhouse may have
a poor orieﬁtation and configuration for installing internal

solar collectors. External collectors usually give higher
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collection efficiency. They can be installed at optimum
orientation and tilt for solar energy collection. The size
of integral solar collectors within the gréenhouse is limited
by availability of suitable space since care must be taken
not to shade plant growing areas while the size of external
collectors is usually optimized by making use of appropriate

economic analyses.

NON-INTEGRAL SOLAR COLLECTORS

A number of researchers have developed low-cost, external
solar collectors for greenhouse applications using clear
plastic covers and a black plastic absorber sheet. Much of
this work was done at Rutgers University, New Jersey.

Mears and Baird (1976) described the development and
testing of this type of collector coupled with a water heat
storage reservoir underneath benches in an adjoining éreenhouse.
The- collectors were 1.52 m x 2.44 m and 3.96 m x 5.49 m with
adjustable legs that allowed_for different slope angles. All
tests were carried out with collectors at a 40° tilt angle.
The frames had a plywood back ;ver which two sheets of
polyethylene plastic were laid and separated by air to support
a black polyethylenevabsdrber sheet. At the bottom the black
polyethylene was pulled up over the frame to provide a return
gutter for the heated water. Water flow over the black sheet
was maintained by a 31.75 mm PVC header pipe at the.top of

the frame with 0.79 mm holes drilled on 152.4 mm centers.

A clear plastic sheet was used as a cover.



21

Initially the authors found that water flow over the
black plastic sheet was uneven forming rivulets. This reduced
the possible efficiency of the collector since large areas
were not behaving as a collector. Water coverage was improved
by adding detergent to the water supply and efficiency was
'improved. A further improvement to sheeting action of water
was obtained by adding a second clear sheet over the collector
and using air inflation to separate these two sheets and force
one clear sheet against the black collector sheet. This also
improved the insulation of the collector. Light absorbed by
the second plastic sheet does not create an efficiency loss
since this sheet is in contact with the water and any heat it
collects is transferred to the water. Final improvements were
addition of insulation to the back of the collectors and
addition of a polypropylene mesh shade cloth over the black
polyethylene collector sheet to improve the evennéss of water
flow. Under their test conditions the authors found that for
temperature differences up to 22°C the low cost plastic design
compared favorably with conventional collectors. At 33%C
temperature difference the efficiency fell to about one-third
that of a conventional collector. These units can provide
large amounts of low quality heat, but to be well utilized
they should be coupled to large heat storage units with high
capacity heat tfansfer units.-’

Roberts et al.(1976) designed a plastic film solar

collector similar in many respect to the one described by
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Mears and Baird (1976). This collector has done away with

the plywood back and used two air-inflated, clear polyethylene
tubes with a black polyethylene absorber sheet sandwiched
between them. A 31.75 mm header pipe with holes on 101.6 mm
centers distributes water from the top of the frame to flow
over the absorber sheet to the return gutter at the bottom.
Detergent was added to the water supply to achieve good
sheeting action of water over the black layer. Also, the
pressure of the clear top sheet touching the black absorber
helped to produce an even flow of water. These collectors
were constructed 3.05 m high and 7.32 m long with easily
adjustable supports to vary the collector tilt angle. The
authors reported these collectors have withstood 96 km/h winds
and snow storms without damage. These researchers also pointed
out that efficiency.decreased at higher collection temperatures.
At the time of writing their paper initial construction costs
for this design were 5.38 dollars per square metre. The
pléstic would have to be replaced annually at a cost of 1.61
dollars per sguare metre. To ggin benefit from this type of
low cost solar collector the greenhouée system should include:
low-cost, large storage; heat conservation measures; and
low-cost, high capacity heat exchangers.

Further modifications and improvements to this collector
system were reported by Mears et al.(1977). Four plastic
layers were used instead of five. The collectors had a clear,
inflated tube for the front layers and a black tube to act as

the absorber plate, support, and back insulation. Also, it
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was found that an aluminized layer inserted between the
‘absorber plate and back inflated cushion reduced the heat loss
coefficient by 10 percent due to reflective insulation.

The authors caution that in.direct sunlight with no water
flowing the black plastic collector sheet can become warm
enough to permanently stick to the front clear sheet. The
collector efficiency ranged between 40 and 60 percent with
best efficiency on warm days. On the coldest days efficiency
fell to 35 percent. This collector system was constructed on
a commercial site in 1978 at the Kube Pak Corporation,
Allentown, New Jersey. .

Mears et al;(l978) reported on the cbnstruction of a
0.54 hectare greenhouse with thermal storage and vertical
vinyl curtain heat exchanger coupled to 1000 square metres
of the Rutgers' design, non-intégral, inflated-plastic-film
solar collectors. Further information concerning the
performance of the Rutgers system for other solar heating
of greenhouse applications can be found in publications by
Mears et al.(1979) and Simpkins et al, (1979).

Milburn et al. (1977) at Pennsylvania State University
designed a low-cost, air-heating solar collector with a flat
fiberglass glazing for greenhouse applications. Construction
was simple and the cost was one-half to one-third that of a
conventional solar collector. The absorber plate was made
of 28 gauge sheet steel painted flat black. The framing was

wood and the sides and back were insulated with foil faced
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polyurethane board. A rock bed storage system was used.
The system for collecting and storing heat, and heating the
greenhouse was fully automated by use of differential
thermostats to operate the appropriate fans for heating or
collecting mode.

Another type of solar collector which may be classified
under non-integral systems is the solar pond. Researchers at
the Ohio State University and the Ohio Agricultural Research
and Development Center have done experiments using 'Solar
ponds' for greenhouse heating. The solar pond may act both as
a solar energy collector and a heat storage. Long term
storage of summer heat for winter heating requirements can
be achieved.

Short et al. (1976) designed an experimentai solar
pond; 3.6 m deep, 8.5 m wide, and 18.3 m long. The pond
was lined with two 30-mil chlorinated-polyethylene liners
over a sand bottom and insulated side walls. A salt concen-
tration gradient was established in the pond so that the
bottom 1.8 m had a 20 percent salt solution convective zone.
The top 1.8 m of the pond had a concentration gradient of 20
percent salt to zero percent salt at the surface. This top

layer was non-convective, since the specific gravity increases

with increasing salt concentration in the zone fromO -"2.8m depth.

radiation passes through the salt water and heats the black
pond liner; +this heats the 20 percent salt concentration
gradient at the bottom of the pond. The non-convective upper

layer is essentially transparent to incoming ultraviolet and visible

Solar
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radiation and opaque to reradiated thermal'energy. The
non-convective top layer also provides good insulation

against conductive losses.

Solar ponds of this type must be leak-proof or the hot
brine will be lost, as well as the insulation effectiveness
of dry soil around the pond. Initial operation showed that
the pond had a good potential to perform as expected, but
several operating problems were observed: wind causes surface
mixing of the salt gradient; rain water dilutes the proper
gradient at the surface; and organic debris can collect in
the pond and obstruct incoming solar radiation. To overcome
some of the problems caused by wind, rain and debris and also .
to study insulating benefits of the cover, Husseini et al.
(1979) constructed a polyethylene cover over the solar pond
designed by Short et al.(l1976). They also installed a
reflector on the north wall with a tilt angle of 75° over the
pond in an attempt to increase the solar radiation input.
Their tests showed that the plastic cover was of questionable
benefit. The cover and supporFing frame decreased the
radiation to the pond's surface by about 10 percent. They also
found that the maximum benefit of the reflector occurred in the
winter months. The annual energy gain of the pond with a
reflector was 12 percent for a slope of 75°, and 14 percent

for slope equal to 90°.

Shah et al. (1981) added another refinement to the solar

pond concept by using a heat pump that uses a solar pond as
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its heat source for heating the greenhouse. This increases
the effectiveness of the heat pump as well as the solar pond.
A heat pump designed for a source temperature of.5°C to 40°C
in the pond has greater stability and higher efficiency than
a heat pump that uses the ambient air as its heat source.
Also, the energy storage and availability of stored energy
is increased by a heat pump. Energy can be efficiently
extracted down to lower temperatures in the heat soﬁrce even

when the solar pond temperature is below that of the greenhouse.

EXCESS INTERNAL HEAT COLLECTION

An excess amount of heat from‘the collected and trapped
solar radiation within greenhouses is usually available around
noon hours. This excess heat must be eliminated by either
natural or forced ventilation. Many design concepts have
been proposed to collect this excess heat and store it for
later use (ﬁilson et al.(1977), Baird et al.(1977), Rotz and
Aldrich(1978), Milburn and Aldrich(1979), Albright et al. (1979)

and Chandra and Willits(1980)).

Wilson et al.(1977) adopted the notion of the greenhouse
as a solar collector; they attempted to determine its solar
energy collection efficiency aﬂd ways to increase this
efficiency. 1In their analysis, they considered the greenhouse
as a horizontal flat plate solar collector of surface area
equal to its floor area. The greenhouse solar collection
efficiency was then calculated by dividing the solar component

of daytime heating load by the measured insolation as given by
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weather data. They found that for the greenhouse under study,
located at Cornell University, the greenhouse solar collection
efficiency, as defined above, was about 32 percent.

Among the methods Wilson et al. have proposed to improve the
greenhouse solar collection efficiency were: addition of a
second cover, insulation of the north wall, insulation of a
portion or all of the north roof, and modifying the greenhouse
shape to maximize solar radiation input.

Baird et al. (1977) described the design and operation of
a greenhouse solar heating system that uses partial shading
in the greenhouse attic as the solar collector and an under-
bench rock thermal storage. The partial shading is accomplished
by a layer of polypropylene shade cloth and a layer of clear
polyethylene which constitute the only additional cost of the
solar collector. The authors hppe this system would be
suitable for ornamental foliage producers, where a 50 percent
reduction in light will probably be acceptable. The system
has been tested in a glasshouse located at Bradenton, Florida.
Their results showed that this‘solar heating system provides
enough heat to maintain a minimum greenhouse temperature at

least 14OC above ambient. For reason of light availability,
the above described system obviously is not applicable under

Canadian conditions.

Rotz and Aldrich (1978) attempted to predict, through
computer simulations, the possible fuel savings and cost

benefits for the use of thermal insulation (double glazing
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and/or thermal blankets) and solar heatiutilization

(internal or external collection) in a commercial-sized
greenhouse at eight locations across the United States.

Their conclusions indicated that all these systems were able
to reduce the fuel requirement substantially at all locations
except the internal collection system. This system only
performed well in the mild climatic regions (i.e. California,
Florida). In cold climate regions of the U.S., internal solar
energy collection in greenhouses was predicted to result in
less than 5 percent fuel saving.

Milburn and Aldrich (1979) studied the effectiveness of
collecting the excess heat generated by solar radiation in a
greenhouse by circulating the warm air as it is collected
under the roof ridge of the greenhouse through a rock heat
storage unit. In particular, they‘compared a system using
a plastic tﬁbe with inlet holes placed along the ridge of the
greenhduse with a fan and ducting to circulate the warm air
from the ridge to the heat storage units with a similar
system minus the plastic tubing. In their conclusion to the
study, the authors found that with this method of collection
of excess internal heat in a single cover greenhouse, located
in Pennsylvania, 10 to 20 percent of the annual heating load
could be met. The performance of this system was found to be
dependent on ambient temperature, crop zone temperature and
air flow rate. The use of the perforated collection duct in

the ridge improved the collection efficiency of the system.
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Chandra and Willits (1980) developed a computer
simulation model to predict the thermal behavior of a
greenhouse attached to a rock bed thermal storage situated
outside the greenhouse. The rock storage is charged from
excess solar energy collected in the greenhouse.

The model as presented in the paper was intended to
predict temperatures, relative humidities, and heat balances
for the greenhouse air and the rock bed.

The model was tested using measured data from a prototype
operating system located in Raleigh, North Carolina. The
predicted values of temperatures and humidities were reasonably
close to the measured data. However, an estimate for the
system efficiency, either predicted or calculated from
experimental data, was not given.

Albright et al.(1979) tested yet another method of
improving the greenhouse as a passive solar collector. This
method consisted of laying flat wide polyethylene tubing,
filled with water, on the bepches or ground between the rows
of pots or plants. These tubes are usually referred to as
Q-mats*. The purpose of theselQ—mat tubes is to increase
the thermal mass within the greenhouse. Tests performed with
the Q-mats indicated that approximately 55 percent of the
incident solar radiation was absorbed when they were used

with the absence of plant canopy. However, when the Q-mat

* Trade name.
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tubes were placed under a thick canopy (chrysanthemums in
the bud stage), only 25 percent of the solar radiation above

the canopy was absorbed by the tubes.

Experiments with Q-mats performed by the authors at
Cornell University during the winter indicated a contribution
of about 10 percent to the night heating requirement of a

Brace Institute style greenhouse.

Lawand et al. (1973, 1975) proposed an unconventionally
shaped greenhouse for colder regions. The basis for the new
design was to maximize solar radiation input and reduce heat

losses associated with conventional greenhouse designs.

The proposed greenhouse has a long-axis oriented east-
west, the south-facing roof and wall are transparent, and the
insulated north-facing wall is inclined toward the south and
covered with solar radiation reflective material on the
interior face. The angle of the transparent roof, and the
inclined wall are location specific. These angles are chosen
to optimize both the solar radiation transmission by the south
roof, and the reflection of this radiation by the rear wall on
the plant canopy. This type of design became to be known as

the Brace Institute greenhouse.

An experimental Brace Institute greenhouse having the
transparent surfaces covered with a double layer of polyethy-
lene was tested during a cold winter in Quebec City. Thé
authors claimed a reduction in heating requirements of 30

to 40 ﬁercent compared to a conventional, double layered
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plastic covered greenhouse. They also reported an increase
in crop yields (tomatoes and lettuce) grown in the new

greenhouse. The improved crop production was attributed to
increased light availability in the Brace Institute green-

house during the winter period.

TINTEGRAL SOLAR COLLECTORS

Very little research has been done on integral solar
collectors for greenhouses because of their‘limited
applications. Integral solar collectors are likely to be
limited to relatively small greenhouses. As a general rule,
the size of collector required for solar heating of greenhouses
should be approximately equal to the floor area of the green-
house. It is.impossible to install a collector system of this
size within the greenhouse without shading the plants and

interfering with normal greenhouse operations.

Recognizing the above limitations, researchers who
attempted to apply integral.solar collectors to greenhouse
heating have concentrated on the use of the north-facing wall
of the greenhouse. Previous studies showed that insulation
of the north wall had no effect on plant yield (Willits et al.—

1979).

Light levels in insulated greenhouses such as the Brace
design were investigated by Turkewitsch and Brundrett (1979)

for Toronto and Winnipeg, using a computer simulation model.
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Four greenhouses were chosen for study; a N-S oriented gable,

an E-W oriented gable, a Brace type and a Greensol type. The
latter is a modified Brace design, developed by the authors.
Both the Brace andlthe Greensol have an insulated and reflective

north wall.

Floor level radiation in the four greenhouses wefe computed.
When the results of the two gable greenhouses were compared,
the N-S ridge was found to collect more solar radiation in the
summer months, and less in the winter months than the one with
an E-W ridge orientation. However, when the results of the |
four greenhouses were compared, the authors found that the
Brace type has the highest winter solar radiation collection
efficiency and the lowest summer collection efficiency of all

the greenhouses in both locations.

Liu and Carlson(1976) have proposed a greenhouse design
using a flat place collector facing south at a tilt angle of
60°. It would be located on the roof of an A-frame heéd house
built inside the north wall of the greeﬁhouse. The authors
recomﬁended that a single-plate, corrugated aluminum collector
be used. The aluminum should be dark coated, and a coppef tube
manifold, with holes drilled to match the valleys in the
aluminum corrugations, suspended over the top of the collector
to supply water flow. A gutter at the bottom would collect
the heated water. A selective reflecting collector cover may
be used to enhance the radiation for crop growth in the plant-

ing area.
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Calculations for this design are presented for Beltsville,
Maryland at 40°N latitude for a greenhouse 7.32m long by 6.1lm
wide. The integral solar collector has a surface area of 36m2.
The authors estimated that the solar collector and storage

' system could account for 78 percent of the greenhouse heating

load.

A 46.47m2 greenhouse with a flat plate solar collector as
a part of the no;th—facing wall with a crushed rock thermal
storage located underneath the concrete floor was designed and
tested by Click and Pile(1980). The greenhouse was built with
one-quarter circle pipe frame members to form the south wall
and roof. The north wall.was an insulated wood frame construction

The covering was two air separated layers of polyethylene sheeting

The 28m2 flat plate collector on the intérior of the north-
facing wall used 26 guage, corrugated metal roofing painted
flat black, fastened over a system of wooden spacers that formed
air-flow channels behind the black metal collector. A fan in
the bottom of the wall pulled air through a plenum at the top
of the wall and then forced the: heated air through the rock
storage. The cooled air exited the rock storage at the front
inside wall of the greenhouse. A differential thermostat
controlled the circulating fan moving air through the solar
collector. When the air behind the collector place was 10°C
higher than the rock storage temperature, air was circulated

through the system.
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Data collected during the winter of 1979-1980 indicated
that a greenhouse of this type, located in Cookeville,
Tennessee, could realize significant energy savings up until
late November and beginning again in late February. The
authors found that this system could reduce heating costs or

extend growing seasons in unheated greenhouses.

The Bdeing Company has introduced an interesting approach
to integral solar collectors for greenhouse use (Deminet, 1976).
The glass collectors function both as the greenhouse glazing
aﬁd as a solar collector. This concept would increase the
ratio of collector to greenhouse floor area. As stated earlier,
low ratios are the major constraints to efficient use of
integral solar collectors for greenhouses. The Boeing dual
greenhouse cover-solar collector system is basically a sandwich
construction with three layers of glass forming two spaces.
The top spacé is empty with a partial vacuum. The bottom layer
is designed to conduct the flow of circulating collector fluid.
Ideally, the colleétor fluid.can be chosen to transmit only'
selected portions of the solar spectrum so that the most useful
portion of insolation for plaﬁt growth (photosynthetically
active radiation) is transmitted to the crop. The portion of
the solar spectrum at other wavelengths is absorbed and trans-
formed to heat in the collector fluid. It appears that this
technology might have application in warm climates where mid-
day screening of some direct insolation is necessary anyway.
At the time Deminet (1976) presented his paper, the system was
not tried in a practical application and suitable collector

fluids had not been chosen.



35

Recently, van Bavel and Sadler (1979) at Texas A & M
University, experimented with what they have called fluid-
roof greenhouse concept. The tests were performed in a small,
A specially designed greenhouse. No crops were grown in the
greenhouse, but the floor was covered with a standard St.
Augustine turf. The main objectives of these preliminary
tests were to find solutions to some construction engineering
problems, rather than to conduct a detailed study on plant
behavior in the different environment created by the fluid-.
filter roof. Experience gained by the.authors from these
preliminary tests suggested that the plumbing and circulation
of the copper chloride solution, used as infrared absorbing
fluid, present problems that must be solved prior to any

practical application.

It is doubtful that the fluid-roof greenhouse concept
would be apﬁlied in colder regions.- Therefore, no further
discussions of this system will be given during this study.
The interested reader is referred to publications by van Bavel

(1978) , van Bavel and Damagnez (1978), and van Bavel et al. (1980).
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GASES IN TOTAL CONFINEMENT ANIMAL HOUSING UNITS

Gaseous contaminants found in confined animal buildings
originate not only from manure decomposition but also from
. the animals themselves. Metabolic processes by the housed
animals constitute the main source of carbon dioxide in barns,
while decomposition of manure is the chief contributor to
“ammonia, methane and hydrogen sulfide concentrations found
in animal barns.

Application of the greenhouse-livestock building
combinatidn concept requires the knowledge not only of the
gases present in the ventilated air from the livestock
building but also their concentrations. Unfortunately,
actual data on gas concentrations in exhaust air from animal
barns under Canadian conditions are not readily available.
However, recent information given by McQuitty and Feddes
(1982) and van Dalfsen and Bulley (1982) could be used as a
guideline to estimate the expected concentrations in the

exhaust air.

AMMONIA
A literature review undertaken by McQuitty and Feddes

(1982) revealed that NH, concentrations vary considerably in

3
animal barns. In a weil ventilated building, :expected
concentrations appear to lie in the 5 to 30 ppm range.

Values of 50 ppm however, are not uncommon during periods

of winter minimum ventilation rates.
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McQuitty and Feddés {(1982) recorded NH3 concentrations
in the range of 5 to 12 ppm in four swine buildings; 2 to
12 ppm in two broiler houses; and less than 2 ppm in four
dairy barns. van Dalfsen and Bulley (1982) reported a range
between 1 to 7 ppm in four dairy units with subfloor manure
storage. During agitation of manure, higher NH3 concentrations
can be anticipated, possibly in the range of 100 to 200 ppm

(McQuitty and Feddes, 1982).

HYDROGEN SULFIDE

Values of HZS concentrations have been found to be
undetectable to low in many total ¢onfinement animal buildings.
Concentrations in swine barns tend to be somewhat higher than in
buildings housing other types of animals. McQuitty and
Feddes (1982) found mean HZS concentrations under winter
conditions of less than 10 ppb in two broiler houses and
four dairy barns. In four swine barns, the authofs found
mean st concentrations of 70 ppb just above the slotted-
floor while less than 10 ppb.was measured in the exhaust air.

van Dalfsen and Bulley (1582) found that st was
undetectable in the four dairy units during normal operating
conditions. However, when nanure is disturbed, particularly
by agitation, an immediate release of the gas in large
quantities will occur resulting in considerable increase

in concentrations. They reported a concentration of 2.7 ppm

during agitation of the manure in the four dairy barns.
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METHANE

McQuitty and Feddes (1982) stated that CH4
concentrations likely to be encountered in ventilated
animal buildings would not be a direct health hazard,

even under winter minimum ventilation rates. Expected

concentrations were not reported.

CARBON DIOXIDE

CO2 is normally present in fresh air at a concentration
in the order of 300 ppm. Concentrations in the raﬂge of 500
to 3000 ppm were experienced in ventilated animal buildings.
During winter conditions, McQuitty and Feddes (1982) found
concentrations of CO, to be less than.4000 ppm in four swine

2

buildings, two broiler houses and four dairy barns in Alberta.
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CARBON DIOXIDE ENRICHMENT OF GREENHQUSES

The effect of CO2 enrichment on greenhouse crop
production was recently investigated by-Willits and Peet
(1981) in Raleigh, North Carolina. Greenhouse crops tested
were tomatoes, cucumbers and bedding plants. Average concen-

trations of €0, within the greenhouse ranged between 1000 and

2
1050 ppm when the set point was established at 1000 ppm.

Their experimental results indicated an average incréasedyield
of 14.6 percent for tomatoes, 42 percent for cucumbers and
104 percent for bedding plants. For cucumbers, the percentage
increase ranged between 32.2% to 60.7% depending on the
cultivar with Vetomil giving the greatest increase in
production. Among the bedding plants tested, pepper plants
were heavier in the CO2 enriched greenhouse by 135 percent,
followed by regular tomatoes, then cherry tomatoes which
showed increases in harvest weights of 123 percent and 69
percent, respectively. No a£tempt was made to "grow out"

these plants to determine CO enrichment effect on fruit

2
yields in the field.

Obviously, the ihcreased yields due to greenhouse CO2
enrichment found by Willits and Peet (1981) could only be
taken as a representative case due to the complexity of
the interactions between CO2 concentrations and other

environmental factors including light intensity and

temperature.
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in any event, the study by the above mentioned
authors showed the beneficial effects of CO2 enrichment
on greenhouse crop. Since the actual CO2 concentrations
in exhaust air from livestock building is not well defined,
the potential increase in yields of crops grown in a
greenhouse-animal shelter combination could not be determined
without experimentation. 1In addition, exhaust air from
animal barns contains other gases than CO,, including high

concentrations of water vapour which may have an adverse

effect on greenhouse crop productivity.
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GREENHOUSE-LIVESTQCK BUILDING COMBINATION

An extensive review of the literature, undertaken
for the present research project, revealed that
neither theoretical nor experimental information on the
concept of combined greenhouse-livestock building systems
was available. However, the literature search indicatedﬁa
significant amount of research, development and demonstration
projects were performed on greenhouse-residence combinations
by engineers, architects and ecologists. The greenhouse 1is
mainly used in this case as a solar collector partially to
provide the heating load of the attached house.

In a greenhouse-livestock combination, the basic approach
is totally different than that uséd with respect to the
greenhouse-residence combination, since the concept of the
former combination is to use animal heat to supply some of
heating requirements of the attached greenhouse. Therefore,
the information on greenhouse-residence combination is
somewhat irrelevant to this study and will not be discussed
further. The interested readeriis referred to the many
excellent papers published in the Proceedings of the annual
conferences on Solar Energy for Heating Greenhouses and

Greenhouse -residence combinations*.

* Available from National Technical Information Service
U.S. Department of Commerce
Springfield, VA 22161



42

In 1980, researchers at Kansas State University
published a study dealing with a greenhouse-animal shelter
combination (Spillman et al. 1980). The main objectives
of the research underway at Kansas State University were
to evaluate yield and quality of greenhouse crops supplied
with exhaust air from a hog house, and to compare the amounts
of fossil fuel requirements of a conventional greenhouse to
those of a greenhouse using exhaust air from animal buildings
with solar energy storage.

The Kansas Staté University experimental facility unit
consisted of an experimental greenhouse attached to the south-
facing wall of a swine finishing barn and a conventional
greenhouse for control. Both greenhouses have the same
dimensions of 6 m by 7.3 m and were covered by air inflated
double polyethylene film. The air flow rate from the hog
barn was introduced to the experimental greenhouée either at
680 m3 per hour or 1200 m3 per hour. In addition the
experimental greenhouse had 7.25 m3 vertical rock bed thermal
storage for excess internal solar heat collection.

Spillman et al (1980) dealt exclusively with the effects
of supplying the greenhouse with animal produced carbon
dioxide on crop production.

Air samples taken within the attached greenhouse indicated
a carbon dioxide concentration of 1500 ppm when both hoghouse
and greenhouse were unventilated, and 450 ppm to 600 ppm when

both were ventilated. In addition to ventilation rates, CO,
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concentrations in the greenhouse depend upon the number and
weights of the animals in the barn; 124 to 202 hogs averaging

30 to 135 kg were present during the experiments.

Plant growth studies were performed on tomatoes,
cucumbers and broccoli. Tomato plants in.the attached green-
house were stockier with darker green colored leaves than
plants in the control greenhouse during the firs£ three months.
Then apparently, they developed interveinal chlorosis and
drying and curling of the lower leaves. A week later, the
fruits were discovered to have blossom end rot. About three
weeks later, these symptoms also appeared in the control green-
house. Average production was very low in both greenhouses.
The authors attributed the disease and eventually the poor

yield to unbalanced fertilization.

Analysis of the yield data for cucumbers grown in both
greenhouses showed that marketable fruit in the CO2 house was
31 percent more than from the control house. Also, the
marketable fruit in the experimental greenhouse weighed 40

percent plant more than those grown in the control house.

Broccoli transplants grown in the attached greenhouse
had tops weight (above groﬁnd) more than 2 1/2 times when
compared to the broccoli plants grown in the control house.

A surprising result was nitrogen content in the broccoli tops,
which was over 3 times as much for plants grown in the CO2

house compared to those grown in the control greenhouse.
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CHAPTER 1

SOLAR RADIATION TRANSMISSION FACTORS
OF
GREENHOUSES
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INTRODUCTION

To compare greenhouses from a solar energy standpoint, a
standard or bench mark is required so that the effect of
latitude, solar radiation availability, size, orientation,
shape and covering material can be estimated. A term which
the author calls "a greenhouse transmission factor" is
defined, then used to compare greenhouses with different
construction parameters and at different locations for their
solar radiation input efficiency.

This chapter is divided into three sections. The first
describes a method for estimating the monthly average daily
beam, diffuse and total transmittance of the greenhouse
transparent surfaces. The seqond section gives the
mathematical expressions for the solar radiation transmission
factors of greenhouses. Also, the relative contribution to
beam, diffuse and total solar radiation by the different
surfaces of the greenhouse are investigated. 1In the last
section, the total transmission factor concept is used to
investigate the effect of several energy conservation
strategies on the solar radiation input into greenhouses
leading to a new design which the author calls "a solar-shed"

greenhouse.
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ESTIMATION OF THE MONTHLY AVERAGE DAILY
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TRANSMITTANCE OF THE GREENHOUSE TRANSPARENT SURFACES

The following section describes the method used to
calculate the monthly average beam and total transmittance of
the greenhouse covering material to solar radiation. These
average values are required to estimate the beam and total
greenhouse transmission factors as indicated in Section B of

this chépter by equations (13) and (15) respectively.

ASSUMPTIONS

The following assumptions are made in order to calculate
the weighted average daily beam and total transmittance for the

greenhouse covering materials.:

i) No condensation or dust accumulation on the
greenhouse covering such that the transmittance is
for the covering material only. However, absorption
and reflection losses are accounted for.

ii) The transmittance of the greenhouse covering
material to the diffuse component of radiation is
independent of the orientation and tilt of the
surface. It is assumed to be constant and equal to

that of the beam.
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THEORETICAL FORMULATION *

The instantaneous beam solar radiation flux transmitted

through a greenhouse transparent cover is,

I = 1.1 . (1)

then, the daily energy weighted beam transmittance of the
surface to the direct component of solar radiation may be
calculated by integrating equation (1) from sunrise to
sunset as follows:

. wss wSS )
: b,day - TbIbdw Ibdw . (2)
w

w
Sr sr

Since solar radiation data are usually available on an
hourly basis, the daily beam transmittance of the greenhouse

covering material may be approximated by:

Yss w
Ss
T ~ . . .
b,day ZTbIb z: I, - (3)
w w
ST sSYr

* The definition of symbols used in this section can be

found on Pages 89 and 90.
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For feasibility studies of solar energy applications to
greenhouses, it is more important to be able to estimate
monthly average daily beam and total transmittance for each
of the transparent greenhouse surfaces which are location
dependent.

For locations where both monthly average daily diffuse
and total insolation on a horizontal surface are known, the
monthly average hourly diffuse and total insolation may be
estimated using the Liu and Jordan method (1960).

Since most widely available solar radiation data are in
the form of monthly average total insolation on a horizontal
surface, correlation equations must be used to separate the
monthly average daily total solar radiation into its two
components. Many empirical equations have been proposed fbr
such a purpose (Liu and Jordan (1960), Page (1961), Tuller
(1976) and Igbal (1978). Igbal (1978) gives a detailed
discussion of these correlations, including a comparison of
the results obtained by each of these methods.

LEere, Igbal's correlation equation,

Hy/H = 0.958 - 0.982 K (4)

is used throughout the analysis.
When the monthly average hourly diffuse and total
insolation on‘'a horizontal surface are known, then the

monthly averége hourly beam solar radiation incident on a



tilted surface "i" of the greenhouse is determined as follows:

Ib,i = (I -Iq)Rp,i » (5)
where R,,{ = cos@j/cosby (6)
where cosBp= cosé cosé cosw + sin¢ siné (7)
and cosbj = cosBj siné sine

- siné cos¢ sindj cosYj
+ cosé cos¢ cosgj cosw
+ cosw cos$ sinBj cosYy; sing

+ cosbé sinB; sinyj sinw . (8)

Also, the monthly average daily diffuse solar radiation on
the tilted surface is,

Hg,i=(1/2)(1 + cosBj) Hg +(1/2) a(l - cosg{)d . (9)

In this equation, the sky-diffuse radiation H., and the
ground reflected radiation qﬁ are assumed isotropic.

Knowing the different components of'the radiation on the
tilted surface, the monthly average daily beam transmittance

of greenhouse surfaces may be estimated as follows:

w ]
oi = 20 b b)Y T - (10)
Ysr “sr

and for the monthly average daily total transmittance,


http://uuj.ai-j.uii

- Wss - -
T = (T .H +
1 T (a,iva,i L?: 'o,i Ib,i)/H; (11)
sSr
where
w
- - Ss _
Hy = Hy ; +.?: Iy s | (12)
sr

is the daily total solar radiation incident on the greenhouse
transparent surface, i.

The beam and diffuse transmittance for the Qlass as a
function of the angle of incidence and the optical properties
of the glass and its thickness are calculated using the
method described by Duffie and Beckman (1974). This method
takes into account both reflection and absorption lossés.

For the diffuse transmittance the angle of incidence is
assumed to be constant and taken to be equal to 58°. A
summary of the above method is included in Appendix A for the

sake of completeness.
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ESTIMATION OF THE MONTHLY AVERAGE DAILY
BEAM, DIFFUSE AND TOTAL
TRANSMISSION FACTORS
OF
GREENHOUSES
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SOLAR RADIATION TRANSMISSION FACTORS OF GREENHOUSES

DEFINITIONS OF TRANSMISSION FACTORS *

The greenhouse transmission factor is defined as the
ratio of the solar energy transmitted through the greenhouse
covering system to that incident on a horizontal surface area
equal to the floor surface area of £he greenhouse with the
absence of the greenhouse covering. As solar radiation
incident of the greenhouse surfaces is composed of beam and
diffuse radiation and the transparent covering has a different
transmittance value for each of the two components of
radiation, then we have two distinct transmission factors
which could be defined as follows:

BEAM TRANSMISSION FACTOR (BTF)

Beam solar radiation transmitted through the
translucent greenhouse covering

BTF =
Outside beam solar radiation incident on a
horizontal surface equal to the floor
of the greenhouse
n — —
AT _ H
. i b,1 b,i
i=1
BTF = — . (13)
A H
fb

* The definition of symbols used in this section can be

found on Pages 892 and 90.
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DIFFUSE TRANSMISSION FACTOR (DTF)

Diffuse solar radiation transmitted through the
translucent greenhouse covering

DTF =
Outside diffuse solar radiation incident on a
horizontal surface equal to the floor of the
greenhouse.
n — —
IA T H
. i 4,1 4,1
i=1
DTF = — . (14)
A H
f d

TOTAL TRANSMISSION FACTOR (TTF)

Knowing the beam and diffuse transmission factors, a
total transmission factor for the greenhouse may also be
defined in a similar manner.

Total solar radiation transmitted through the
translucent greenhouse covering

TTF = :
Outside total solar radiation incident on a
horizontal surface equal to the floor of the
greenhouse
n _ n _ _ n _ _
LA T H LA 1 H L A 1 H
: i 1 i : i b,i b,i+ i 4,i 4,i
1= i= i=
TTF = — = y {15)
A H AfH
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DESCRIPTION OF THE COMPUTER MODEL FOR TRANSMISSION FACTORS

A computer program was written in FORTRAN to compute the
solar energy transmitted through each of the surfaces of a
greenhouse, their pércent contribution to solar input, and
the greenhouse transmission factors. The program was
originally written for monthly average daily values, but with
minor modifications it could be used for specific days. The
program will also handle any number of surfaces per
greenhouse as long as they are flat, any number of covers as
long as they are of the same material for any particular
surface. Different covering materials for different surfaces
are perhitted.

Input variables:

1, Monthly average daily total insolation on
a horizontal surface.

2. Reflectivity of surrounding surfaces to
solar radiation. |

Input parameters:

1. Location of the greenhouse (latitude)

2. Number of surfaces which make up the
greenhouse

3. Orientation, tilt and number of covers
for each of the surfaces

4. Optical properties (index of refraction

and extinction coefficient) and thickness
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of greenhouse covering material for each
of the surfaces

Outputs:

1. Average daily beam, diffuse and total

transmittance of each of surfaces making
up the greenhouse.

2. Average daily beam, diffuse and total
solar energy transmitted through various
-surfaces.

3. ~Contribution of each surface to beam,
diffuse and fotal solar energy inputs.

4, Daily beam, diffuse and total solar energy
transmitted through the greenhouse
covering.

5. Average daily beam, diffuse and total

transmission factors for the greenhouse.

SAMPLE OUTPUT: RESULTS AND DISCUSSION

A 500 square metre gable glasshouse was used as an
example. The greenhouse length and width are 50m and 10m
respectively, with a wall height of 2m and an 18° roof slope.
The long-axis of the greenhouse is east-west oriented. The

cover 1is single glass with the following characteristics;



Thickness 3.0 mm

Extinction Coefficient 0.161 cm T
Index of Refraction 1.526
Location _ Vancouver, B.C. (49.25°N)

The monthly average daily total insolation on a horizontal
surface and the monthly average ground covér reflectivity
for solar radiation (albedo) used as input to the program
are indicated in Table 1.1.

The calculated monthly average daily diffuse
transmittance for the single glass cover was 0.818, which
is independent of orientation and tilt angles. The monthly
average daily beam transmittance and total transmittance for
the various surfaces of the greenhouse are shown in Figures
1.1 and 1.2, respectively.

A sample of results of the other outputs of the éomputer
model are shown for December and for July in Tables 1.2 and
1.3, respectively. These two tables are included here for
discussion purposes. Appendix B gives a complete computer
output for a greenhouse having construction parameters as
described above. The transmission factors for the beam,
diffuse and total solar radiation are shown in Figure 1.3

It is important to notice that the greenhouse diffuse

transmission factor (DTF) remains fairly constant over the



MONTREAL (45.5°N) WINNIPEG (50°N) EDMONTON (53.5°N) VANCOUVER (49.25°N) TUSCON (32,5°N)

] g " iy W Wi W Wg w He

Month | ki.w2day"! @ H Koa2day-! o T | koe2day-! W | wew2day™! @ " K.w2day~! W
Jan 5212 0.32 0,52 5230 0,32 0,39 3682 032 0.44 2970 0,18 0.65) 13180 0.30
Feb 8870  0.33  0.45 9247  0.335 0,33 6987  0.33 0,40 5565 0.7 0,59 | 16 359 0.30
Mar 14 058 0,25 0,40 | 14226 0,25 0.33 12678 0.25 0,35| 10502 0.2 0,50 ]| 22394 0.23
Apr lo 192 0.20 0,47 | 27447 0,22 0,41 17615 0.22 0.38| 15188  0.14 0.48 | 27 425 0.21
May 20 167 0,20 0.45| 20794 0,20 0,42 20711 0,20 0.42 | 20502 0,14 0,43 | 30 501 0.20
Jun 22092 0,20 0.43) 2225 0.20 0.43 22259 0,20 0.42 | 22845  0.14 0,41 | 29 246 0.26
Jul 21 297 0,20 0.48 | 23012 0,20 0.39 2288 0,20 0,39 | 23179 0.4 o038 | 26 192 0.32
Aug 17 581 0.20 0.47 | 10 497 0,20  0.39 18 033 0.20 0.42| 19121  0.14 0.41 ]| 24 602 0.31
Sep 12975 0.20 0.46 | 13472 0.20 0.44 13054 0,20 0.42| 13682  0.14 0.44 | 23 849 0.23
Oct 8 954 0,20 0,50 8 494 0,20  0.46 8 075 0,20 0,42 7280  O0.14 0,54 | 18493 0.26
Nov 4268 0.235 0.64 4644 025 0.5 4100 0,23 0,47 3766 0.5 0.6 14 895 0.25
Dec 3891 0.28  0.59 3766 0,28  0.47 2678  0.28 0,49 2385  0.18 0.67 | 12761 0.27

Table 1.1 Monthly average daily total insolation on a horizontal surface, ground albedo
and ratio of diffuse to total radiation for the locations selected for this
study.

Note: The values for H are taken from "World Survey of Climétology", see reference
Hare and Hay (1974).

- ﬁd/ﬁ are calculated.

- For source of the ground albedo "a" refer to the text, pages 72 & 74
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VANCOUVER

DECEMBER
S Area Solar Energy Transmitted Contribution
MNEED (KJ/day) To Total
Beam Diffuse Total Beam Diffuse Total
! 100, "242904, 82072, 324976, 0.402 0.094 0,219
2 263, 342971, 333855, 676826, 0.568 0.380 0.457
3 263, 0. 333855, 333855, 0.0 0.380 0.225
4 28, 8962, 22958, 31919, 0.015 0.026 0,022
5 28, 8962, 22958, 31919, 0.015 0.026 0,022
6 100, 0. 81910, 81910, 0.0 0,093 0,055
Total Transmitted
Beam Diffuse Total BTF DTF TTF
603799, 877607, 1481404, 1.519 1,104 1.242

Table 1.2 Sample Computer Output for an E-W single glass cover greenhouse
(50m x 10m x 2m) and 18° Roof Slope

Si: south wall S4: east wall
S2: south roof S$5: west wall
S3: north roof S6: north wall

BTF: defined Eq. |
DTF: defined Eq. 2
TTF: defined Eq. 3



VANCOUVER

JULY
S Area Solar Energy Transaitted Contribution
MEE2 (KJ/day) To Total
Beam Diffuse Total Beam Diffuse Total
1 100, 348908, 489930, 838838, 0,053 0,098 0,072
2 263 3233063, 1862202, 5095265, 0.489 0,374 0.439
3 263, 2613476, 1862202, 4475678, 0.395 0.374 0.386
- 4 28. 165209, 137180, 302389, 0.025 0.028 0.026
5 28, 165209, 137180, 302389, 0,025 . 0,028 0,026
6 100, 89404, 489930, 573349, 0.014 0.098 0.050
Total Transmitted
Beam Diffuse Total BTF DTF TTF

6615268, 4978622, 11593892, 0,927 l.118 1,000

Table 1,3 Sample Computer Output for an E-W single glass cover greenhouse
(50m x 10m x 2m) and 18° Roof Slope

Sl: south wall S4: east wall
$2: south roof $5: west wall
S$3: north roof S6: north wall

BTF: defined Eq. |
DTF: defined Eq. 2
TTF: defined Eq. 3
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year, since the glass transmittance to diffuse radiation is
independent of.the incidence angle. waever, the greenhouse
beam transmission factor (BTF) is high during the winter
months (November, December, January and February), but low
during the summer months. The high (BTF) during winter
months for an east-west oriented greenhouse is due to high
beam transmittance of the south roof and south wall (Fig.l.1l)
and high solar radiation incident on the south surfaces

Table 1.2 shows that for December the
contribution of the two south surfaces to the total beam
radiation input is 97%. For the summer months the daily beam
transmittance of the south wall decreases (Fig. 1.1) and the
beam radiation incident on the south surfaces also decreases.
(Table 1.3) which explains the lower (BTF) for the summer
months. For the.month of July the contribution of the two
south surfaces to the total beam solar radiation input is
only 54.2% as compared to 97% for December. Therefore, the
high greenhouse total transmission factor (TTF) during the
winter period for an east-west oriented greenhousé is due to
the high contribution of the south surfaces to the beam

component of solar radiation.



SECTION C

USE OF THE TOTAL TRANSMISSION FACTOR
TO COMPARE «

GREENHOUSES FOR THEIR SOLAR RADIATION
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USE OF THE TOTAL TRANSMISSION FACTOR

The percent loss or gain in solar radiation input to

a greenhouse "y" as compared to a greenhouse "x may'be
calculated from their greenhouse total solar radiation

transmission factors (TTF) as follows:

(TTF)x - (TTF)y

% LOSS/GAIN = X 100.
(TTF)X

EFFECT OF ORIENTATION ON THE GREENHOUSE TTF

Figure 1.4 shows the effect of north-south and east-west
orientation on the total transmission factor. The total solar
energy input is higher in the winter months and lower in the
summer for the E-W orientation than for the N-S orientation.
During January, the solar radiation input to the E-W greenhouse
is (1.02-1.21/1.02)x100 = 18.6% higher than for the N-S green-
house, but it is 6.6% lower in June and July. Therefore, an
E-W oriented greenhouse requires less supplemental heat during
the heating season and less ventilation in the summer if the
heat loss from the greenhouse is assumed to be independent of

orientation.
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EFFECT OF DOUBLE GLAZING ON THE GREENHOUSE TTF

The effect of double glazing on solar radiation input
to the greenhouse is shown in Figure 1.5. The loss of solar
energy input due to double glazing is only 13%. However,
economics must be considered such that the savings in the
cost of energy will offset the increase in capital cost for
double glazing. Also, loss of productivity due to light
reduction in the double glazed greenhouse must be considered.

EFFECT OF OPAQUE NORTH WALL ON THE
TTF OF AN EAST-WEST GLASSHOUSE

The effect of covering the north wall of a greenhouse
with opaque insulation on the heating load was investigated
theoretically by Chandra et al.(1976) and experimentally by
Wilson et al. (1977). The percent reduction in heating require-
ments is proportional to the relative surface area of the north
wall to the total exposed surface area of the greenhouse.
Wilson et al. (1977) found no change in light levels in the
greenhouse with an opaque north wall. The Transmission Factors
method (Figure 1.6) predicts a 5.6% loss of total solar
radiation input due to the opaque insulation of the north wall
of an East-West oriented greenhouse. Virtually all this loss
is diffuse radiation. Therefore, its effect is restricted to

a narrow band near the north wall.
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EFFECT OF OPAQUE NORTH WALL AND NORTH ROOF
ON THE TTF OF AN EAST-WEST GLASSHOUSE

Insulating the north wall and the north roof totally
or partially with an opaque material was proposed by Wilson
et al. (1977). Figure 1.6 shows that a considerable loss in
solar energy input may be experienced with this system of
insulation. From Figure 1.6, the average losses may be
calculated to be in the order of 25% for January and increasing
to about 50% in June for a greenhouse located at Vancouver, B.C.

(49.25°N) with all the north wall and roof being intransparent.

In addition, one expects a shading problem during most
times of the year, depending on the latitude of the greenhouse.
A movable or adjustable opaque insulation system might alleviate

the shading problem.

EFFECT OF LOCATION ON THE GREENHOUSE TTF

An east-west oriented greenhouse (100m x 10m x 2m) was
analyzed for four different locations in Canada, to determine
the effect of latitude and solar radiation availability on the
solar energy.input to a greenhouse. The results expressed in
terms of daily total transmission factors are included in
Figure 1.7. The monthly average daily total solar radiation
on a horizontal surface and the ground albedo used as input
variables to the computer model are included in Table 1.1.

The values for the ground albedo for Montreal
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were taken from Hay (1976) and those of Winnipeg and Edmonton were -
were assumed to be the same as those of Montreal while those of

Vancouver were from Hare & Hay (1974). The effects of errors in the

estimation of the ground albedo on the solar energy input to
a greenhouse is expected to be small since the contribution
of the reflected component to total solar radiation incident -
on the various surfaces of the greenhouse is small,
especially on the roof where the configuration factor between
the roof and ground is only 0.03 for a 20° slope. ‘Figure 1.7
shows that the same greenhouse located at a different
location will have different solar radiation'transmission
factors, especially during the winter period. Among the four
locations studied,-the greenhousg located at Edmonton has thé
highest (TTF), while Montreal and Vancouver the lowest

(TTF). For example, for the month of January, the
transmission factor for the greenhouse used in this analysis
is 1% higher for Montreal than for Vancouver, 16% for
Winnipeg and 25% for Edmonton. The greenhouse total
transmission factor is not only

affected by the latitude of its-locatioﬁ as shown by the
difference in (TTF) between Winnipeg and Vancouver which are
located at approximately the same latitude, but also by
weather factors (i.e. clqud, smog etc.). The effect of
weather factors on solar radiation may be estimated by the

ratio of diffuse to total insolation Hg/H. The calculated
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values of these ratios are included in Table 1.1. These
values suggest a correlation between total solar radiation
transmission and capture and ﬁa/ﬁ with lower ratios favouring

the transmission factor.

SHED VS. GABLE GREENHOUSE

Changing the shape of a greenhouse from a conventional
gable to a shed type construction increases the south facing
surface area, thus improving the solar radiation input to the
greenhouse during the winter months, as shown in Figure 1.8
for Montreal. However, during the summer months, the solar
radiation inppt to the shed greenhouse is in the same order
of magnitude as that for the gable greenhouse. Thebexpected
average increase in solar energy input to the shed greenhouée
during the winter months over . the gable greenhouse is about

20% (Figure 1.8).

Another advantage of the shed design is the facility by
which a solar collector may be integrated within the greenhouse

at the upper portion of the opaque north wall.

SHED VS. BRACE GREENHOUSE

The Brace greenhouse was developed by T.A. Lawand et al.
(1975) at the Brace Research Institute. The designvwés
specifically conceived for cold climate regions. A diagram
of the Brace greenhouse is shown in Figure 1.8 (Shape B). The
greenhouse must be east-west oriented with the north wall

insulated and sloped at an angle equal to the sun's zenith.
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angle during the summer solstice. The inner surface of the
north wall is covered with a solar radiation reflection
material (i.e. aluminum foil) to direct radiation on to the

plant canopy.

The transmission factor method is used here to compare
the Brace and the shed greenhouse'for their solar radiation
input efficiency as a function of the time of the year. The
results for Montreal are shown in Figure 1.8. When the total
transmission factors for Brace and shed are compared to that
'of a conventional gable greenhouse, it can be seen from
Figure 1.8 that during the cold months (October to March
inclusive), the Brace is equivalent to the gable greenhouse
while the shed admits more solar radiation during that same -
period of the year. During the warm months (May to August
ihclusive), the shed becomes equivalent to the gable green-
house while the Brace captures less solar radiation. Thus,
the Brace greenhouse is more efficient than the gable or shed

greenhouse due to its lower energy requirement for ventilation.

EFFECT OF LOCATION ON SHED GREENHOUSE TTF

The monthly average total transmission factors (TTF)
were calculated for five locations having latitudes ranging
from 32.5°N (Tuscon, AZ.) to 53.5°N (Edmonton, Alta.). The
results for a shed greenhouse having a roof slope of 20
degrees and only the north wall insulated are shown in Figure
1.9. These results are based on data for H and o as given in

Table 1.1. The ground albkcdo for Tuscon was assumed to be
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constant over the year and equal to 0.20.

A simultaneous examination of Table 1.1 and Figure 1.9
indicates clearly the effect of latitude and cloudiness index
Kp on the total transmission factor. As expected, the ef-
fect of latitude and Kp on (TTF) is small in the summer,
giving a total transmission factor close to unity for all the
five locations studied. However, during the winter months,
the influence of RT and latitude on (TTF) becomes more
pronounced. It is interesting to nqtice the low (TTF) for
Montreal for the month of November which can be explained by
the relatively high cloudiness index (RT = 0.64) for that
month. The effect of the cloudiness index on (TTF) can also
be seen by comparing the results for Vancouver with those of
Winnipeg. Even though these two cities are located at app-
roximately the same latitude, the total transmissidn factors
for Winnipeg during the winter months are significantly high—
er than those for Vancouver. Examination of Table 1.1 indicates
that Winnipeg has lower cloudiness indices during the corres-
ponding months.

The influence of latitude (TTF) can easily be seen if
the results of Tuscon, Winnipeg and Edmonton are examined
simultaneously (Figure 1.9 and Table 1.1). For the month of
December, the average total transmission factor for the shed
greenhouse is practically the same for Montreal, Vancouver
and Tuscon (Figure 1.9). However (TTF) for Winnipeg and
Edmonton, when compared to that of Montreal, are 23% and 37%

higher respectively.
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EFFECT OF LENGTH, WIDTH AND OPAQUE EAST AND WEST

WALLS ON THE TTF OF A SHED GREENHOUSE

The contribution of the south wall, east and west walls
and the south roof of a shed-type greenhouse to the beam,
diffuse and total solar radiation input into the structure as
it varies with time of the -year is depicted in Figure 1.10.
The shed greenhouse used in this example is 100 metres 1long:
by 10 metres wide with a south roof slope of 20 degrees from
the horizontal. The height of the transparent section of the
south wall is assumed to be 2 metres.

Figure 1.10 shows that the contribution of the south wall
to the direct component of solar radiation input into the
greenhouse is in the order of 20 percent during the winter
months and decreased to a lowvalue of only 3 percent during the
summer period. This decrease in the beam radiation
contribution can be attributed to the high incidence angle
causing a reduction in the beam transmittance of the south
cover;

On the other hand, the contribution of the same wall to
the diffuse component of solar radiation input remained
fairly constant throughout the year at an approximate value
of 12 percent. This is a direct result of the assumed
constant diffuse transmittance of the covering material.

The contribution of the east and west walls combined

to beam solar radiation input to the shed greenhouse is
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very small throughout the year as is clearly indicated by
Figure 1.10(a). The contribution of these walls to the
diffuse component is slightly higher than that for the direct
component, but still relatively low as can be depicted in
Figure 1.10(b). Therefore, for this size of greenhouse, the
‘east and west walls could be made opague without a -
significant loss of totai solar radiation input, as can be

seen from Figure 1.10(c).

The effect of length on the total solar radiation
transmission factor (TTF) of a 10 metre wide and 20 degree
roof slope shed-type greenhouse is shown in Figure 1.11. The
results indicated in the above mentioned figure are for a
greenhouse located in the Montreal region. It is clear from
Figure 1.11 that increasing the length of the shed greenhouse
with transparent éast and west wall decreases the total trans-
. mission factor significantly. The decrease in the daily
TTF is more pronounced for the relatively shorter greenhouses.
This is due to the large contribution of diffuse solar radiation
trahsmitted through the east and west walls when compared to
the total radiation input to the greenhouse. If the east and
west walls of the shed greenhouse were insulated with an
opaque material, then the monthly daily average total trans-
mission factors become the same for any greenhouse length.
Obviously, this implies that insulating the east and west walls

of a short shed greenhouse results in a significant decrease in solar
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FIGURE 1.13:

EFFECT OF LENGTH, WIDTH AND INSULATING
EAST AND WEST WALLS OF AN E-W SHED
GREENHOUSE ON ITS MONTHLY AVERAGE DAILY
TOTAL TRANSMISSION FACTOR (TTF). |
Curves A & B North Wall Insulated
Curves C & D N, E & W Walls Insulated

Other Construction Parameters:
Roof Slove: 20°
South Wall Height: 2 m
Covering Material: Single Layer Glass

Location: Montréal, Québec.
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energy input to it (Fig. 1.11).

The above fact can better be seen by examination of
Figure 1.12, which indicates the effect of the length on the
percent contribution of the east and west walls of the shed
greenhouse to the diffuse and total solar radiation input.
According to the above figure, insulating the east and west
walls of a shed greenhouse having a length of 50 metres or
more results in only a small loss (less than 5 percent) in
solar radiation input.

The effect of the width of a shed-type greenhouse on the
total solar radiation transmission factor is shown in Figure
1.13. Doubling the width from 10 metres to 20 metres has
resulted in a maximum decrease of the greenhouse TTF of only
9 percent. This decrease is due to the lower percent
contribution of solar radiation input through the south wall
relative to the south roof for the case of the wider
greenhouse.

CONCLUSIONS

Using the total transmission factor as a criterion, the
following conclusions were drawn for single span glasshouses
as far as their solar radiation input efficiency was
concerned.

1. An east-west oriented greenhouse captures more

solar radiation during the winter than a north-south

oriented greenhouse.
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Double glazing (glass) results in 13% loss of solar
energy input to an east-west oriented greenhouse as

compared to single glass cover.

Opaque insulation of the north wall of an east-west
oriented gable greenhouse causes less than 6% loss in
the total solar radiation input. Virtually all this
loss is diffuse radiation, and its effect is restricted

to a narrow region near the north wall.

Opaque insulation of the north wall and roof of an east-
west oriented gable greenhouse results in a considerable
loss in solar energy input. For the greenhouse studied,

the loss was from 29% in January to 50% in June.

On a per unit floor area basis, the solar energy input
to a shed type greenhouse is higher during the heating

season period than that to a gable greenhouse.

In general, an increase in the length of a shed-type
greenhouse results in a decrease in the total solar
radiation transmission factor (TTF). This rate of
decrease in TTF is found to be in the order of 1%, 0.25%
and 0.05% per metre for the greenhouse length ranges of
10 to 20m, 20 to 50m and 50 to 100m, respect;vely

(Figure 1.11).

Doubling the width from 10 to 20m of a 100m long shed-

type greenhouse has decreased the TTF by less than 9%.
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Opaque insulation of the east and west walls of a shed-
type greenhouse results in only a slight decrease in
total solar radiation input (<5%) provided its length

is kept above 50 metres.

The greenhouse total transmission factor was found to
be a function of latitude and the ratio of diffuse to

total solar radiation on a horizontal surface.
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.instantaneous beam radiation transmitted
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NOMENCLATURE
Definition Units
2

area of greenhouse floor m
area of a specific surface "i" of the 2
greenhouse enclosure m
monthly average daily beam, diffuse
and total radiation incident on a
horizontal surface outside the -2
greenhouse, respectively kJ+m
monthly average beam, diffuse and _
total radiation incident on a specific
surface "i" of the greenhouse enclosure, -2
respectively kJ-m

monthly average daily extraterrestrial
solar radiation on a horizontal surface kJ

instantaneous beam radiation incident !
on a specific surface

through the specific surface

hourly beam radiation incident on a
surface

monthly average hourly beam radiation
incident on a specific surface "i" of
the greenhouse enclosure ]

monthly average hourly diffuse
radiation incident on a horizontal
surface outside the greenhouse k

monthly average hourly total
radiation incident on a horizontal
surface outside the greenhouse k|

cloudiness index (RT = ﬁ/ﬁo)

ratio of beam radiation on a tilted /
surface "i" to that on a horizontal
surface, respectively

instantaneous, average hourly and
average daily transmittance of a ;
transparent surface to beam solar
radiation respectively



monthly average daily transmittance
of a specific surface "i" to beam,
diffuse and total solar radiation
respectively

solar radiation incidence angle for
a horizontal surface

solar radiation incidence angle with
respect to a specific surface "i" of

the greenhouse enclosure

latitude angle (location of the
greenhouse)

sun's declination angle

hour angle

tilt angle of a specific surface "i"

of the greenhouse enclosure
(vertical, B = 90°)

orientation angle of a specific
surface "i" of the greenhouse
enclosure (south, y = 0°)

sunrise and sunset hour angles
respectively

ground albedo near the greenhouse
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radians

radians

radians
radians

radians

radians

radians

radians



CHAPTER 2

TOTAL SOLAR RADIATION CAPTURE FACTORS
OF
GREENHOUSES
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INTRODUCTION

This chapter discusses the diffuse solar radiation
losses from greenhouses. The first section of the chapter
is devoted to the special case of a gable greenhouse where
two sources of diffuse losses are identified: direct loss
from the gable roof and indirect loss of diffuse radiation
due to the effective albedo of the plant canopy and the
uncovered greenhouse floor. Taking these two losses into
account, the total solar radiation transmission factor
previously defined in chapter 1 is modified to give what the

author calls "a greenhouse total capture factor". A
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mMathematical expression for the solar radiation total capture.

factor is also given for the case of a gable greenhouse.

The second section of this chapter introduces a method
of calculating the radiation configuration factors for green-
house applications. Numerical values of the configuration
factors are required for the estimation of the greenhouse

capture factors.



SECTION A

TOTAL CAPTURE FAéTORS
FOR
GABLE GREENHOUSES
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TOTAL CAPTURE FACTORS FOR GABLE GREENHOUSES

The greenh&use total transmission factor as defined
previdusly does not take into account the diffuse radiation
losses through the roof and the reflection losses from the
plant canopy. These two sources of solar radiation loss
will be considered in the following chapter for the case of
a gable greenhouse.

ASSUMPTIONS

With respect to the derivation of the greenhouse solar
radiation capture factor, the following aésumptions are
made:

i) Only the absorption and reflection losses of the

glass cover are accounted for.:

ii) No condensation or duét accumulation on the glass

cover.

iii) The effect of the structural frame is neglected.

iv) All the beam radiation transmitted through the

glass cover is incident on plant canopy (i.e.tall

plants and low roof slope).

v) Plant reflection for solar radiation is perfectly

diffused.

vii) Multiple reflections between the plant canopy and

the greenhouse cover are neglected (only the first

reflection is considered).



THEORETICAL FORMULATION*

Assumption (iv) states that all the beam radiation
transmitted through any greenhouse surface i reaches the
plants. Then the beam radiation from surface i that is

incident on the plant canopy is simply,

Ain,iHb,i' (1)

-But, only a fraction of the diffuse fadiation transmitted
through the surface i is reaching the plants. Therefore,
the diffuse radiation from surface i which is incident on
the plant canopy may be represented by

- AjTg,iHg,1(1 - Ta,iF). (2)
The above expression is valid only if the two roof slopes are
made of the same material such that the diffuse transmit-
tance can be considered equal for both slopes. Furthermore,
in the case of tall plant canopies, such as tomatoes and
roses, the factor F is close to zero for the vertical sur-
faces of the greenhouse, which implies that all the diffuse
radiation transmitted through the vertical walls of the
greenhouse reaches the plant canopy. However, in the case
of the greenhouse roof, a fraction of the diffuse radiation
coming from one side of the roof is transmitted and lost to
the outside through the other side of the roof. The diffuse

radiation loss through the greenhouse roof is represented in

* The definition of symbols used in this section can be

found on Page 113.
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equation (2) by the term which is proportional to ?d,iF’
where F is the radiation configuration factor between the
two slopes of the greenhouse roof. The factor F may be
calculated using the method described by Feingold (1966).
A summary of the method and its application to greenhouse
configuration factors is discussed in a later section of
this chapter.

The total solar radiation from any surface i of the
greenhouse which is incident on the plant canopy is then

calculated using equations 1 and 2 as follows:

+ 1., .H (1 - 71 F)Jl. (3)

A. H. = A. [t a,ifa, i

i Ui i b,i Hb,i d,i

The total solar radiation coming from any surface i of
the greenhouse that is absorbed by the plant can be calculated
by multiplying equation 3 by a correction factor for
reflection losses due to the plant albedo, to give,

Ai Hi(l - p 1

d,i)_ . (4)

In eguation 4 only the first reflection is considered as shown
in the sketch below. Also, the reflected radiation by the
plant canopy is assumed to be diffused regardless of the

original incident radiation. .

_________________ cover
(diffuse transmittance,

a,i)

AjH (1-p74 4)

ﬁiént canopy
(effective albedo, o)




Now, a "total solar radiation capture factor" for the
greenhouse may be defined as the ratio of the solar energy
captured by the plant canopy to that incident on a
horizontal outside surface whose area is equal to the
greenhouse ground area. The greenhouse total capture factor
(TCF) may be calculated as follows:

n - —-— -— -— -
.21 Ai[Tp,iflp,i + Tq,iHg,i(1-Tq,iF)] (1-pTq,;)
l:

TCF= — - (5)
AfH

The total solar radiation capture factor for a
greenhouse is useful for comparing greenhouses at different
locations and with various greenhouse construction
parameters (i.e. insulation, roof slope, etc.)for their
effectiveness as passive solar energy collectors.

RESULTS AND DISCUSSION

The effect of solar radiation loss through the
greenhouse roof and the radiation loss due to the effective
albedo of the plant canopy are shown in Figure 2.1. The
curves represented in the figure are for a gable greenhouse
located in the Vancouver, B.C. area and having the
construction parameters as indicated on the diagram in
Figure 2.1. The direct loss of solar radiation through the
roof can be seen from Figure 2.1 by comparing the total
transmission factor (TTF) curve to the curve for an
effective plant canopy albedo of zero. The word direct loss

is used here to distinguish it from that due to the
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GREENHOUSE SOLAR TRANSMISSION FACTORS (TTF)

AND CAPTURE FACTORS (TCF)

1,3 T T

1,2

1,1

1,0

0,9

0,8

o 18 ._l

2m

Plant Canopy

e om — |

albedo:0.0

albedo:0.1

albedo:0.3

0,7 }— —
SO I T T I A T N T N B
J F M A M ) J A S O N D
MONTH
FIGURE 2.1: EFFECT OF PLANT ALBEDO ON THE SOLAR

RADIATION CAPTURE FACTOR FOR A GABLE
GREENHOUSE.

Dimensions: 100 m x 10 m
Orientation: E-W long-axis
Cover: Single Layer 3 mm Glass

Location: Vancouver, B.C. (49.25°N)
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reflection of solar radiétion by the plant canopy. The
direct loss constitutes the solar radiation transmitted
through the roof but has never reached the plants or any
other object inside the greenhouse. As can be.seen from
Figure 2.1, this loss is small provided the roof slope is
kept low. For the example cited here, this loss was found
to be in the order of five percent of the total solar
radiation entering the greenhouse.

On the other hand, the solar radiation loss due to
reflection by the plant canopy and objecgé inside the
greenhouse are found to be relatively more significant than
the direct 1loss through thevroof. Obviously , reflection
losses are directly dependent on the effective albedo of the
plant canopy including floor and other objects.
Experimental values of the effective albedo within
greenhouses are not readily available; however, two
hypothetical values of 0.1 and 0.3 were used for
illustration purposes. The solar radiation losses due to
plant canopy reflection as expressed in terms of the
greenhouse total capture factor are shown in Figure 2.1.
These losses were found to be 8 and 24 percent for effective
albedos of 0.1 and 0.3 respectively when compared to an
albedo of zero.

In this énalysis, the effective albedo is taken as a

constant throughout the year. 1In reality, its value is
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closely related to the type of Crop grown and its stage of
development. The effective albedo could also be artifically
modified to improve the greenhouse solar radiation capture -
factor. This indeed has been done with the use of Q-mats*
for solar energy collection and storage. One effect of the

Q-mats is a reduction in the effective greenhouse albedo.

* Q -mats is a trade name for a solar collector developed
in France specifically for greenhouse applications. It
consists of black plastic mats which are layed flat on
the greenhouse floor and/or under the plants, then
filled with water tovtransport the energy collected to
a thermal storage tank. Q-mats are also used as a heat
distribution system in waste energy recovery

applications to greenhouses.
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SECTION B

CALCULATION OF CONFIGURATION FACTORS
FOR
DIFFUSE RADIATION
IN
GREENHOUSES



CALCULATION OF

CONFIGURATION FACTORS

In the first section of this chapter, it was found that
the solar radiation capture factor for gable greenhouses is
dependent on the diffuse radiation cohfiguration factors
beiween the two slopes of the roof. This section
concentrates on an analytical method to calculate these
configuration factors to be used with respect to gable
greenhouses.

ASSUMPTIONS

The following assumptions are made with respect to the
derivation of the radiant—interchange configuration factors
for greenhouse applications:

i) The radiation from any surface i is perfectly

diffuse. |

ii) The surface is isothermal.

THEORY *

The radiation configuration factor Fqi-3 is defined as
the fraction of the radiation'leaving an isothermal wall of
surface area Al that is incident upon another wall of area
Ajp.

A geometric shape commonly present with respect to

* The definition of symbols used in this section can
be found on Page 113,
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greenhouses can be treated as two rectangles having a common
edge. The special case of such rectangles forming a right
angle leads to a simple formula found in most heat transfer
textbooks. The general case of two rectangles forming an
arbitrary angle has been first treated by Hamilton and Morgan
.(1952) who obtained the expression shown in Figure 2.2,
Numerical values of the configuration factors as calculated
using Hamilton and Morgan's equation are given by Feingold
(1966) for certain angles and dimeﬁsions. Unfortunately, the
tabulated values do not cover the range of dimensions useful
for greenhouse applications. It is the object of this section
to obtain values for configuration factors to be used for
diffuse radiation analysis in gable greenhouses. For a
detailed analysis and more comprehensive results of
configuration factors for triangular and circular roof green-

houses, the reader is referred to McAdam et al. (1971).

RESULTS AND DISCUSSION

The expression shown in Figure 2.2 is used to determine
the configuration factor F between the two roof slopes of a
gable greenhouse, and the configuration factor from one roof
slope to the plant canopy, F'. Then, the radiation
configuration factor from one roof slope to the two gable

ends F" is calculated as follows:
F" =1 - F - F' (6)

The radiation configuration factors are determined for

greenhouse lengths from 10 to 100 metres and having a width

from 5 to 15 metres with roof slopes chosen to cover the
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* Source: Feingold, A. (1966)
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range commonly used by the greenhouse industry. Three roof
slopes were selected, namely 15°, 20° and 25° for which the
results are shown in Figures 2.3, 2.4 and 2.5, respectively.
For each roof slope, the values of F and F" are plotted as a
functién of greenhouse length and width. The efféct of roof
slope on the radiation configuration factors can be seen in
Table 2.1.
EFFECT OF GREENHOUSE WIDTH

For any roof slope, increasing the width decreases the
configuration factor. This effect is significant only for
relatively short greenhouse. For example, for a roof slope
of 20° (Figure 2.4) and a greenhouse length of 20 metres,
an increase in the greenhouse width from 5 to 10 metres
results in adecrease for the value of the factor F from
0.05657 to 0.05298. However, for the same roof slope but
for a greenhouse length of 70 metres, the values of F become
0.0592 and 0.0582 for a 5 and 10 metres greenhouse width

respectively.

EFFECT OF GREENHOUSE LENGTH

For roof slopes and widths investigated, the configuration
factor F is found to increase with increasing greenhouse length.
The rate of increase of F with length is larger for shorter
greenhouses. For long greenhouses, the effect of length on
the value of F becomes small. This is due to the effect of

the gable ends which becomes very small for the long
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greenhouses as depicted in Figures 2.3 to 2.5 by the small
values of the configuration factors between the roof slope
and the gable ends F". For the purpose of illustration,
take for example a greenhouse having a roof slope of 20
degrees and a width of 10 metres; then by Figure 2.4 it
can be seen that the value of F increases from 0.0466 to
0.0573 for an increase in length from 10 to 50 metres.
However, if the greenhouse length is increased from 60 to
100 metres, the wvalues of F has increased only from 0.0578

to 0.0588.

EFFECT OF ROOF SLOPE

The greenhouse roof slope has more effect on the value
of the configuration factor F than the length and width of
the greenhouse. Table 2.1 gives the values of F and F" as
a function of greenhouse length for three roof slopes and a
constant width of 10 metres.
| It is important to notice that the values of F" are
much higher than those of F for short greenhouse regardless
of the roof slope. This implies that the radiation loss
from the gable ends must be considered when dealing with
short greenhouses durihg the calculation of the total capture
factors (TCF) defined in the previous section. In long
greenhouses (say > 50 metres) the end effects may be neglected
since the fraction of radiation transmitted through one roof
slope that is iost through the gable ends is expected to be

less than 2%. Therefore, equation 5 for the calculation of



TABLE 2.1

RADIATION CONFIGURATION FACTORS BETWEEN THE TWO. SLOPES OF ROOF (F)

AND FROM ONE ROOF SLOPE TO GABLE ENDS (F") FOR A GABLE GREENHOUSE

HAVING A WIDTH OF 10 METRES

Greenhouse Roof Slope

Lig?th 15 20° 25
F F" F F" F "
10 0.0264 0.0674 0.0466 0.0902 0.0722 0.1130
20 0.0300 0.0342 0.0530 0.0461 0.0822 0.0581
30 0.0313 0.0229 0.0553 0.0309 0.0859 0.0390
40 0.0320 0.0172 0.0566 0.0232 0.0878 0.0293
50 0.0324 0.0138 0.0573 0.0181 0.0890 0.0235
60 0.0327 0.0115 0.0578 0.0155 0.0898 0.0196
70 0.0329 0.0098 0.0582 0.0133 0.0903 0.0168
80 0.0330 0.0086 0.0584 0.0116 0.0907 0.0147
90 0.0331 0.0077 0.0586 0.0103 0.0911 0.0130
100 0.0332 0.0069 0.0588 0.0093 0.0913 0.0117

OTT
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the greenhouse total capture factor (TCF) as derived in
section A of this chapter is valid for long greenhouses
only, since during the derivation, the radiation loss by
the gable ends has been neglected.

For the case of the greenhouse shown in Figure 2.1,
having the dimensions of 100 m x 10 m with 18° roof slope,
the factor F has a value of 0.0477 while that of F" is only
0.008. Therefore, the effect of F" on the radiation loss
from the greenhouse was not considered during the analysis,

thus the results given in Figure 2.1.

CONCLUSIONS

Based upon the calculated greenhouse configuration
factors the following conclusions may be made with respect
to diffuse radiation loss:

1. For a given roof slope, increasing the width results in
a decreased direct diffuse radiation loss through the
greenhouse roof. This effect is more significant for
relatively short greenhouses.

2. For roof slopes and widths commonly used by the greenhouse
construction ipdustry, increasing the length tends to
increase the direct diffuse radiation loss through thé
greenhouse roof. This effect is found to be more
significant for relatively short greenhouses.

3. The extent of direct diffuse radiation loss through the
greenhouse roof is more dependent on its roof slope than

its length or width.
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For relatively long greenhouses (> 50 m) the effect
of length.and width on the direct losg of diffuse radiation
be neglected.

During the calculation of the total solar radiation
capture factors of greenhouses, the gable ends effect
may be neglected when dealing with long greenhouses

(> 50 m) having low roof slopes (< 200).

The total solar radiation capturé factors (TCF) of
greenhouses are highly dependent on the effective
albedo of the plant canopy within the greenhouse.

A high albedo results iﬁ large diffuse radiation loss,

thus a low total solar radiation capture factor.



NOMENCLATURE

Definition

floor area of a greenhouse

area of a specific surface "i" of the
greenhouse enclosure

radiation configuration factor between
the two roof slopes of the greenhouse

radiation configuration factor from one

~roof slope to the plant canopy

radiation configuration factor from one
roof slope to the two gable ends

monthly average daily insolation
monthly average daily beam and diffuse
radiation incident on a specific surface
"i" of the greenhouse enclosure,
respectively

as defined by equation (3)

monthly average daily transmittance of

a specific surface "i" to beam and

diffuse solar radiation, respectively

effective plant canopy albedo
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Units
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CHAPTER 3

COMPUTER SIMULATION
MODEL
OF

ENERGY REQUIREMENTS
FOR
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INTRODUCTION

The first chapter of this study is mainly intended to
examine the energy requirements of conventional livestock
buildings. It is divided into two sections. |

The first section deals primarily‘witﬁ4the”development
of the mathematical model for the livestock building.

The purpose of the model is td predict the thermal and
electrical energy requirea to provide a controlled
atmospheric environment within the livestock facility.
Factors considered in the computer model develooment.

are ventilation, animal sensible and latent heat production,
heat transmission through the building envelope, and solar
radiation effects on heat loss or gain from the structure.

The computer model in its present form is designed to
perform energy analys;s on livestock buildings. It is not
intended to predict the environmental conditions within the
building. However, with simple modifications to some of
the subroutines, the computer model could predict the
inside temperature and relative humidity of a livestock
facility.

The model could be used to examine the effect of
varying the orientation and the level of insﬁlation of the
building, and the effect of varying the minimum winter and
the maximum summer ventilation rates on the total energy

consumption by the livestock building.
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The second section gives a detailed discussion of the
sol-air methods available for calculating the transmission
heat transfer from buildings. A comparison between the results
obtained by two sol-air methods to those resulting from a
detailed heat balance about the building walls is included.

The last section of this chapter describes the application
of the computer model through a case study. The model was used
to determine the heating and ventilation requirements of a
conventional swine finishing barn. Also, the results are
analyzed to examine if excess heat is available for the
purpose of supplying partially the heating load of an adjacent

greenhouse.
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SECTION A

MATHEMATICAL MODEL DEVELOPMENT
FOR THE
LIVESTOCK BUILDING
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MODEL DEVELOPMENT

ASSUMPTIONS

In developing the model, several assumptions were

made:

i) Effect of heat storage in the walls and the floor
is neglected.

1i) Heat transfer through the floor is accounted for

during the heat transfer calculations through the
perimeter of the building.

iii) Complete mixing of the air in the building.

iv) Constant heat and moisture production by the

animals housed within the building.

HEAT BALANCE ABOUT THE LIVESTOCK BUILDING

When the above assumptions are taken into consideration,
the general heat balance about the building can be represented
as:

ANIMAL SENSIBLE HEAT PRODUCTION + SUPPLEMENTAL HEAT

= HEAT FOR VENTILATION + HEAT TRANSMISSION ;

or in equation form:

Q + 0

sens * Qsup = Quent * 9rran (1)
Details of each of the terms of the energy balance equation

are represented in this chapter.
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TRANSMISSION HEAT TRANSFER

The transmission heat transfer includes the conductive,
cqnvective and radiative heat exchange between the building
and its environment. The effect of solar radiation on the
transmission heat transfer also needs to be considered. Two
methods are available to estimate the effect of the solar
energy absorbed by the walls of the building on the transmission
heat transfer. The sol-air temperature method is widely used
and is well described by Threlkeld (.1970) and O'Callaghan
(1978) and the ASHRAE Handbook of Fundamentals (1977).

The solar radiation absorbed by a wall has the.same
effect as a rise in the outside temperature. The rise in
the outside temperature is directly proportional to the
absorptivity of a surface to solar radiation an@ to the solar
radiation incident on that surface, and inversely proportional
to the convective heat transfer coefficient duvue to wind. The
outside temperature corrected for solar radiétion effect is
termed sol-air temperature and may be defined in its simplest

form (Threlkeld ,1970) by the following expression:

Tsa,i = To * o5 Ig,i/hy 3 (2)

O'Callaghan (1978) modified the above expression to take
into account the effect of the emission of long-wave
radiation by the surface. Hls modified expression for

Sol-air temperature . is:

Tsa,i = To * oy Ig,3 = e3Tg)/hy 5 (3
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where I, is the intensity of long-wave radiation from a
black body at the temperature of the ambient air.-

I, is taken as zero for a vertical wall because it is
assumed that thermal radiation from the ground balances
radiation lost to the sky. Sol-air methods are discussed
further in Section B.

A second method based on a detailed heat balance about
the outer surface of each of the ﬁalls making up the envelope
of the building can be used to determine the effect of solar
and thermal radiation on the transmission heat transfer.
This method is suitable for digital computer calculations.

For the purpose of this analysis, the second method is
used in order to take into consideration the effect of sky
and ground radiant heat exchange to the exterior surfaces
of the building.

The following general heat balance equation about each
of the outer surfaces of the building envelope is used to

calculate the surface temperatures:

4 4 4
eio [Ts,i - 0.5 (1 + cos Bi) TSky - 0.5 (1 - cos Bi) Tg]
* hw,i (Ts,i - TO) - Ui (Tb - Ts,i) - ai Is,i =0

(4)
where Ew’ the wind heat transfer coefficient is estimated

using McAdams (1954) relationship

Bw = 20.52 + 13.68 W . (5)
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In equation (4) the ground temperature is assumed to.be
equal to the ambient air temperature. The total solar
radiation incident on a surface of any tilt and orientation
Is,i is calculated in Appendix C. The effective sky
temperature is a function of many meteorological variables
such as water vapour content and air temperature. Several
correlation equations between the effective sky temperature
and the meteorological variables have bcen proposed (Brunt
(1832), Bliss (1961), Swinbank (1963), Wwhillier (1967),
Morse and Read (1968)). In this analysis, Swinbank's
correlation

_ 1.5
Tsky = 0.0552 T0 (6)

relating the sky temperature to the local environmental
temperature is employed.
Solution of equation (}).is required for-each
exposed surface "i"'of the building to determine its outer
surface temperature, Ts,i'
For a building with an unventilated attic space, the
attic temperature can be estimated whence the outer surface

temperature of the roof surfaces are known using the

following relationship:

m

m
Ta = (UCACTb + E UjAst,j)/(UcAc + E UjAj) . (7)
J=1 j=1 »

where UjAj are for the exposed surfaces of the attic space.

The overall heat transfer coefficients Uj's exclude the
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outside film coefficients.
The total heat transmission between the building
and its environment may then be calculated using the

following equation:

Orran = Ughe (Tp=Tg) + ULP(T,-T()
n
+ UAL (T -T,) * E Uiy (Ty=Tg 3) o (8)
=1

where Ui's are the overall heat transfer coefficients for
the walls excluding the outside film coefficients. The
terms on the right hand side of the above equation represent
the heat loss or gain by the foundation, the perimeter, the

ceiling and the walls of the building, respectively.

VENTILATION HEAT TRANSFER

Ventilation system design for livestock housing involves
determining the optimum air flow rate and providing an even
air distribution within the building. In this study, only
the ventilation rate is determined and it is assumed tﬁat the
ventilation system is properly designed for good air
distribution.

Ventilation of alivestock building consists of three
stages depending on the outside climatic conditions. For
low outside temperature, ventilation is used for moisture
control within the building. At intermediate outside

temperatures, the inside temperature is maintained at its
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optimum level by increasing the ventilation rate. When

the outside temperature approaches or exceeds the optimum

inside temperature, animal comfort determines the required
ventilation rate (Christianson and Hellickson, 1977). .The MWPS *
handbook (1980) and the Canadian Farm Building Code. (1977)
recommend typical ventilation rates for animal comfort

based on animal type and size.

VENTILATION SYSTEM CONTROL

Ideally, the ventilation system should keep the inside
temperature and relative humidity at their optimum levels
for any outside climatic conditions. This is obviously not

possible without the installation of a cooling svstem.

Several control systems have been used for livestock
building ventilation control. The most commonly used control
system is a constant low flow rate for winter ventilation and
a constant high flow rate for summer ventilation. This type
of system control can be achieved by either a two-speed fan
and a thermostat or two-single speed fans with the low speed
fan operating continuously. The Midwest Plan Service (1980)
describes some ventilation control systems and gives their
wi;ing diagrams.

For the purpose of this simulation, two sets of variable
speed fans are selected. The variable low speed fans are used
for moisture control during cold periods. These fans are

controlled by a humidistat. For summer ventilation,

* MWPS: Midwest Plan Service
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thermostatically controlled variable high-speed fans are
.'used to control the inside temperature near an optimum level.

The low air flow rate is determined according to the
mass balance eguation when the humidistat is set at the
maximum relative humidity allowable. For that relative
humidity an air flow rate is determined using a moisture
balance defined below; then; thé suppleméntalehéat
required to keep the inside temperature at an optimum level
is calculated from the energy balance equation. This
procedure is continued until the heat balance predicts
cooling requirements then the high flow rate fans are
activated and the air flow rate increased ﬁo maintain the
inside temperature at the desired level, resulting in a
lower relative humidity within the building. The air flow
rate will increase with increaéing outside air temperature
to a maximum rate recommended by local building codes for
animal comfort. At this point, the resulting inside

temperature is dictated by the outside climatic conditions.

VENTILATION RATE FOR HUMIDITY CONTROL

The ventilation rate for humidity control is determined
by performing a moisture balance about the livestock building.
Under normal operating conditions, there are two sources of
water vapour production within the livestock building:

a)} The water vapour released by the animals through

respiration for non-sweating farm animals.
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b) The water vapour evaporated from wetted surfaces within

the building, including feces and urine.
The two sources of water vapour production are usually
combined and referred to as the total building latent heat.
If we let m,, be the total moisture produced, then the total

building latent heat may be calculated using the latent heat

of vaporization of water as follows:

e w fg (9)

where the formula for hfg is given by Cooper (1969) as

hfg = 2594.44 - 2.4 (Tb ~ 273.16). (10)

When the rate of moisture production within the building 1is
known, the mass balance about the open system will take the
form

ct
(o
©®

Therefore, the air mass flow rate regquired to remove
moisture produced is
= 7 - (12)
Ma = m./ Wy Wo!

v

Then, the sensible heat lost due to the introduction of fresh
air into the building can be calculated from the mass £low

rate of ventilating air and the enthalpy change of the air

as follows:

» - ' | (13)
Quent = Ma O ~ Pal

where the enthalpy of the air in the building, hg is taken
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at the barn dry-bulb temperature and at the dew-point
temperature of the outside air.

The ventilation rate, for an exhaust fan system, may
then be calculated using the specific volume of the air

at the inside condition, thus:

V=yv ma/3600 . (14)

Whence, the ventilation rate required to remove the moisture
produced is known, the supplemental heat necessary to maintain
the desired inside temperature may be estimated from the

following heat balance equation about the building

Qsup = 9%Eens = Qran = Qvent  * (15)

VENTILATION RATE FOR TEMPERATURE CONTROL

The ventilation rate required for temperature control
is determined by performing a heat balance about the building.
In this case, no supplemental heat is needed, but the
ventilation‘rate must be increased to keep the inside
temperature at its optimum level.

The heat balance for the inside temperature control can

be written as

Q (16)

VENT = 9sEns T 9rran -

Then, the air mass flow rate required for temperature control

can be calculated from Q and the enthalpy change of the

VENT

incoming fresh air as follows:



m =

a = Quenr/ (hp-Bg) (17)

The resulting relative humidity inside the buiiding is then

determined from the solution of the mass balance equation.
Details of the method used here for the calculation

of the psychrometric properties of moist air are included

in Appendix D.

VENTILATION RATE FOR ANIMAL COMFORT

The ventilation rate required for animal comfort during

periods of hot weather is dictated by the type and age of
the animal, location and conétruction parameters of the
building.and the air distribution system.

For this simulation model the maximum ventilation rate
is left as a parameter to be selected by the user depending

on the particular application of the model.

HEAT AND MOISTURE PRODUCTION BY LIVESTOCK

The use of the mathematical model requires accurate
information on the heat and moisture released within the
livestock confinement structure for the type of animals

housed. The heat and moisture production rate is dependent

128

upon the breed and size of the animals housed, the temperature

and the relative humidity within the bﬁilding and upon the
management practices used in operating the livestock

facility.
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Extensive data are available for predicting the amounts
of heét and water vapour generated by various types of
livestock. The basal heat production of many types of
animals is readily available in many publications related
to farm animal environmental physiology. The basal heat
production for most homeothermes may also be calculated
using the equation developed by Brody (1945).

Data on the sensible and latent heat production by
individual animals are also widely available for most domestic
animals (Bond et al. (1952, 1959, 1963, 1965), Hazen and Mangold
(1960), Kelly et al. (1948), Longhouée et al,(1960), Ota et
al. (1953), Restrepo et al.(1977) and Riskowski et al. (1977)).
However, data obtained through tests on single animals is not
suitable for the design of heating, ventilating and air
conditioning systems for livestock housing since this type
of data does not represent the actual operating conditions
of livestock facilities. |

Care must be taken when using published research data
on heat and moisture production rate of domestic animals
since the conditions under which the experiments were
conducted and the methods of measurements used influence
the results obtained, thus, their range of applicability.

For example, when estimating the moisture produced, it is
necessary to distinguish between animal moisture production
and room moisture production. The latter includes both water

vapour released by the animals and the moisture evaporated
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from the wetted surfaces within the building and from

waste products (feces and urine). The room moisture
production is more useful for heating and ventilating

systems design than animal moisture generation alone provided
the management techniques to be adopted in the actual
building are similar to those used to obtain the

experimental data.

ENERGY CONSUMPTION BY VARIABLE SPEED FANS

Fan power requirements for variable air volume systems
using variable speed fans as a means of volume control can
be estimated from the ratio of the air flow delivered to
the design air capacity for the fan. Hittle (1979) gives
the following regression equation to calculate the fraction

of full-load power:

P, = 0.00153 + 0.005208 L_ + 1.1086 L2 - 0.11635563 L3

£ £ £ ¢+ (18)

In the above equation, Lf is the part-load ratio defined as
the delivered air flow in any period of one hour divided by
the design air flow rate for the fan. It is recommended

that Lf be kept above 0.4.
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COMPARISON BETWEEN
SOL-AIR AND HEAT BALANCE
METHODS FOR TRANSMISSION

LOSS CALCULATION
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BUILDING TRANSMISSION LOSS: SOL-AIR TEMPERATURE

METHODS VS HEAT BALANCE METHOD

In Section A of this chapter, it has been stated that
two sol-air temperature methods are availéble for estimating
the transmission heat transfer from buildings: Threlkeld's
equation and O'Callaghan's equation.

This section is devoted to a discussion of the two
sol-air temperature equations including a comparison of
results obtained by the two equations to those calculated
using a detailed heat balance about the walls of a typical

farm building.

SOL-AIR TEMPERATURE METHODS

1. Threlkeld's Equation: '

Threlkeld's sol-air temperature method as represented
by equation 2 of this chapter does not take into account the
thermal radiation losses from the building outer surfaces to
the ground and sky. Therefore, the transmission heat as
determined through the use of equation 2 is expected to be
under-estimated. The under-estimation of the heat loss will
be more pronounced if the building material making up the
outer surface of walls has a high emissivity for infra-red

radiation.
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2. O'Callaghan's Equation:

Equation 3 of this chapter estimates the sol-air
temperature as given by O'Callaghan (1978). When compared
with Threlkeld's equation, O'Callaghan's expression includes
tﬁe thermal radiation heat loss from the outeé surface of the
walls to the surroundings. This loss is represented in
equation 3 by the inclusion of the term EIE'

During the application of O'Callaghan's equation the
following two assumptiéns are made:

1. For‘vertical surfaces,I2 becomes zero. This is based
upon the argument that_the thermal radiation loss from
the wall to the sky is offset by the radiative gain
from the ground.

2._ For non-vertical walls, regardléss of tilt angles, the
net radiative loss by the surface is proportional to
the absolute temperature of the arbient air raised

to the fourth power, or in equation form,

= 4
I, = aTg (19)

The net radiative energy loss from a vertical wall to
the ground and the sky is illustrated in Figure 3.1(a).
The net radiative loss in this case is proportional to:

4 4 4
Tg ~ 0.5 Tsky - 0.5 Tg .

(20)
In order for the first assumption to hold, the above
expression must be identical to zero. In a similar manner,

an examination of Figure 3.1(b) for a non-vertical wall
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a:VERTICAL WALL

7 weN A

b:TILTED WALL

FIGURE 3.1: THERMAL RADIATION EXCHANGE BETWEEN A WALL

AND ITS ENVIRONMENT.
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reveals that the net radiative loss from the surface to
the sky and ground is proportional to:

4 4 4
TS - 0.5 (1 + cosB)Tsky - 0.5 (1 - cosB)Tg . (21)

Therefore the second assumption is valid only if the above

expression is equal tolfg.
It is interesting to note that for the special case

of a horizontal surface, the second assumption becomes

valid when,

T - T =T . (22)

HEAT BALANCE METHOD

From the above discussion of the sol-air temperature
methods for estimating transmission heat loss from buildings,
it is clear that the assumptions underlying these methods
are not always applicable. Therefore, a detailed heat
balance about the outer surface of the walls is preferred
if a digital computer is used. Details of the heat balance
method is included in Section A of this chapter, equation 4
to equation 8. This method eliminates the two assumptions
associated with O'Callaghan's equation. However, in
equation 4 for calculating the surface temperature of the
wall %he ground temperature (Tg) appears as an unknown.
Since, this temperature is seldom measured, it must be
calculated or assumed. With the exception of special cases

(i.e. asphalt surface exposed to sunlight), the ground



136

temperature may be considered equal to the air temperature.
This assumption is not expected to significantly affect the
results considering the applications of the analyses are

primarily intended for rural grass covered areas.

COMPARISON OF THE RESULTS BY THE THREE METHODS

The transmission heat loss from a typical swine building
is calculated using Threlkeld's equation, O'Callaghan's
equation and by a heat balance about the outer surfaces
of building walls. The hourly heat loss from the selected
building is calculated for the environmental temperature
and solar radiation shown in Figure 3.2. The values in this
figure represent an average day for the month of December in
the Halifax area. The corresponding hourly heat transmission
losses are given in Figures 3.3 and 3.4 for a constant indoor
temperature of l8°C. Two types of surface coating are
investigated, because of the effect of radiation properties
of the surface on the radiative exchange.

In Figure 3.3, the absorptivity for solar radiation
of the surface of the walls is taken as 20 percent while
its emissivity to infra-red radiation is 90 percent. This
surface condition is representative of white painted walls.
Figure 3.4 is for the case where both the absorptivity and
the emissivity are equal to 20 percent. This surface
condition usually represents a building with aluminum siding

finish.
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An examination of Figure 3.3 indicates that Threlkeld's.
equation, as expected, under-estimates the transmission heat
loss because it does not consider the thermal radiation heat
loss from the surface. On the other hand, 0'Callaghan's
sol-air temperature equation gives heat transmission values
higher than those predicted by the detailed heat balance
meﬁhod. This indicates that the roof radiative heat loss
is over-estimated, since the radiative loss from the vertical
walls is taken as zero with this method of transmission heat
loss calculation.

It is interesting to note when the surface emissivity
is reduced from 0.9 (Fig. 3.3) to 0.2 (Fig. 3.4), the
discrepancies between the results for transmission heat loss
by the three methods become small. This further indicates
that the difference between the three methods is due to the
manner by which the radiative loss is treated. Therefore,
it can be concluded that for walls with an outside surface
having a low emissivity for long-wave radiation, the
radiative heat loss becomes less significant; thus, the
simpler sol-air temperature methods could be used to
calculate transmission loss from buildings instead of the
more complex heat balance method without introducing
significant errors in the final results.

The sol-air temperature methods have also been compared
to the heat balance method for the month of June. A similar

trend in the comparative results to those obtained for
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December was found indicating that the above conclusions

could be applied to other months of the year as well.
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SECTION C

" CASE STUDY I

HEATING AND VENTILATION
REQUIREMENTS
OF A
CONVENTIONAL SWINE FINISHING BARN
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SWINE FINISHING BARN - A CASE STUDY

DESCRIPTION AND ASSUMPTIONS

The computer simulation model developed in Section A
of this chapter was used to predict the supplemental heat
requirement as well as the necessary ventilation iate for
a swine finishing barn. For the purpose of the case study,
the following assumptions are made:

i) The pigs enter the building at an average weight of
50 kg to be finished to a market weight of 90 kg.

ii) The size distribution of the animals in the barn is
uniformly distributed between start and finish weight
such that the average hog weight may be taken as
70 kg.

iii) The optimum dry-bulb temperature for maximum daily
weight gain and maximum feed conversion efficiency
is taken as 20°C (Turnbull and Bird, 1979).

iv) The maximum allowable relative humidity in the barn
during cold weather periods is taken as 85 percent.

v) The maximum summer ventilation rate for animal comfort
is chosen as 0.05 m3/s per pig (MWSP-1l, 1980).

vi) A net floor space requirement of 0.6 m2 per pig is
used.

Figures 3.5and 3.6 show the floor plan‘and the cross-sectional

view of the finishing hog barn, respectively. The building

used in the case study is 100 m long by 11 m wide. A storage
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and isolation area having a width of 4 m divides the barn
into two equal sections of 64 pens each. All the pens
are of equal size and have the dimensions of 4.8 m x 1.5 m.
Each pen houses on the average 12 pigs; therefore, the total
number of animals in the building at any instant would be
around 1536 hogs if the barn is fully occupied. Assuming
an average of ten weeks per finishing period, then the
expected annual production would be 7980 hogs. ™
The total confinement swine building chosen for the case
study has a solid concrete floor and is well insulated. The
resistances to heat conduction are 5.88 and 4.0 m2 K/W for
the ceiling and for the walls, respectively. More information
concerning the construction parameters of the building as well
as the management practices used are included in Table 3.1.
The total heat and room latent heat produced by the hogs
is estimated using the work-done by Bond et al (1959) and
Carson (1972). Detailed calculations for heat and moisture

production within the hog barn are included in Appendix E.

RESULTS AND DISCUSSION

Hourly computer simulation results for a typical day
of each month of the year are included in Appendix F. Tables
F.1 to F.12 show the hourly and daily heat losses due to
transmission through the building envelope and those due to
ventilation for the outside dry-bulb and dew-point temperatures

are indicated in the tables. The hourly supplemental heat and



TABLE 3.1

VARIABLES USED TO CALCULATE HEATING VENTILATION

REQUIREMENTS OF A CONVENTIONAL SWINE FINISHING BARN

Construction Parameters

Length: 100 m
Width: 1l m
Height: 2.5 m

Roof Slope: 26.57°
Orientation: East-West Long Axi

Construction Materials Properties

S

Building Area RSI U a ¢
Component (mz) (mz K /W) (kJ m—2h—lK—l) S 4
South Roof 615 0.19 18.61 0.2 0.22
North Roof 615 0.19 -18.61 0.2 0.22
South Wwall 200 4.00 0.90 0.2 0.22
North Wall 200 4.00 0.90 0.2 0.22
East Wall 22 4.00 0.90 0.2 0.22
West Wall 22 4,00 0.90 0.2 0.22
Gable East 15 0.24 15.19 0.2 0.22
End Wwall :
Gable West 15 0.24 15.19 0.2 0.22
. End wall
Ceiling 1100 5.88 0.61 - -
Foundation 111 1.49 2.41 - -
(Insulated)
Perimeter 222 1.45 2.48 - -
(Insulated) (m) (m.K/W) (kJ.m~1lh-1g-1)

Management Parameters

Location:

Number of hogs:

Average weight:

Minimum inside temperature:
Maximum inside relative humidity:
Maximum ventilation rate:

Ventilation system type:

Vancouver, B.C.
Montreal, Quebec
Halifax, N.S.

1536

70 kg

20°C

85%

50 litres per second
per hog

Variable speed fans
(12 kW peak load)
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ventilation rate requirements as well as the electrical
energy consumed by the fans are included in the Tables
of Appendix P.

As expected, the simulation results indicate that
supplemental heat is not needed for the swine finishing
barn with the construction parameters and the inside
environmental conditions previously described in Table 3.1.
The hogs produced enough sensible heat to compensate for
the transmission heat loss and the energy needed to heat -
the amount of ventilation air that is required to keep the
inside relative humidity below 85 percent.

It is interesting to note that the recommended
ventilation rate for animal comfort of 50 litres per second
" per hog is adequate, since the inside temperature remained
at the design level of 20°C until the outside temperature
has risen above 18°C. The increase of the inside temperature
above the optimum level occurred in the day time during the warm
months of June, July, August and September.

Winter and summer hourly ventilation rates as predicted
by the»simulation model are shown in Figures 3.7 and 3.8,
respectively. The curve for hourly ventilation rates for
a typical day during the month of January (Fig. 3.7) follows
very closely the outside dry-bulb temperature curve which
indicates that the ventilation air is used for temperature
control. Figure 3.8shows the hourly ventilation rates for

a typical day in August. It can be seen that the ventilation
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rate is at its maximum value for most of the day time
hours indicating that the inside temperature is above
the set point of 20°C.

Appendix F also gives the electrical power input
to the fans from which the monthly, then the yearly
electrical energy consumption by the ventilation system
may be estimated. By Tables F.l to F.l1l2, it can be
calculated that a total annual electrical energy of
16869 kWh was used to ventilate the typical swine finishing
barn. The expected annual hog production for the barn
under study is in the order of 7980 hogs which results in
a ventilation energy requirement per hog producedvof about
2.11 kWh.

Figure 3.9 is a nomograph which can be used
to determine the relative cost of energy to the market value
of the product as a function of the unit cost of electricity
and the market value of the finished hog. By Figure 3.9, it
can be seen that at the present cost of electricity at six
cents per kWh and for sales value of $100 per hog, the cost
of electrical energy used for ventilation represents only
0.1 percent of the market value. Therefore, for a hog
finishing enterprise, an increése in the cost of energy is
not expected to affect significantly the operating cost in
a direct manner; but, indirectly through the influence of
the cost of energy on feed prices. Due to the small fraction

of the operating cost of a hoag finishing enterprise that can
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be attributed to energy cost, it is unlikely that a
combined greenhouse-livestock building, designed strictly
for the purpose of energy conservation, will be beneficial
to the hog producer.

The.amount of sensible heat available in the
ventilation air for potential use in greenhouse heating
may be estimated using the total ventilation rate from

Tables F.1l to F.12 of Appendix F as follows:

= 3600 oV Cp . (23)

Hlo

The ventilation rate V varied from a winter low of 3.66 m3/s
to a maximum of 76.80 m3/s during the summer months. As a
first approximation, assume that the exhaust air from the
swine building is at 20°C and standard atmospheric pressure,
then the density "p" may be taken as 1.204 kg/m3 and. the
specific heat "Cp" at constant pressure at 1.012 kJ/kg. °C.
Therefore, the amount of heat available in the exhaust air
"q/AT" is in the range of 16 MJ/°C to 337 MJ/°C with the
actual value depending on the outside temperature. - The
potential available energy in the upper scale of the range
will not be useful since it corresponds to periods of high
outside temperature when the greenhouse does not require
heat. It is expected that most of the energy gain from the
livestock building will be for moderate outside temperatures
during the spring and fall periods. Note that direct waste
heat recoVery from the swine building ventilation system is

useful only when the greenhouse temperature is below 20°C.



CONCLUSIONS

The following conclusions can be drawn from the results

of the simulation of heating and ventilation requirements

of the hog finishing barn described in this section:

' l .

For a well inéulated building, no supplemental heat
is required for an inside temperature of 20°C and a
relative humidity below 85 percent.

For a variable speed fan'system, it is found that
about 2.1 kWh of electrical energy is required to
finish a hog from 50 kg to market weight.

The cost of energy for ventilation is a small fraction
of the operating cost and represents only 0.1 percent
of the hog market value. The above estimated value is
based upon $0.06/kWh for electrical power and $100 hog
market value.

The amount of sensible heat available in the exhaust
air from th¢ swine barn is found to be between 16 and
337 MJ/°C. The actual value depends on the outside

temperature.

154

A greenhouse-swine building combination is not beneficial

to the hog producer if only energy is considered.
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NOMENCLATURE

Definition

Surface area
Surface area
Surface area

Surface area

of
of
of
of

the ceiling
the foundation
any wall "i"

any exposed surface

"3" of the attic space

Specific heat of air at constant

pressure

Specific enthalpy of moist air at

the inside dry-bulb temperature and

outside air

Specific enthalpy of moist air at the

- at the dew-point temperature of the

outside conditions

Average convective heat transfer

coefficient due to the wind for the

outside surface of any wall "i"

Latent heat of vaporization of water

Black body radiation at the outside

dry-bulb temperature (I2 = ch)

Total solar radiation incident on any

wall "i"

Part-load ratio of the fan defined as

the delivered air flow in any one hour
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dimensionless

divided by the design air flow rate for

the fan



QSENS
QSUP

QTRAN

Mass flow rate of the ventilation air
Total moisture produced within the

livestock building

kga.h-

kgw.h-
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| Building parameter m
Fraction of full-load power for a dimensionless
variable speed fan
Sensible heat available in ventilation kJ.h”l
air
Total building latent heat xJ.ht
Total sensible heat production within kJ.h-l
the building
Supplemental heat requirement for the xJ.h"t
livestock building
Heat loss or gain through the building kJ.h"t
envélope
Heat loss or gain due to ventilation k3.n"t
Attic temperature K
Inside drv-bulb temperature K
Outside dry-bulb temperature K
Effective temperature of the sky K
Sol-air temperature for surface "i" K
Outside surface temperature of any K
wall "i"

Outside surface temperature of any K
exposed surface "j" of the attic space
Temperature of the ground at the surface K



Overall heat transfer coefficient of

the ceiling

Overall heat transfer coefficient of
the foundation

Heat transfer coefficient of any wall
"i" excluding the outside film
coefficient

Heat transfer coefficient of any
exposed surface "j" of the attice
space excluding the outside film
coefficient

Effective heat transfer coefficient
for the perimeter

Ventilation rate

Specific volume of inside air (exhaust
ventilation systemf

Wind speed

Humidity ratio of inside air

Humidity ratio of outside air

"

Slope of surface "i" from the

horizontal
Absorptivity of surface "i" to solar
radiation

Emissivity of surface "i" to long-

wave radiation

kgw.kga
kgw.kga

radians

1

1
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AT

Stefan-Boltzmann constant
(o = 20.411 x 1078)

Density of éir

Operating temperature difference

between the livestock building

and the greenhouse
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CHAPTER 4 .

COMPUTER SIMULATION
MODEL
OF
HEATING REQUIREMENTS
FOR A
CONVENTIONAL GABLE GREENHOUSE
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INTRODUCTION

This chapter is devoted to an analysis of energy flows
with respect to a conventional greenhouse. -It consists of
two separate sections.

The first section deals with the development of a
mathematical model using energy balances about the different
components of the greenhouse. Also stated in this section,
are the assumptions made during the greenhouse mathematical
model development.

In the second section, simulation results of a case
study are given for a conventional gable glasshouse. The
computer simulation analyses concentrate on the effects of
inside greenhouse temperature and infiltration on the heating
loads. Also, the passive solar contributions to the green-
house heating requirements for different minimum indoor

temperatures are investigated in detail.



SECTION A

MATHEMAT ICAL MODEL
DEVELOPMENT
FOR THE
GABLE GREENHOUSE
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MODEL DEVELOPMENT

"ASSUMPTIONS

In developing the model, the following assumptions

were made:

i) Effect of heat storage in the greenhouse floor is
neglected.

ii) Effect of shading by the structural frame is
neglected.

iii) No condensation or dust accumulation on the

greenhouse covering such that the transmittance
for solar radiation is for the covering material
only.

iv) The greenhouse covering material is assumed to be

| opagque to long wave radiation.

v) The transmittance of the greenhouse covering
material to diffuse radiation is assumed to be
constant and equal to that of the beam transmittance
for an angle of incidencevof 1.0123 radians.

vi) The plant canopy reflects diffusely regardless of
whether the oriéinal incident radiation is beam
or diffuse in nature.

vii) Multiple reflection between the plant canopy and
the greenhouse cover is neglected.

viii) Energy consumption by photosynthesis and

evapotranspiration is assumed to be negligible.
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The first assumption implies that the.heat storage
capacity of the soil is negligible relative to the daily
energy input to the greenhouse. This assumption is adequate
if the purpose of the simulation model is to compute heating
requirements rather than inside environmental conditions,
response times or time constants of different heating
elements (Kindelan, 1980).'

The second assumption may be justified for steel and
aluminum greenhouse structures, since the percentage surface
occupied by structural members is very small compared to
the total area of the transparent cover. For wood construction
this percentage usually does not exceed 5 percent.

The third assumption implies that the greenhouse cover
must be clean from dust which is usually the case since
greenhouse operators periodically wash the glass. As far as
cqndensation is concerned, it usually does not occur in a
significant amount to affect solar radiation input. Its
effect is mainly on the night heat loss from plastic covered
greenhouses. 1Its effect on heat loss from glasshouses was
found to be negligible due to the low transmissivity of glass
to long wave radiation compared to that of some plastics

(Walker and Walton, 1971).

The fourth assumption is valid for greenhouse covered
with glass and probably polycarbonate and fiber glass. The
transmissivity of the above greenhouse covering materials to

long wave radiation as measured by Godbey et al. (1977) are
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0.03. 0.06 and for glass, polycarbonate and corrugated
fiberglass,; respectively. For polyethylene covered greenhouses,
the theory formulated in this study should be modified
accordingly to take into account the transmissivity of the
plastic film to long wave radiation.

The fifth assumption was used by Duffie and Beckman
(1974) for glass covered solar collector analyses. It is
assumed to equally hold for glasshouse analyses.

Assumption (vi) of perfect diffuse reflection may not
be in serious error provided the whole plant canopy is
considered.

The seventh assumption implies that only the first
reflection is considered. That is , solar radiation exchange
associated with multiple reflections compared to the first
reflection is negligible, hecause of the high absorption
of the plant canopy and the high transmittance of the cover
to solar radiation.

It has been proven by many researchers (Froehlich et al.
(1979) , Walker (1965)) that solar radiation used by plants for
photosynthesis, and energy feleased during the respiration
process are negligible relative to other energy inputs to the
greenhouse. This justifieé the first part of the eighth
assumption. On the other hand, evapotranspiration may be sig-
nificant during periods, the greenhouse usually does not require
supplemental heating. Therefore, the effect of evapotrans-

piration on estimating daily heating loads is negligible.
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HEAT BALANCE ABOUT THE GREENHOUSE

When all the above assumptions are taken into
consideration, the heat balance about the greenhouse
may be stated as follows:

SUPPLEMENTAL HEAT + SOLAR RADIATION INPUT

- INFILTRATION - HEAT TRANSMISSION = 0 .
or in equation form:

+Q

Q5oL sup ~ QnF T Qran = % - (1)

TRANSMISSION HEAT TRANSFER

Basically the same method employed with respect to
the livestock building is used to estimate the heat
transfer by conduction, convection and radiation between
the greenhouse and its environment. This method is valid
since the greenhouse glass cover is assumed to be opague
to thermal radiation. The outside surface temperature of
the glass cover for each of the walls of the greenhouse
is calculated using equétion (4) of Chapter 3. Then, the
transmission heat transfer between the greenhouse and its
environment is calculated as follows:

QTRAN = UfAf (Tg-To) + UpP (Tg-To) + :?: UiAi (Tg—Ts,i) (2)
i=1

The heat transfer coefficient Ui includes the inside film

coefficient and the resistance of the covering material

of any surface i of the greenhouse.

_ 1
o %i TR,
1
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where R. = + R . (4)

The first term on the right hand side of equation (2)
represents the heat loss or gain through the foundation,
the second term represents that of the greenhouse perimeter,
and the third term represents the heat loss or gain through

the walls and the roof of the greenhouse.

INFILTRATION HEAT LOSS

The sensible heat loss or gain due to air infiltration/
exfiltration from the greenhouse is calculated using the

air-exchange method.

Qpyp = POV N, (T -T,) (5)

If the air is assumed at standard pressure and temperature

of 20°C, then

c, = 1.012 kJ.kg L.x7L
and
-3
p = 1.204 kg.m ,
and equation (5) becomes,
Qiyp = 1-218 VgNa (Tg-To) (6)

The number of air changes for any greénhouse will depend
on the structure, covering material, maintenance, the extent
of wind protection and the indoor-outdoor temperature

differential. Representative values of air infiltration
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rates that can be expected in various types of greenhouse
are given in a publication by the Ontario Ministry of
Agriculture and Food*. For newly constructed glasshouses
the estimated air infiltration rate is between 0.75 and
1.5 air changes per hour. For old glasshouses; the
infiltration rate ranges between 1.0 and 2.0 air changes
per hour, depending on the quality of the maintenance to
the greenhouse glazing. For plastic-covered greenhouses,
the infiltration and exfilﬁration rates range from 0.2 to

1.0 air chénges per hour.

SOLAR ENERGY CAPTURED BY THE GREENHOUSE

The total solar radiation entering the greenhouse is
the sum of the solar energy transmitted through each of
the transparent surfaces making up the greenhouse envelope.
Since the transmission of the covering material to solar
radiation is dependent on the form of the original radiation
incident on the surface, the solar radiation transmitted
through each surface is treated separately for the beam
and diffuse components of the total insolation.

For the vertical walls of the greenhouse, the direct

radiation transmitted through any surface "i" is

Bw,i = BV'Y Tb,iAi . (7)

* Energy Conservation in Ontario Greenhouses. Publication
65. Ministry of Agriculture and Food, Ontario.
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And, for the diffuse component, the diffuse solar radiation

transmitted through surface "i" may be written as:

Du,i = 0y,y Ta,i By ' (8)

where "y" is the orientation of the vertical wall.

If the plants in the greenhouse are tall, then all
the solar radiatién transmitted through the vertical walls
of the greenhouse is intercepted by the plant canopy.

The solar radiation transmitted through surface "i"
of the greenhouse that is captured by the plant canopy can

be estimated by

- - - - *
Iw,i (Bw,i + Dw,i) (1-z) [1 + z(1 3, i a;)] (9)

where "¢" is the albedo of the plant canopy and "ai" is
the absorptivity of the coﬁering material to solar radiation.
Two assumptions are made With respect to the above
equation. First, the radiation reflected by the plant
canopy is diffuse regardless of the form of the original
radiation incident on the plants. The second assumption
is that the transmissivity of the covering material to
diffuse solar radiation is high and that the albedo of
the plants is low such that the contribution of multiple
reflections is negligible. Equation (9) takes into account
only the first reflection.
The total solar radiation transmitted through the
vertical walls of the greenhouse and captured by the plant

canopy 1is simply.

* Derivation of equation (9) is given in Appendix K.
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n
Iw = (l-z) E (Bw,i + Dw,i) [l+1;(l—'rd,i—0ti)] . (10)
i=1 ’

The contribution of the gable roof to the solar energy
input to the greenhoﬁse may be estimated in a similar
manner. First the solar radiation incident on each slope
of the roof is divided into its direct and diffuse
‘"components. Then, thé_solar radiation transmitted through
slope "j" of the roof and intercepted by the plant canopy

is calculated as follows:

I .=B .1, . A .+D . 1., . A .
r,J r,j b,J r,Jj r,j 4,3 "r,]

_ _ _ *
((-r__ ) +F__ (1 Tq, 9% aj*) Fr+p] (11)

Equation (11) assumes that all‘the beam radiation transmitted
through the roof of the greenhouse is intercepted by the
plant canopy. This assumption is valid for relatively ldw
roof slopes. Also, only the first reflection is considered
in the above analysis. The "j*" in equation (11) indicates
that the radiation properties of the opposite slope are used
if the two slopes of the gable roof are not of the same
material. The total solar radiation originating from the
gable roof of the greenhouse and intercepted by the plant
canopy is calculated from equation (11) through a simple

summation to give,

+ F . (l-Td'j*‘Gj*) Fr+p] (12)

* Derivation of the diffuse component of equation (11)
is given in Appendix K.



The radiation configuration factors Fr+r and Fr»p in
equations (1l1) and (12) can be calculated using the method
described in Section B of Chapter 2.

The calculation of thé transmittance of the greenhouse
covering materials for beam and diffuse solar radiation is
described in detail in Appendix A.

The amount of total solar radiation originating from
the roof slopes and captured by the greenhouse is dependent
on the albedo of the plant canopy and the radiation
properties of the roof-covering material. Again, if only

the first reflection is considered then the solar energy

captured by the top of the plant canopy may be estimated by

I =1

r r (1=2) 11+ g(l-t —o )] (13)

d,r

Equation (13) is wvalid when the two slopes of the gable roo

170

f

have approximately the same values for the transmittance and

absorptance to solar radiation.
The total solar energy captured by the greenhouse is
the sum of the solar radiation from the vertical walls and

roof of the greenhouse. Thus,

Qsor = Ty *+ Iy . (14)



SECTION B

CASE STUDY I1I

HEATING REQUIREMENTS
OF A
CONVENTIONAL GABLE GLASSHOUSE
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CONVENTIONAL GABLE GREENHOUSE - A CASE STUDY

DESCRIPTION AND ASSUMPTIONS

The computer simulation model developed in Section A of
this chapter was used to predict hourly values of the
transmission heat loss from the greenhouse envelope, the
heat loss due to infiltration, and the solar energy captured
by the greenhouse. Then, the supplemental heat requirement
as well as the fraction of the total heat load supplied
" through natural solar radiation capture by the greenhouse
were calculated using the predicted hourly heat loss and
solar energy inputs.

The following additional assumptions are made with
respect to the conventional greenhouse case study.

i) Only the minimum greenhouse temperature is specified
and assumed constant throughout the time of the
simulation (This assumption is adequate if the main
objective is the determination of heating loads).

1i) Infiltration rate is assumed to be constant.

iii) The albedo of the plant canopy within the greenhouse is
constant and assumed equal to ten percent.

The gable greenhouse used in the case study has a length of

100m and a width of 10m. The long axis of the greenhouse is



east-west oriented. The footing and the perimeter of the
greenhouse are insulated to minimize heat loss to the
ground. The greenhouse is covered with a single layer of
glass. Other pertinent construction parameters, the‘
properties of the construction materials as well as the
greenhouse management parameters are given in Table 4.1. To
complete the description of the facility a cross-sectional

view of the greenhouse is shown in Figure 4.1.

RESULTS AND DISCUSSION

A sample computer simulation output for a conventional
gable greenhouse located in Vancouver, B.C. is included in
Appendix G (Tables G.1 to G.12). These tables give the hourly
and daily results for a typical day of each month of the
year. The results apply to the greenhouse described in
Table 4.1 and operated at a minimum éemperature (i.e.night
temperature) of 15°C. The information in the tables include
the solar radiation passively captured by the greenhouse,
transmission and infiltration heat losses as well as the
predicted supplemental heat reQuirement and the fraction of
the total heat loss that is supplied by solar due to natural
solar energy collection by the greenhouse. A summary of the

results of Appendix G 1is shown, on a monthly basis, in Table

4.2.
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FIGURE 4.1: CROSS-SECTION OF THE CONVENTIONAL GABLE GREENHOUSE USED IN CASE STUDY II.
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TABLE 2.1

VARIABLES USED TO CALCULATE HEATING DEMANDS

OF A CONVENTIONAL GABLE GREENHOUSE

Construction Parameters

Length:
Width:
Height:

Roof Slope:
Orientation:

100 m
l10m
2 m
18°
East-West Long Axis

Construction Materials Properties

Surface Material Area U as €0
(m2)  (wm~2x71)
South Roof Single Glass 526 8.83 0.08 0.94
North Roof Single Glass 526 8.83 0.08 0.94
South Wall Single Glass 200 8.03 0.08 0.94
North Wall Single Glass - 200 8.03 6.08 0.94
East Wall Single Glass 28 8.03 -0.08 0.94
West Wall Single Glass 28 8.03 0.08 0.94
Footing Insulated 110 0.67 - -
Concrete
Perimeter AInsulated 220 0.67_ - -
(m)  (wm~lg-1)
Glass Properties
Thickness: 0.3 cm
Extinction Coefficient: 0.252 cm-1
Refraction Index: 1.526
Absorptivity to Solar Radiation: 0.08
Emissivity for Thermal Radiation: 0.94

Management Parameters

Location:

Plant Canopy Albedo:

Vancouver, B.C.
Montreal, Quebec

Halifax, N.S.
Minimum Greenhouse Temperature: 10°C,
Infiltration Rate:

15°C, or 20°C
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1.5 Air changes per hour

0.1



A close examination of Table 4.2 reveals the following
points with respect to a single glazed gable greenhouée
operation at a minimum inside temperature of 15°C and
located in the Vancouver, B.C. area.

i) The heating season extends over the twelve months of
the year. This is due to cool summer nights which .
are characteristic of the region.

ii) The natural contribution of solar radiation to the
greenhouse heating load cah be as low as 15 percent in
the summer months and increasing to 37 percent in the
spring period. The annual average is found to be only
28 percent even though the annual solar energy captured

by the greenhouse well exceeds the annual heating load

requirement. For this typical case, the ratio of annual

solar energy input to annual heat loss is in the order

of 1.5. Therefore, if an adequate seasonal thermal

storage is incorporated; theoretically, the greenhouse

could be heated solely by the natural solar energy

capture of the greenhouse.

Further computer analyses were performed on an identical

greenhouse to that used in the Vancouver case. The purpose
of the additional analyses is to investigate the effect of

climatic conditions on the greenhouse performance.
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TABLE 4.2

MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS

2

IN MJ PER m~ OF GREENHOUSE FLOOR AREA AND PERCENT

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY II

(MINIMUM INSIDE TEMPERATURE = 15OC)

VANCOUVER, B.C.

177

Month Heat - Solar : So}ar - Supplemental Percent

Loss Input Contribution Heat Solar
January 462 187 112 350 24
February 365 225 106 259 29
March 383 360 130 253 . 34
April 262 394 97 165 37
May 153 465 53 100 35
June 77 528 24 53 31
July 43 512 10 33 21
August 32 487 6 26 17
September 80 372 13 67 15
Oétober 232 276 66 166 28
November 340 160 84 256 25
December 449 138 101 348 22
Year 2878 4104 802 2076 28
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Summaries of the results for the two additional locations in'
Canada are included in Tables 4.3 and 4.4 for Montreal, P.Q. and
Halifax, N.S. respectively.

When the values in Tables 4.3 and 4.4 are compared to those
in Table4.2 for Vancouver, it can be seen that the extent of
the greenhouse heating season in Halifax is similar to that
fér Vancouver; however, the heating season for Montreal is
three months shorter. This may be attributed'to the warmer
summer nights in the Montreal region as compared to the
Vancouver or Halifax regions. It is also interesting to
notice that the annual solar energy contribution to the
heating load is slightly lower for Halifax and Montreal than
the value of 28 percent previously found for Vancouver even
though the solar radiation input to the greenhouse is higher
in the former cities than in the later. Obviously, the
effect of the increased solar input was cancelled by the
higher greenhouse heating loads for Halifax and Montreal
when compared to Vancouver. The annual supplemental heat
requirements in megajoules per square metre of floor area
were found to be 2076, 2718.and 3262 for a greenhouse
operated at a minimum temperature of 15°C and located in
Vancouver, Halifax and Montreal respectively. Thus, a

greenhouse located in the Vancouver area will require 31



TABLE 4.3

!
MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS

2

IN MJ PER m  OF GREENHOUSE FLOOR AREA AND PERCENT

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY II

(MINIMUM INSIDE TEMPERATURE = 150C)

MONTREAL, QUEBEC
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Heat Solar Solar Supplemental Percent

Month Loss Input Contribution Heat Solar
January 908 170 170 738 19
February 750 218 191 559 26
March 609 . 367 | 200 409 33
April 340 392 - 125 , 215 37
May 85 465 17 68 20
June 4 525 0 4 0
July 0 510 0 ] 0
August 0 485 0 0 0
September 47 370 5 42 11
October 257 270 67 190 26
November 465 150 115 350 25
December 810 123 123 687 15

Year 4275 4045 1013 3262 24




MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,

TABLE 4.4

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS

IN MJ PER m~ OF GREENHOUSE FLOOR AREA AND PERCENT

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY II

(MINIMUM INSIDE TEMPERATURE = 15°C)

HALIFAX, N.S.
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Month Heat Solar So}ar . Supplemental Percent
Loss Input Contribution Heat Solar
January 640 167 143 497 22
February 586 217 158 428 27
March 533 - 356 176 357 33
April 366 392 134 232 - 37
May 216 464 75 141 35
June 93 525 24 69 26
July 31 509 4 27 13
August 25 485 4 21 13
September 70 370 9 61 13
October 209 269 49 160 23
November 357 149 85 272 24
December 567 121 114 453' 20
Year 3693 4024 975 2718 26
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percent and 57 percent less energy when compared to
greenhouses located in Halifax and Montreal respectively.

Furthermore, when the ratios of annual solar radiation
captgred by the greenhouse to the annual heat losses are
compared, again, it is found that Vancouver area holds the
advantage. These.ratios are 0.95, 1.09 and 1.42 for
Montreal, Halifax and Vancouver respectively. Therefore,
long term thermal storages are likely to be more adaptable
to the Vancouver area than the Halifax or Montreal areas.

A new area of research for energy conservation in
greenhouse production is the development of low temperature
hybrids of greenhouse crops. Therefore, the computer
simulation model was used here, to investigate the effect of
minimum greenhouse temperature on supplemental heat
requirement and fraction of the heating load supplied by
passive solar. The typical greenhouse with the construction
parameters as specified in Table 4.1is again used in this
analysis. For the purpose of this study, the greenhouse is
assumed to be located in the Halifax area. Analyses were
performed for minimum greenhouse temperatures of 10°C, 159C
and 20°. Summaries of these analyses are shown in Tables 4.4

to 4.6.
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TABLE 4.5

MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS

IN MJ PER m2 OF GREENHOUSE FLOOR AREA AND PERCENT

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY II

(MINIMUM INSIDE TEMPERATURE = 10°C)

HALIFAX, N.S.

Month Heat Solar So}ar . Supplemental Percent
Loss Input Contribution Heat Solar
January 482 167 112 370 23
February 444 217 123 321 28
March 377 356 123 254 33
April 215 392 69 146 32
May 87 464 18 ' 69 - 21
June 19 525 2 17 14
July - 509 - - -
August - 485 - - -
September - 370 ' - - -
October 75 269 7 68 9
November 206 149 44 162 21
December 409 121 87 ' 322 21

Year. 2321 4024 585 1736 25




TABLE 4.6

MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS

IN MJ PER m2 OF GREENHOUSE FLOOR AREA AND PERCENT

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY II

(MINIMUM INSIDE TEMPERATURE = 20°()

HALIFAX, N.S.
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Month .Heat Solar So}ar . Supplemental Percent

Loss Input Contribution Heat Solar
January 796 167 164 632 20
February 729 217 189 540 26
March 689 356 225 464 33
April 518 392 193 325 37
May 370 464 148 222 40
June 220 525 85 ' 135 39
July 115 509 28 87 25
August 107 485 23 84 21
September 192 370 52 140 27
October 363 269 102 261 28
November 507 149 120 | 387 24
December 725 121 121 | 603 17
27

Year 5331 4024 1451 3880
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Table 4.7 gives the predicted monthly supplemental
heat requirements for the selected three minimum greenhouse
temperatures as well as the expected potential energy savings
due to reducing the minimum greenhouse temperature from 20°C
to 15°C and to 10°C respectively. The annual potential
energy saving due to reducing the minimum greenhouse temperature
“from 20°C to 15°C is about 30 percent. An additional 25 percent
can be expected if the minimum temperature is further decreased
to 10°C or around 5 percent saving per degree reduction in
temperature. Obviously, the above approximation is only
valid for all year around greenhouse operation as can clearly
be seen in Table 4.7.

The contribution of solar radiation to the annual heating
load is not significantly affected by lowering the greenhouée
temperature as can be depicted in Tables 4.4 to 4.6. Reducing
the greenhouse indoor temperature tends to increase the
monthly fraction of the heating load supplied by solar during
the winter months but it has an opposite effect during the)
other months of the year, thus resulting in a negligible
overall effect when the entire year is considered (Tables
4.4 to 4.6).

As expected, lowéring of the minimum inside tempeféture
of the greenhouse increased significantly the ratio of_solar
radiation capture to heat loss. From Tables 4.4 to 4.6,

this ratio on an annual basis, can be calcuated as 0.75, 1.09
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TABLE 4.7

EFFECT OF MINIMUM INSIDE GREENHOUSE TEMPERATURE

ON SUPPLEMENTAL HEAT REQUIREMENT AND EXPECTED

ENERGY SAVINGS DUE TO REDUCING THE MINIMUM TEMPERATURE

FROM 20°C

HALIFAX, N.S.

Supple. Supple. Supple.
Month Heatx Heats Percent Hoops' Percent
T =20°C T =15°C Savings T =10°C Savings

g g g

January 632 497 21 370 41
February 540 428 21 321 41
March 464 357 23 254 45
April 325 232 29 146 55
May 222 141 36 69 - 69
vJune 135 69 ' 49 17 87
July 87 27 69 - 100
August 84 21 75 - 100
September 140 61 56 7 95
October 261 160 39 68 74
November 387 272 30 162 58
December 603 453 25 322 47
Yeér 3880 2718 30 1736 55

* In MJ per m2 greenhouse floor area per month



and 1.73 for minimum inside temperatures of ZOOCL 15°C and
10°¢ respectively.

Another method of conserving energy in greenhouses 1is
reducing infiltration/exfiltration losses (i.e. plastic
cover over a glasshouse). However, the economics of any
retrofit to minimize infiltration heat loss depends on the
net energy savings.

The mathematical model developed in Section A of this
chapter is utilized here to predict the potential annual
savings due to elimination of air infiltration into the
greenhouse. A summary of the simulaﬁion results is included
in Table 4.8. The results are for an east-west gable
greenhouse with single glass cover and operated at a minimum
inside temperature of ZOOC, other specification for the
greenhouse are included in Table 4.1. The weather data
used here are typical of the Halifax region.

Table 4.8 shows that the monthly average heat loss due
to infiltration ranged between 7 to 13 percent resulting in
an annual average of 12 percent. The energy savings as
calculated frém Table 4.8 are gross values; therefore,
net savings are expected to be relatively smaller. Thus,

it can be concluded that with the exception of o0ld and badly
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maintained glasshouses, reducing infiltration is not considered

to be a significant factor in energy conservation for

greenhouse.
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TABLE 4.8

EFFECT OF INFILTRATION RATE ON SUPPLEMENTAL

HEAT REQUIREMENT FOR A CONVENTIONAL GABLE GLASSHOUSE

KEPT AT A MINIMUM INSIDE TEMPERATURE OF 20°C

HALIFAX, N.S.

Supplemental. Heat
(MJ/m2 Floor Area per Month)

1.5 Air Changes Zero Percent
Month Per Hour Infiltration Due to
Infiltration
January 632 552 13
February 540 473 12
March 464 407 12
April 325 286 12
May 222 197 11
June 135 121 _ 10
July 87 79 9
August 84 78 7
September 140 127 9
October 261 233 11
November - 387 343 11
December 603 524 13

Year 3880 3420 12
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Conventional greenhouses are basically passive solar
heating systems. Their efficiencies when expressed as a
fraction of the greenhouse heating load that is supplied by the
sun were previously found to be in the order of 25
percent. The efficiency can be improved by making the
greenhouse as an active system and providing for solar
energy storage. The potential of active solar energy
collection and storage can be determined using the solar
energy utilization factor (S.E;U.) concept (Ben Abdallah,
1978 and 1979). This factor is defined as the ratio of the
solar energy contribution (to the heating load) to the solar
radiation captured by the greenhouse. By definition, a
solar energy utilization factor of unity implies that all
solar radiation captured by the éreenhouse is utilized,
therefore, no excess energy is available for storage. The
monthly average solar energy utilization factor for an east-
west gable greenhouse covered with single layer of glass are
plotted in FiguretLZ. For the sake of comparison the monthly
average fractions of the greenhouse heating load that is
supplied by solar are also shown. The results are for two
identical greenhouses one located in Vancouver and the other

in Montreal.
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MONTHLY AVERAGE SOLAR ENERGY UTILIZATION
FACTOR AND FRACTION OF HEATING LOAD
SUPPLIED BY PASSIVE SOLAR FOR AN E-W GABLE
GREENHOUSE (SINGLE GLASS COVER, MINIMUM
INSIDE TEMPERATURE 15°C).
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The information presented in the graph of Figure 4.2
can be interpreted as follows: for example, the month of
Januar&, it is seen that, for Vancouver, 60 percent of
the solar radiation captured by the greenhouse is passively
utilized to supply 24 percent of the heating load while in
the case of Montreal, all the solar energy is uﬁilized to

supply only 19 percent of the greenhouse heating load.

For the summer months,the greenhouse heating load in
Montreal is zero, thus, the solar energy utilization factor
is zero for that period, while for Vancouver 1 to 5 percent
of solar energy captured is utilized to supply 17 to 31
percent of the heating load.

Solar energy storage may contribute significantly to
energy savings during the spring and fall. As can be seen
from Figure 4.2 for example, in}April, 25 percent for
Vancouver, and 32 percent for Montreal of the solar energy
captured by the greenhouse are utilized to supply 37
percent of the heating load.

The solar energy utilization factor is closely related
to the environmental temperature and to the
availability of solar radiation. Therefore, it is ekpected

to be location dépendent. The effect of location on the
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FOR AN E-W GABLE GREENHOUSE (SINGLE GLASS
COVER, MINIMUM INSIDE TEMPERATURE OF 15°C).



solar energy utilization factor is depicted in Figure 4.3.
The figure indicates that among the three locations
analysed, Vancouver is more suitable for improvement to the
solar energy utilization by the incorporation of a thermal
storage. Also shown on Figure 4.3, the annual solar energy
utilization factors for the three locations which have the
values of 0.20, 0.24 and 0.25 for Vancouver, Halifax and
Montreal respectively. The corresponding annual fractions
of the heating loads which are supplied by solar are 0.28,
0.26 and 0.24 for Vancouver, Halifax and Montreal

respectively. Obviously, the annual solar enérgy

utilization factors are of value only when long-term thermal

storages are anticipated.

CONCLUSIONS

The following conclusions can be drawn from the results

of the simulation of heating requirements and solar energy

utilization of the conventional gable greenhouse described

in this section:

l. The annual solar energy contribution to the greenhouse
heating load was found to be about 25 percent. This

percentage 1is found to be only slightly affected
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by location and minimum greenhouse temperature setting.

The ratio of solar radiation capture by the greenhouse

193

to the annual heating load was found to be in the range of

0.75 to 1.75 depending on the location of the greenhouse
and its minimum temperature setting. Therefore,
theoretically a greenhouse with a seasonal thermal
storage could be made self sufficient in energy for most
cases.

Lowering of the greenhouse minimum temperature results
in significant energy savings. A five percent energy
saving for each degree Kelvin reduction in temperature
could be expected.

For a well constructed and maintained greenhouse,
minimizing infiltration was found to be an insignificant
factor in energy conservation. Net savings of less than
ten percent could be expected.

The solar energy utilization factor could be improved
significantly during the spring and fall periods by
storing daytime excess heat for nighttime use. This
would increase the annual solar energy utilization
factor from its low value of about 0.20 for conventional

greenhouses.
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NOMENCLATURE

Definition.

Surface area of the foundation
Surface area of any vertical wall "i"
Surface area sloped roof "j"

Beam solar radiation incident on sloped

roof "j

Beam solar radiation incident on a
vertical wall of orientation y

Beam solar radiation transmitted through

any vertical wall "i
Specific heat of air at constant
pressure

Diffuse solar radiation incident on
sloped roof "j"

Diffuse solar radiation incident on a
vertical wall of orientation ¥
Diffuse solar radiation transmitted
through any vertical wall "i"
Radiation configuration factor between
the roof and the plant canopy
Radiation configuration facto; between
the two slopes of the greenhouse roof
Monthly average fraction of the
greenhouse heating load supplied

by passive solar

Average convective heat transfer

coefficient for the inside surface

of the greenhouse cover

kJ.h

194



QINF
QsoL

Qsup

Qrran

Total solar radiation transmitted
through the roof that is captured by
the plant canopy )

Total solar radiation transmitted
through the greenhouse roof and
intercepted by the plant canopy

Total solar radiation transmitted

through roof slope "j" that is

~intercepted by the plant canopy

Total solar radiation transmitted

through the vertical walls of the
greenhouse that is captured by the

plant canopy

Total solar radiation transmitted through
wall "i" of the greenhouse that is
captu;ed by the plant canopy

Greenhouse infiltration rate (air changes)
Greenhouse perimeter

Heat loss due to infiltration

Solar energy input to the greenhouse
Supplemental heat requirement for the
greenhouse

Heat loss or gain through the greenhouse
envelope

Thermal resitance of the gréenhouse cover

for any surface "i" excluding the outside

surface wind coefficient

h.m“.K.kJ
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kJ.h

kJ.h

kJ.h

kJ.h

kJ.h
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Thermal resistance of the greenhouse 1'1.m2.1<.kJ_l
cover material of any surfacé i

Monthly average solar energy
~utilization factor

Inside greenhouse temperature K
Outside environmental temperature K
Outside surface temperature of any K

wall "i"

Overall heat transfer coefficient of kJ.h-l.m_ZK“l
the foundation

Heat transfer coefficient of any kJ.h"t.m 2.kt
surface "i" excluding the outside

film coefficient

Effective heat transfer coefficient xJ.n t.m L7t
for the perimeter

Volume of the greenhouse m3

Wind speed km.h™ T

Transmittance of wall "i" to beam solar .
radiation

Transmittance of roof slope "j" to beam
solar radiation

Transmittance of wall "i" to diffuse
solar radiation

Transmittance of roof slope "j" to

diffuse solar radiation

Absorptance of wall "i" to solar
radiation
Absorptance of the greenhouse roof to

solar radiation
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Orientation of the surface from due radians
south
Density of air kg.m'-3

Albedo of the plant canopy



CHAPTER 5

COMPUTER SIMULATION
MODEL
OF
ENERGY REQUIREMENTS
FOR A
COMBINED GREENHOUSE-LIVESTOCK
BUILDING
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INTRODUCTION

The mathematical model developed in Chapter 3 fbr the
analysis of ventilation requirements of animal shelters, and
that developed in Chapter 4 to predict the heating loads of
conventional greenhouses are combined in this chapter to
determine the potential energy savings which could be realized
by a combined greenhouse-livestock building operation.

The chapter consists of two sections. In the first
section, the combined model is described; also a brief
discussion on the effects of pollutants present in the exhaust
air from the animal shelter on plant growth is presented.

The second section is devoted to a computer simulation
analysis of a typical retrofit case of a gable glasshouse-
hog barn combination. In this case study, emphasis was on
the contribution of animal waste heat recovery to the greenhouse
heating requirements. Finally, a comparison of heat demands

by a free-standing and an attached greenhouse is also given.



SECTION A

MATHEMATICAL MODEL
DEVELOPMENT
OF
GREENHOUSE-LIVESTOCK
COMBINATION
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MODEL DEVELOPMENT

ASSUMPTIONS

All the assumptions stated with respect to the

livestock model development in Chapter 3 and those made

during the development of the conventional greenhouse

mathematical model in Chapter 4 apply to the combined

greenhouse-livestock case. 1In addition, the following

assumptions were considered:

S1)

ii)

iii)

iv)

The ventilation air for temperature or moisture control
of the livestock building is taken as 100 perceht
outside air.

The ventilation air from the livestock building is
exhausted directly into the greenhouse to be ultimately
lost by exfiltration through the greenhouse vents.

The wall separating the livestock space from that of
the greenhouse is assumed to be adiabatic since
conduction heat transfer between the two buildings is
relatively small compared to the total heat exchange
between the buildings and their environments.

Only the sensible portion of the waste heat from the
livestock building is recovered, thus the predicted

energy savings by this model are conservative.
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HEAT BALANCE ABOUT THE BUILDING

For the purpose of heating load calculations, the
greenhouse-livestock combination system can be taken as a
single structure composed of the following three zones:
i) The attic zone
ii) The livestock zone

1ii) The greenhouse 2zone

ZONE I: ATTIC SPACE

The temperature in the attic space is estimated as
indicated with respect to the conventional livestock unit in
Chapter 3: equations (7), (2) and (3). The attic
temperature is assumed to be a function of the barn
temperature, the outside air temperature, the solar
radiation absorbed by the roof, and the respective thermal
resistances of the roof and the ceiling of the livestock

building.

ZONE II: LIVESTOCK BUILDING

The supplemental heat required by the livestock

building may be calculated whence the attic temperature is
determined. The general heat balance equation about the

livestock zone may be written as follows:
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_ _ +_ +
QSUP,-L = 9sEns QVENT QTRAN., (1)

where the plus sign (+) indicates that only the positive
values are considered.

The sensible heat released by the animal, the
ventilation rate and ventilation heat loss and transmission
heat loss are calculated using the method presented in

Chapter 3 with respect to the conventional livestock

building.

ZONE II1: GREENHOUSE
The general heat balance equation about the attached
greeﬁhouse may be stated as follows:
SUPPLEMENTAL HEAT + SOLAR ENERGY INPUT
+ HEAT RECOVERED FROM LIVESTOCK BUILDING - HEAT
TRANSMISSION = 0,
or in equation form:

sup,c = ©

+
soL * QHRL = Qrran , (2)

where the plus sign (+) indicates that only the positive
values are considered.

The above equation 1is similar to equation (1) of
Chapter 4 with the exception that the infiltration heat
loss term is replaced by the heat recovery from ventilation

air of the livestock zone.
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The transmission heat loss through the greenhouse
envelope is calculated using the same method which was
developed earlier in Chapter 4 with respect to the
conventional gable greenhouse.

The solar energy input to the greenhouse is estimated
using the same methodology developed in Chapter 4, to
determine the solar radiation captured by conventional gable
greenhouse.

The only additional subroutine required for the case of
a combined livestock-greenhouse system is an algorithm to
determine the heat input from the livestock building that is
used to partially supply the heating load of the
greenhouse. Since, it is assumed that only the sensible
portion of the livestock building heat is to be recovered,
then the sensible heat available may be calculated as

follows:

QHRL = . m cD (Tb - Tg). (3)

The above equation clearly shows that the availability of
sensible heat is directly proportional to the livestock

ventilation rate in unit mass of air per unit time and to
the temperature difference between that of the livestock

building and of the greenhouse.
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In calculating the contribution of the heat recovered
to the greenhouse heating load, the sensible heat available
from the livestockvbuilding is considered only during time
periods when the attached greenhouse required supplemental
heat. Thus, in most cases, the contribution of waste heat
to the greenhouse heatiné load is zero around noon hours,
because passive solar energy alone can supply the total

greenhouse heat demand.

ADVANTAGES AND DISADVANTAGES OF DIRECT USE OF EXHAUST AIR

The introduction of exhaust air from the livestock
building directly into the greenhbuse has many advantages as
well as disadvantages. An obvious advantage of the direct
exchange system is its low cost. The.existing exhaust fans
used with conventional barns could easily be adapted for the
combined greenhouse-livestock system without the addition of
extra equipment, such as heat exchangers. Another advantage
of the direct use of the exhaust air is its beneficial
effect of increasing the air pressure within the greenhouse,
thus reducing infiltration of outside air to a minimum
level. A third advantage is the natural carbon dioxide
enrichment of the greenhouse environment which could result

in an increase in the yield of the crop.
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Some of the disadvantages of the direct air exchange
system between the livestock building and the greenhouse
are related to dust and ammonia accumulation. Dust in the
exhaust air from the livestock building may accumulate on
the greenhouse covering material and on the leaves of the
plants thus possibly causing a reduction in the solar radiation
availability for photosynthesis as well as for passive solar
energy collection. This problem of dust accumulation could
be alleviated by installing air filters at the entrances of
the exhaust fans.

Ammonia when present in high concentrations might be a
serious problem with respect to undesirable odor and possibly
damage to the plants. A very limited amount of research work
has been done on the effects of ammonia on plants. Only a
few species has been tested for écute injury by this gas but
too little is known on plant responses to low-level, long-
term exposure to consider chronic effects.

It has been reported in a U.S. Environmental Protection
Agency (EPA) report (1978) and in the experimental work on
tomato plants by Thornton and Setterstrom (1940) that internal
PH increases in the leaf tissue and changes in pigmentation
of the leaf could be considered chronic responses to NH3.
The EPA report states that concentrations of 55 ppm require
one hour to injure tomato plants.

The other gas which may be present in the exhaust air

from livestock buildings is hydrogen sulfide. Thornton and
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Setterstrom (1940) found that HZS was only mildly toxic to
plant tissue as compared with other gases. With respect to
tomato plants, they gave the following order of toxicity of

the gases:

Clé > 502 > NH3 > HCH > st .

Ammonia and hydrogen sulfide concentrations in livestock
buildings depend on many factors including type and density
of confined animals, type of manure handling system and the
rate.of ventilation.

van Dalfsen and Bulley (1982) measured NH3 and HZS
concentrations within four dairy barns having subfloor manure
storages. Their results indicated a range of ammonia
concentrations in the buildings between 2.5 to 6.5 ppm during
normal conditions, while st was found in measurable guantities
only during the agitation of manure. Even then hydrogen
sulfide concentrations were less than 3 ppm. Consequently,

HZS is not expected to be a limiting factor for livestock-~
greenhouse combination systems because of its low concentration
and its relatively low level of toxicity to plants.

Certainly acute injury to plants will not occur at the
low level of ammonia corcentrations reported by van Dalfsen
and Bulley (1982) in animal buildings. However, research work
is needed to determine the chronic effect of low-level
concentrations of ammonia on the productivity of greenhouse

plants. Also, one must consider the fact that species of

plants have shown different levels of tolerance to gaseous
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pollution. There also may be considerable variation in

pollutant sensitivity between cultivars within a species

(Howe and Woltz, 1982).

Environmental factors such as temperature, humidity,

light intensity, CO2 concentration, water supply and nutrient

availability may be significant in ascerning the plant

susceptibility to gaseous pollutants (Ormrod and Blom, 1978).
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SWINE FINISHING BARN-GREENHOUSE COMBINATION - A CASE STUDY

DESCRIPTION AND ASSUMPTIONS

A schematic of the attached greenhouse to a hog
finishing barn is shown in'Figure 5.1. As can be seen in the

figure, the two buildings have a common wall; obviously,

this configuration will be impractical in regions where snow

accumulation is a factor without provision for snow removal
from the south roof of the livestock building or some other
means of protecting the north roof of the greenhouse from
snow loads. Otherwise, a space between the two structures
should be left clear where snow sliding from the south roof
of the 1livestock building can accumulate without damage to
the greenhouse. The north wall of the greenhouse should
still be insulated.

With the exception of the common wall, other
construction parameters such as level of insulation,
dimensions, and optical properties of the greenhouse glass
cover; and management practices such as number of hogs,
sizes, minimum and maximum ventilation rates etc...are
identical to those used with respect to case studies I and
II1. Therefore, the reader is referred to section B of each

of Chapters 3 and 4 for detailed information on building
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FIGURE 5.1:

CROSS-SECTIONAL VIEW OF THE GABLE GREENHOUSE-HOG BARN COMBINATION
(CASE STUDY III).

N
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specifications, operating parameters and assumptions

underlying case study III. Additional assumptions which

apply specifically to this case study are as follows:

i) The ventilation air from the hég barn is drawn directly
into the greenhouse following a dust removal process.

ii) No attempt is made in this studj for barn latent heat
recovery; therefore only the sensible portion is
assumed recoverable. This implies that the predicﬁed
energy savings are rather conservative estimates of the
potential savings.

1i1) The ratio of number of animals to unit area of
greenhouse is assumed constant throughout this analysis;
actually, it is dependent on the number of hogs in the

barn at any time to the design value.

RESULTS AND DISCUSSION

A sample output of the computer simulation model for an
attached greenhouse to a finishing hog barn is included in
Appendix H. Tables H.l to H.1l2 show the hourly enerqgy flows
between the attached greenhouse, the livestock building and
the outdoor environment for a typical day of each month of

the year. Among the values shown in the tables are the
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hourly energy inputs to the greenhouse which include the
solar radiation captured by the plant canopy and the
sensible heat contained in the ventilation air from the
livestock building that is potentially available for
recovery and use by the attached greenhouse. The tables in
Appendix H, also show the hourly heat losses from the
greenhouse from which the hourly heating load when the
energy input from ventilation air is neglected as well as
the actual hourly heating load when the livestock sensible
heat is recovered are calculated. The last two columns in
Tables H.1 to H.l12 are respectively, the hourly fraction of
the greenhouse heat loss that is supplied by passive solar
and the hourly fraction of the heating load (after the
passive contribution of solar radiation) that is supplied by
sensibie heat recovery from the swine building ventilation
air.

For the purpose of discussion, the information
contained in Appendix H is summarized in Tables 5.1 and 5.2.
Table 5.1concentrates on the passive solar contribution to
the attached greenhouse heating load while Table5.2gives the
contribution of sensible heat recovery from the hog building

ventilation air to the greenhouse heating load.
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TABLE 5.1

MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT AND
2

SOLAR ENERGY UTILIZED BY THE GREENHOUSE IN MJ PER m

OF FLOOR AREA FOR THE ATTACHED GREENHOUSE-SWINE

FINISHING BARN OF CASE STUDY III

(MINIMUM GREENHOUSE TEMPERATURE = 15°C)

HALIFAX, N.S.

Solar Energy

Heat Percent Supplied
Month ;3?;2 Captursd Used Utili. by Solar
(MJ/m*) (MJ/mz) Factor
January 481 156 116 0.74 24
February 44i 202 128 0.63 29
March 405 335 144 0.43 36
April 280 369 111 0.30 40
May 166 436 65 0.15 39
June 69 493 18 0.04 | 25
July 24 479 3 <0.01 13
August 18 458 3 <0.01 16
September 50 350 10 0.03 19
October 159 255 a4 0.17 28
November 265 140 69 0.49 26
December 424 114 93 0.82 22

Year 2782 3787 804 0.21 29
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TABLE 5.2

MONTHLY AVERAGE HEATING LOAD, WASTE HEAT CONTRIBUTION

TO THE GREENHOUSE HEATING LOAD FROM THE LIVESTOCK

BUILDING AND SUPPLEMENTAL HEAT REQUIREMENT IN MJ PER m2

OF GREENHOUSE FLOOR AREA FOR THE ATTACHED GREENHOUSE -

SWINE FINISHING BARN OF CASE STUDY III

(MINIMUM GREENHOUSE TEMPERATURE = 15°C)

HALIFAX, N.S.

Heating Waste Supplemental Percent
Month Load Heat Heat Supplied by
Y(MJ/mZ) Contribution Requiregent Waste Heat
(MJ/m2) (MJ/m*)

January 365 54 311 15
February 313 46 267 15
March 261 52 209 20
April 169 55 114 : 32
May 101 61 40 61
June 51 51 0 100
July 21 ' 21 0 100
August 15 15 0 100
September 40 40 0 100
October 115 82 33 71
November 196 75 121 39
December 331 64 267 19

Year 1978 616 1362 31




The construction parameters and management practices of
the greenhouse analyzed here are identical to the
conventional gable greenhouse described in Chapter 4 , with
the exception of the presence of a common wall with the
livestock building. Therefore, the results of Table 5.1 of
this chapter are directly comparable to results obtained in
Chapter 4 and summarized in Table 4.4-of that chapter.
Comparison of the results indicate that the annual heat loss
from the attached greenhouse is 2782 megajoules per square
meter of floor area (MJ/mZ) as compared to 3693 MJ/m2 for
the free standing greenhouse. This represents a reduction
of 25 percent which is due to insulation of the north wall
of the greenhouse and the elimination of infiltration heat
loss. On the other hand, the solar radiation captured by the
attached greenhouse is lower than that captgred by the free
standing greenhouse. The corresponding values are 3787 and
4024 megajoules per square metre of floor area annually.

The six percent reduction in energy capture is attributed to
the insulated north wall of the attached greenhouse. Even
though, the solar contribution to the greenhouse heat loss
was reduced from 975 to 804 megajoules per sgquare meter of
floor area; the net reduction in greenhouse heating load is
740 MJ/m? or 27 percent in favor of the attached

greenhouse. The annual solar energy utilization factor was
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reduced from 0.24 for the free standing greenhouse (Fig. 4.3,
Chapter 4) to 0.21 for the attached greenhouse (Table 5.1,
Chapter 5). The lowering of the solar energy utilization
factor is due to the reduced heat loss from the attached
greenhouse. Table 5.2 gives the predicted monthly and annual
contribution to the greenhouse heating load of sensible

waste heat recovery from ventilation air of the livestock
building. The monthly percentage of greenhouse heating load
supplied by waste heat from the hog barn ranged from 15 percent
in Januar§ to 100 percent during the summer months giving an
annual predicted average in the order of 30 percent. 1In this
case study, the expected annual savings in energy from waste
heat are about 600 megajoules per square metre of greenhouse
area. The predicted annual supplemental heat requirement for
the attached greenhouse to the hog barn is 1362 MJ/m2 as
compared to 2718 MJ/m2 for a free standing conventional
greenhouse. In Chapter 4, it was concluded from the analysis
of a conventional greenhouse that lowering the greenhouse
minimum inside temperature by one degree Kelvin has resulted
in a five percent reduction in the annual supplemental heat
requirement. Tables 5.3 and 5.4 of this chapter give a summary
of the results of an analysis which is performed primarily

to determine the effect of lowering the greenhouse minimum
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TABLE 5.3

MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT AND

SOLAR ENERGY UTILIZED BY THE GREENHOUSE IN MJ PER m2

OF FLOOR AREA FOR THE ATTACHED GREENHOUSE-SWINE

FINISHING BARN OF CASE STUDY III

(MINIMUM GREENHOUSE TEMPERATURE = 10°C)

HALIFAX, N.S.

Solar Energy

Heat Percent Supplied
Month ;gjiz Captursd Used Utili. by Solar
(MJ/m<) (MJ/mZ) Factor

January 364 156 88 0.56 24
February 334 202 100 0.50 30
March 289 335 103 0.31 36
April 166 369 61 0.17 37
May 62 436 14 - 0.03 | 23
June 14 493 2 <0.01 14
July : - 479 - 0.00 -

August - 458 - 0.00 -

September - 350 - 0.00 -

October 52 255 6 0.02 12
November 153 140 37 0.26 24
December 306 114 69 0.61 23

Year 1740 3787 480 0%13 28




MONTHLY AVERAGE HEATING LOAD,

TABLE 5.4

WASTE HEAT CONTRIBUTION

TO THE GREENHOUSE HEATING LOAD FROM THE LIVESTOCK

2

BUILDING AND SUPPLEMENTAL HEAT REQUIREMENT IN MJ PER m

OF GREENHOUSE FLOOR AREA FOR THE ATTACHED GREENHOUSE-

(MINIMUM GREENHOUSE TEMPERATURE = 10°C)

SWINE FINISHING BARN OF CASE STUDY III

HALIFAX, N.S.

Heating Waste Supplemental Percent
Month Load Heat Heat Supplied by
(MJ/mZ) Contribution Requirement Waste Heat
(MJ/m2) (MJ/m?)
January 276 102 174 37
February 234 83 151 36
March 186 94 92 50
April 105 87 18 83
May 48 48 0 100
June 12 12 0 100
July - - - -
August - - - -
September - - - -
October 46 46 0 100
November 116 108 8 93
December 237 115 122 49
Year 1260 695 565 55
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temperature on the supplemental heat requirement of an
attached greenhouse to a swine finishing barn. For this
analysis the greenhouse minimum temperature was reduced from
150C to 10°cC.

A comparison of Table 5.1 to Table 5.3 indicates that the
annual heat loss from the greenhouse was feduced from 2782
to 1740 megajoules per square metre of floor area when the
minimum temperature setting was dropped from 15°C to 10°C.
Obviously the solar radiation captured by the greenhouse
remained the same, but, as expected the solar energy
utilization factor has been reduced significantly. The
decrease in the solar energy utilization facto; from a value
of 0.21 to 0.13 is‘due to the lower greenhouse operating
temperature.

The monthly and yearly contribution of sensible waste
heat recovery from the hog barn to the attached greenhouse
heating load is. shown in Table 5.4 for a minimum greenhouse
temperature setting of 10°C. Comparing the values in Table
5.2 (159C) to those in Table 5.4 (10°C) indicate firstly that
the heating season was reduced from 12 moﬁths to 9 months
and the annual heating load, neglecting the contribﬁtion of

waste heat, was reduced from 1978 to 1260 megajoule§ per
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square metre of floor area. Secondly, the waste heat
contribution to the greenhouse heating load was increased
during the winter months. The annual contribution of waste
heat recovery from the hog barn to the greenhouse heating
load has increased from 31 percent for a minimum greenhouse
temperature of 15°C to 55 percent for a minimum temperature
of 10°C. Thirdly, the annual supplemental heat requirement
based upon greenhouse unit floor area has decreased from
1362 MJ/m2 to 565 MJ/m2 for minimum temperatures of 15°c and
10°%¢ respectively. This repreéents about 60 percent in
energy savings which indicates that greenhouse operating
temperature is a significant factor for a greenhouse-livestock
combination. The significance of lowering the miﬁimum
greenhouse operating temperature on energy savings for an
attached greenhouse-swine finishing barn is evident from
Table 5.5. The greenhouse minimum operating temperatures
used in the analyses represented in Table 5.5 are 200C, 15°%
and 10°c respectively. The percent energy savings shown in
the table are based upon the 20°C case. The predicted annual
energy savings due to lowering the greenhouse minimum
temperature from 20°% to 15°c and 10°C are 52 and 80 percent
respectively. |

As previously staﬁed, the main purpose of Part II of
this study is to determine the potential energy savings by
recovering the waste heat from a livestock operation and

using it to partially supply the heating demand of an



TABLE 5.5

EFFECT OF LOWERING THE MINIMUM GREENHOUSE

TEMPERATURE ON ENERGY SAVINGS FOR THE ATTACHED

GREENHOUSE-SWINE FINISHING BARN

OF CASE STUDY III

HALIFAX, N.S.

Supplemental Heat

(MJ per m?2

Greenhouse

Percent Savings

222

Month Floor Area)
Tg=20°C Tg=15°C Tg=10°C Tg=15°C Tg=lO°C

January 462 311 174 33 62
February 395 267 151 32 62
March © 339 209 92 38 73
April 235 114 18 51 92
May 159 40 0- 75 100
June 100 0 0 100 100
July 64 0 0 100 100
August 59 0 0 100 100
September 99 0 0 100 100
October 189 33 0 82 100
November 280 121 8 57 97
December 433 267 122 38 72

Year 2814 1362 565 52 80
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adjacent greenhouse. The promising case of a swine
finishing barn is used as an example to demonstrate if
significant energy savings could be achieved through the
operation of a greenhouse-livestock combination. The results
of a combination system operated in the Halifax area are
given in Table 5.6. The potential energy savings are
- highly dependent on the minimum greenhouse temperature
setting as can clearly be seen in the table. For this case
study, the predicted annual energy savings were in the order
of 27, 50 and 67 percent for minimum greenhouse temperatures
of 2OOC, 15°c and 10°¢ respectivelyf The above percentage
energy savings are calculated using a conventional free
standing gable greenhouse as a base for comparison. .

In many instances, the greenhouse operators choose to
grow low temperature crops during the winter season and a
relatively higher temperature crop during the other seasons
of the year. For such a case, the expected annual energy
savings would be somewhat different from the values given
above. Let us take for example, a greenhouse operated at
a low temperature of 10°¢ during the months of November
through February and at 15°¢ during the other months of the
year; then from Table 5.6 , the predicted annual supplemental
heating requirements can be calculated as 2243 megajoules
per square metre of floor area for the conventional
greenhouse and 851 MJ/m2 for the attached greenhouse
resulting in an expected annual energy savings in the

order of 62 percent.



TABLE 5.6

MONTHLY AVERAGE SUPPLEMENTAL HEAT REQUIREMENTS

FOR A CONVENTIONAL AND AN ATTACHED GREENHOUSE *

(MJ PER m” GREENHOUSE FLOOR AREA)

2

ALSO EXPECTED PERCENT SAVINGS AS A FUNCTION

OF THE MINIMUM GREENHOUSE TEMPERATURE

'I‘g = 20°C Tg = 15°C Tg = 10°C

Supplemental Supplemental Supplemental

- Con. Att. Con. Att. Con. Att.
January - 632 462 27 497 311 37 370 174 53
February 540 395 27 428 267 38 321 151 53
March 464 339 27 357 209 41 254 92 64
April 325 235 28 232 114 51 146 18 88
May 222 159 28 141 40 72 69 100
June 135 100 26 69 0 100 17 100
July 87 64 26 27 0 100 - - -
August 84 59 30 21 0 100 - - -
September 140 99 .29 61 0 100 7 0 100
October 261 189 28 160 33 79 68 0 100
November 387 280 28 272 121 56 162 8 95
December 603 433 28 453 267 41 322 122 62
Year 3880 2814 27 2718 1362 50 1736 565 67

* Location:

Halifax, N.S.
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The above savings in energy can be étﬁributed to the
elimination of the heat loss from the north wall of the
greenhouse, the minimization of outside air infiltration
into the greenhouse and the utilization of a fraction of the
- sensible heat produced by the animals. These savings could
be further improved if an efficient latent heat recovery
system could be designed and utilized to recover some of

the latent heat produced by the animals.

CONCLUSIONS

From the information available on levels of ammonia

and hydrogen sulfide concentrations encountered in the exhaust

air from animal shelters under normal operating conditions,
and on the to;erance of plants to these gases, it may be
concluded that:
Introducing the air from the animal shelter directly
into the attached greenhouse is not expected to have
detrimental effects on the growth of at least some
greenhouse crops. |
Computer simulation analyses of a 1000 m2 gable
greenhouse attached to a conventional swine finishing barn
"housing 1536 hogs, and located in the Halifax, N.S. area,
revealed the following results:
1. The yearly percentage of the heating requirements that
could be supplied by animal waste heat recovery is in
the order of 30 percent, while the greenhouse minimum

operating temperature was set at 15°Cc. When this
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temperature was reduced to lOoC, the above percentage
increased to 55 percent.

The minimum greenhouse operating temperature is a
significant factor in accessing the realizable enefgy
savings from greenhouse-livestock combination systems.
The predicted annual energy savings of the attached
greenhouse to thé hog barn compared to a free-standing
gable greehhouse having the same construction and
management parameters are: 27, 50 and 67 percent for
miﬁimum greenhouse temperatures of 200C, 15°C and lOOC,

respectively.
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NOMENCLATURE

Definition

Specific heat of barn exhaust air

Mass flow rate of barn exhaust air

Sensible heat recovered from

livestock building

Sensible heat produced by the animals

Solar energy captured by the greenhouse

Supplemental heat requirement of
the greenhouse
Supplemental heat requirement of
the livestock building
Transmission heat loss from
- livestock building (equation
- greenhouse (equation
Ventilation heat loss from
livestock building
Dry-bulb temperature of the barn

Dry-bulb temperature of the

greenhouse

1)

2)
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Units

kJ.kg ~.K_



PART I1I

ANALYSIS OF A
SOLAR-SHED
GREENHOUSE-LIVESTOCK

COMBINATION
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CHAPTER 6

COMPUTER SIMULATION
MODEL
OF
HEATING REAUIREMENTS
OF
SOLAR-SHED GREENHOUSE
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INTRODUCTION

This chapter gives a detailed analysis of a new solar
greenhouse specifically designed for high latitude regions.
The greenhouse has a shed shape from which the name "Solar-
Shed" was adopted by the author. The long-axis of the
solar-shed greenhouse must be east-west oriented. The
north wall is insulated and a solar collector is installed
at the upper part of its inner surface. The solar energy

collected could be stored either in a rock storage under

the benches or in wet earth underneath the greenhouse floor.

The chapter is divided into three sections. The first
gives the energy balance equations used with the computer
simulation model to determine the heat loss from the
greenhouse. The second section goes into a detailed
theoretical analysis of solar radiation capture by the
plant canopy, as well as, an analytical technique of
estimating the useful heat gain by the integral solar
collector.

The theory developed in the first two sections is then
applied to a case study in order to investigate the
performance of the solar-shed greenhouse. The case study
is the subject 6f the final section of this chapter where
the effect of location, mean plate temperature and type of
absorber plate on the monthly and yearly average solar
fractions is studied. The energy éavings realized by the
solar-shed over a conventional gable greenhouse are

estimated for three locations in Canada.
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SECTION A

HEAT BALANCE
ABOUT THE

SOLAR-SHED GREENHOUSE



HEAT BALANCE ABOUT THE SOLAR-SHED GREENHOUSE

The physical model of the solar-shed greenhouse

chosen for this study is shown schematically in Figure 6.1.

ASSUMPTIONS

The following assumptions were made in determining

the heat balance of the greenhouse:

i)

ii)

iii)

iv)

v)

Thermal storage in the greenhouse structure,
ground bed, benches and plant canopy is
neglected to allow steady state heat transfer
calculations.

Evaporation from the soil surface in the
greenhouse is negligible.

Plants transpiration, photosynthesis and
respiration are neglected.

There is no internal energy generation inside
the greenhouée.

There is no condensation on the inside surface
of the glass cover, or dust accumulation,
therefore the transmittance of the covering

is taken as that of the glass layer only.

ENERGY BALANCE

When all the above assumptions were taken into account,

the steady state heat balance equation for the physical

model of Figure 6.1 is given by
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SOLAR-SHED
GREENHOUSE

Solar

Transparent
3

Insulated
North Wall
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FIGURE 6.1: SCHEMATIC OF A SOLAR-SHED GREENHOUSE
SHOWING ENERGY FLOWS AND SOLAR RADIATION
INCIDENT ON THE INTEGRAL COLLECTOR.
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Q =Q

‘sup sol ~ “raa = “con ‘ (1)

= Qnf ~ %ond

From Figure 6.1 and equation (1) it can be seen that the
energy input to the greenhouse includes the solar radiation
absorbed by the plant canopy and objects in the greenhouse
plus that absorbed by the covering material. For a
completely closed system the heat is lost by convection
and by radiation from the greenhouse cover. Since
infiltration and exfiltration always occur in greenhouses,
an additional term is included in equation (1) to account
for the heat loss due to infiltration. If the right hand
side of equation (1) is negative, supplemental heat is
required. The supplemental heat can be provided by the

solar heating system and/or by the furnace.

THERMAL RADIATION HEAT LOSS FROM GREENHOUSE COVER

Thermal radiation loss from the greenhouse is a
function of the greenhouse walls temperature, sky temperature
and ground temperature. The thermal radiation loss from

the roof of the greenhouse can be written as

_ 4 4 4 4
Qrad,roof - ArFr*sk'y €r G(Tr Tsky) + ArFr—>g €r O(Tr Tg) - (2)
In general, the thermal radiation loss from any of the
greenhouse walls may be calculated using the following
equation:
_ 4 _4 4 4
Qrad,i - Ai €4 o[F:'L—>sky (Ti Tsky) + Fi-»g (Ti Tg)] - (3)



For vertical walls, we have

Fi*sky = Fi*g = 0.5 ’

Therefore equation ( 3) reduces to:

4 _n4,

4

Qrad,i -

For the greenhouse roof, we have

_ 1 + cos B

Fr—>sky B 2

and,
F =21 -cos B8
r-+g 2

Inserting equations (6) and (7) into (.2) and simplifying

we obtain,

1 + cos B) T4

_ 4
Qrad,roof = AL £,0 [Tr ( 2

sky

(4)

(5).

(6)

(7)

l - cos R
2

(8)
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Evaluation of equations (5) and (8) requires the knowledge

of the sky and ground temperatures.

The effective sky temperature is a function of many
meterological variables such as water vapour content and
air temperature. Several correlation equations between
the effective sky temperature and the meteorological
variables have been proposed (Brunt (1932), Bliss (1961).

Swinbank (1963), Whillier.(1967 ) s Morse and Read (1968)).
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In this analysis Swinbank's correlation relating
the sky temperature to the local environmental temperature
is used,
1.5

TSky = 0.0552 T . (9)

The ground surface temperature may be different from the
local air temperature especially during low wind speed

periods. Due to the complexity of predicting the local
ground surface temperature accurately, it is assumed to

be equal to the local air temperature in this study.

CONVECTION HEAT LOSS FROM THE GREENHOUSE COVER

The convective heat exchange between any surface i

of the greenhouse and the surroundings is given by

Qon,i = Pw,i?i (Ti7Ta) - (10)

where the average convective heat transfer coefficient,
Ew is related to the wind speed.
McAdams (1954) suggests the following relationship

for the convective heat transfer coefficient:

Bw = 20.52 + 13.68 V . (11)

CALCULATION OF THE OUTSIDE SURFACE TEMPERATURE OF THE

ROOF AND THE WALLS OF THE GREENHOUSE

The outside surface temperature of the greenhouse

covering material is dependent upon the outside ambient
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temperature, the inside operating temperature of the
greenhouse and resistance to heat flow of the cover itself.
Therefore, to determine the outside surface temperature of
any wall, a heat balance about the wall is required.

If the net radiant heat exchange between the
greenhouse walls and the plant canopy is neglected and
the absorptivity of the transparent cover to solar radiation
is assumed to be constant and equal to a, then the solar

energy absorbed by any surface i is:
Q = O I . . (12)
Then, using equations (8), (10) and (12), the heat balance

equation for the roof becomes,

_ 4 _ 4 _
(Ar/Rr)(Tg—Tr) = Ar €,.0 [Tr 0.5 (1 + cos R) Tsky 0.5

4 - .
(1 - cos R) Tg] + hw,r Ar (Tr—Ta)

- A_o_ I ‘ (13)

and for the walls, from equations (5), (10) and (12) we

get
_ 4 .4 _ ol
_(Ai/Ri)(Tg-Ti) = 0.5 Ai €;0 (2Ti TSky Tg)
+ hw,i Ai(Ti-Ta) - Ai oy Is,i (14)

Equations (13) and (14) may be written in terms of the
known meteorological variables, namely local air temperature

and wind speed. Furthermore, the outside convective heat
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transfer coefficients for the roof and all the other
greenhouse walls are assumed to be the same. In reality,
they depend on the wind direction with respect to the
surface. Equation (11) assumes the flow is parallel to
the flat surface. In actual situations the wind may
approach a surface at any angle. Igbal and Khatry (1977)
studied the effect of non-uniform flow on the external
heat transfer coefficient using model greenhouses in the
wind tunnel; their results indicate wind coefficient values
higher than those obtained by assuming flow parallel to
the flat surface. Since wind directions are seldom known,
equation (11) for the wind coefficient is used for the
purpose of developing the present greenhouse model.
Inserting equations ( 9) and (1l1l) into (13) and (14)

to obtain:

4
1 _ 4 _ 1.5
ﬁ; (Tg—Tr) = Erg [Tr 0.5 (1 + cos R){0.0552 Ta )
- 0.5 (1L - cos B) TY] - o I
) a r “s,r
+ (20.52 + 13.68 V) (T_-T_) (15)
and
) 4
1 _ &40 4 1.5 4
ﬁ; (Tg Ti) = = [2Ti - (0.0552 Ta ) Ta] - oy Is’i
+ (20.52 + 13.68 V) (Ti-Ta) (16)

In equations (15) and (l6) the ground surface temperature

is taken to be equal to the local air temperature. The



239

overall resistances to heat flow Rr and Ri may be

estimated using the following standard equations:

R
r

(l/fi,r) + Rc (17)
and

R,
1

(1/fi,i)

+ RC (18)
The inside surface film coefficients, fi' for non-reflective
surfaces are givén in ASHRAE Handbook (1977). The cover
resistance RC depends whether the cover is single or double
glazed.

Equation (15) with equation (17) and equation (16)
with equation (18) may now be solved for the external

surface temperatures for the greenhouse roof and walls.

Then the total heat loss from the roof is:

0, = (A /R (T T, (19)

and the total heat loss from any wall i, is

Q; = (Ai/Ri) (T,-T)) . (20)

The total (convective plus radiative) heat loss from the
greenhouse can then be calculated as follows:

N .
i=1

r=1

where m is the number of roof slopes making up the greenhouse
roof and n the number of vertical walls for the greenhouse

under consideration.
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CONDUCTION HEAT LOSS FROM THE GREENHOUSE

The conduction heat loss includes heat transfer
through the greenhouse perimeter and through the
foundation. Here it is assumed that the heat loss
to the greenhouse floor is included in the perimeter
heat loss.

The conductive heat transmission is then calculatéd

as follows:

Qcond = Ug Ag (Tg-Ta) + UpP (Tg—Ta) . (22)

INFILTRATION HEAT LOSS FROM THE GREENHOUSE

The air-exchange method used with respect to the
gable greenhouse is employed here. Therefore the sensible
heat loss due to infiltration/exfiltration may be

estimated using the following equation:

0.

inf = (1/v) Cp Vg N, (Tg—Ta) . (23)

SUPPLEMENTAL HEAT REQUIREMENT

The supplemental heat requirement for the greenhouse

may be calculated by the use of equation (1)

Q =0 ’ (24)

sup sol -~ 97 Qipe — ©

cond

where

+ Q ' (25)

Q= Qrad con

as defined by equation (21).
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Finally, the daily heating load for the greenhouse is

simply:
pPly 24

qup, day Z qup (26)

hour=1
The minus sign indicates that only negative values are
considered during the summation process.

The solar radiation input to the greenhouse represented
by Qeol in equation (24) is treated in the next section of
this chapter where an expression for estimating the total
solar energy captured by the plant canopy inside the
greenhouse is derived. This expression in its simplest

form may be written as,
Q = I = I + I . (27)

In equation (27), the term Ig répresents the total amount
of solar radiation absorbed by the plant canopy. The terms
Ip and Iw indicate that the radiation is originating from
the roof and the vertical walls of the greenhouse
respectively. Detailed expressions for Ip and Iw are given

by equations (49) and (47) respectively.
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CALCULATION OF SOLAR RADIATION CAPTURE BY A
SHED-GREENHOUSE AND SOLAR RADIATION

INCIDENT ON THE COLLECTOR

ASSUMPTIONS

For this analysis the following assumptions were made:
i. The plant canopy reflects diffusely regardless of
whether the original incident radiation is beam or
diffuse in nature.
ii. Multiple reflection between the plant canopy and the
greenhouse cover is neglected.

iii. The reflectance of the collector to the solar radiation

is small.
iv. The contribution of the east and west end walls of the
greenhouse is neglected. (L >> W)

ESTIMATION OF THE TOTAL SOLAR RADIATION INCIDENT ON THE FLAT

PLATE SOLAR COLLECTOR INSIDE A SHED-TYPE GREENHOUSE

The total solar radiation incident on the collector is
the sum of the total solar radiation from the roof of the
greenhouse, a fraction of the diffuse radiation reflected by
the top of the plant canopy and a fraction of the diffuse
radiation from the plants that is reflected by the inner
surface of the roof.

Or mathematically,

I =1 + I + I + I (28)



where the first term in the summation represents the beam
solar radiation transmitted through the greenhouse roof that
is incident on the solar collector. This beam radiation may

be estimated by:

A . (29)

The second term is the diffuse solar radiation transmitted
through the greenhouse roof that is incident on the collector.
This diffuse radiation can be estimated from the diffuse solar
radiation transmitted through the roof and the configuration

factor between the roof and the collector, or in equation form,
Ar F (30)

Then the total solar radiation incident on the collector

neglecting the reflected components is:

I =1 A+ I A_F . (31)

T T
b,v 'b,r "¢ d,r d,r "r "r-»c

The last two terms in equation (28) répresent the fraction of
the reflected solar radiation from the top of the plant canopy
that is reaching the vertical solar collector. The third term
in the equation is the diffuse radiation reflected by the top
of the plant canopy that is directly incident on the collector.

This portion of the diffuse radiation may be expressed as:

. = o I = oI A_F
Tryp = Q@I F €% p,1 %p Tp=c (32)

Finally, the fourth term in equation (28) represents the
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diffuse solar radiation reflected by the top of the plant canopy
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and reaching the solar collector indirectly via the process
of reflection of the inner surface of the greenhouse roof.
In equation form, this portion of the diffuse radiation may

be written as:

I =p I'F (1 -1

r,r p " p-r d,r a) Fo y (33)

->C

Therefore, the total solar radiation incident on the collector

with the reflected components included may be estimated by:

IC = Ié + p Ié Fp+c + p Ié Fp+r (1 - Td'r - ar) Fr+c . (34)
But,
Fp+r = (Ar/Ap) Fr+p ’ (35)
therefore equation (34) becomes:
I.=1IL+0o IF') [Fp_h: + (Ar/Ap) (1 - Ta,r " a) Fr+é Foool
(36)

where the second term on the right hand side of equation (36)
represents the total refleéted radiation by the top of the
plant canopy that is reaching the solar collectér.

The solution of equation (36) requires the knowledge of
the total solar radiation incident on the top of the plant
canopy. _This amount of radiation may be estimated‘from the
beam and diffuse components of solar radiation transmitted

through the roof of the greenhouse as follows:



i. Beam radiation incident on the top of the plant canopy:

I A . (37)

b,p - ib,h Tb,r ®p

ii. Diffuse radiation incident on the top of the plant

canopy:

Id,p = Id,r Ta,r Ar Fr—»p * (38)

Then the total solar radiation incident on the top of the plant

canopy is:

A + I A_F . (39)

' —
Ip Ib,h Tb,r P d,r Td,r r r-o>p

Combining equations (31), (36) and (39) to get.the total solar

radiation reaching the collector

Ic = Ib,v Tb,r Ac + Id,r Td,r Ar Fr—>c + p[Ib,h Tb,r Ap
+ Id,r Td,r Ar Fr»p] [Fp+c + (Ar/‘Ap)(l - Td,r - O‘r)
F F ] . (40)

r>p ~r->cC

For comparing greenhouses of different roof slopes and
locations, the solar radiation incident on a unit collector
area is needed. Therefore, equation (40) may be rewritten as

a function of the roof slope as follows:

Ic,l - Ib,v Tb,r M Id,r Td,r Fr-»c cosec g + p[Ib,h Tb,r cot g
+ Id,r Td’r Fr+p cosec B] [Fp+c + (1 - Td'r.' ar)
F sec B] . (41)

F
r-p ~r»c
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ESTIMATION OF THE TOTAL SOLAR RADIATION CAPTURED BY THE

PLANT CANOPY

For a long east-west oriented shed-type greenhouse, the
contribution of the east and west wall to solar radiation
input may be neglected. Therefore, the total solar energy
input to the greenhouse is through the transparent surfaces
of the south roof and the vertical south facing wall.

The solar energy capture of the greenhouse depends upon
the plant albedo and the type of the greenhouse covering
material. |

The total solar radiation captured by the top of the

plant canopy may be estimated from equation (39) as follows:

] _ ' - - -
D b (1 p) + p Ip Fp+r (1 Td’r ar) Fr+p (1 p). (42)

Then using equation (35) for Fp*r into equation (42) we get:

2
- “r) (Ar/Ap) Fr+p] . (43)

T =

D Ip (1 - p) [1 + p(1 -7

d,r

The contribution of the vertical transparent south wall
to the total solar energy capture of the greenhouse may be
calculated from the beam and diffuse solaf radiation incident
on the‘wall as follows:

For the beam component of radiation we have:

Ib,w = Ib,v T, w Ay v | (44)

and for the diffuse component, we have:

A . (45)
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Therefore,

south wall

Iw - (Ib,w
or,

Iw = (Ib,v
Therefore,

inside the

(47).

Due to

the total solar radiation transmitted through the

that is captured by the plant canopy is:

a) (L= [+l -1y -a)l. (46)

Tb,w + Id,v Td’w) Aw(l - p) [1 + p(1 - Td,w - aw)]

(47)
the total solar energy captured by the plant canopy

greenhouse may be estimated from equations (43) and

(48)

the albedo of the plant canopy, a portion of the
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incident radiation is reflected, then lost through the greenhouse

roof.

‘Equations (39)

solar energy captured by the top of a plant canopy having a

surface area Ap

and an albedo p.

Ip = (Ib,h Ta,r Ap * Id,r Td,r r->p (1 - p)
1+ p(1 -1y, -a) (A/A) F2_ ] (49)
d,r r rp r->p *
When expressed per unit plant floor area, we get:
Ip,l - (Ib,h o, r * Id,r Ta,r Fr—>p sec g) (1 - p)
1 + p(1 - 1 - o) p2 sec B]) (50)

d,r r

and (43) may be combined to give the total



Equation (39) gives the total solar radiation incident
on the top of the whole plant canopy. Likewise, this incident
solar energy may be expressed in terms of unit greenhouse

floor area, as:

I = + I
p,1

F sec 8 . (51)

Iyn o,r ¥ la,r Ta,r Frop

The contribution of the south wall may also be expressed in

terms of unit area of plant canopy by substituting (H/W) for

Aw in equation (47). Thus,
Iyl = (Ib,v bow T Ia,v Td,w)(H/W)(l - p)
(1 + p(1 - Td,w - aw)] . (52)

EFFICIENCY OF SOLAR CAPTURE BY THE GREENHOUSE PLANT CANOPY

The plant canopy within a greenhouse may be treated as a

passive solar collection system. The efficiency of solar
collection is the ratio of the total solar energy captured to
the total solar radiation incident on a horizontal surface
outside the greenhouse. This efficiency can be estimated from

equations (50) and (52) as:

E = (Ip’l + Iw,l)/(Ib'h + Id'h) .(53)
or
E = (l/Ih) [(Ib,h Ty, r + Id,r Td’r Fr+p sec B) (1 - p)
(1 + o(1 - 1 - o) F2  sec B} + (I .
: d,r r r->p b,v 'b,w
+ Idlv Td’w) (H/W) (1 - p) {1 + p(1 - Ta,w " aw)}] (54)
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where

Tb'r, Td,r, Tb,w, Td’w, a. and a, are optical properties of
the transparent covering material.

p is an optical property of the plant canopy.,

and

H, W, Fr+p and B are greenhouse construction parameters.

The length of the greenhouse does not appear explicitly
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in the equations but its effect is included in the determination

of the configuration factors as shown in Appendix D.

USEFUL ENERGY GAIN OF THE SOLAR COLLECTOR

The effects of the type and efficiency of the solar
collector and the thermal energy storage upon the overall
greenhouse system is outside the scope of this study, since
the present work is intended only as a feasibility study to
investigate the effect of changing the shape of the greenhouse
on its heat loss and its solar energy input. Only the solar
radiation incident on the integral collector and the estimated
portion that is available for immediate use or storage is
predicted.

The total solar radiation incident on a flat plate
collector located at fhe upper portion of the inner side
of the north wall of the shed-type greenhouse is derived
previously, and the final result of the derivation is given

by equation (40).



The remainder of this section will be devoted to finding
an approximate method for determining the amount of solar
energy available from the integral collector.

The maximum solar energy collectable may be approximated

by the following expression:

Q01 = Qbs ~ Qoss (55)

Since the solar collector is located inside the greenhouse
and air is forced on both sides of the absorber plate, the
heat loss from the collector is therefore considered mainly
by thermal radiation to the greenhouse cover. Thus, equation

(55) may be written as:

-4 4
Quoyp = By og I, - o (T - T)/0(1 - e )/e A  + (L/A_F__ )

+ (1 - €r)/€r Ar] . | (56)

where the two expressions on the right hand side of equation
(56) represent the solar radiation absorbed by the collector
and the thermal radiation heat loss. The roof temperature
of the greenhouse, Tr' can be determined by the use of
equations (15) and (17). The solar radiation incident on
the collector, Ic, can be calculated using egquation (41).
The constants ac and sc are the absorptivity for solar
radiation.and the emissivity for infra-red radiation of
the absorber plate, respectively; and, €. is the emissivity
of the greenhouse roof material to thermal radiation.

The solution of equation (56) requires the knowledge of
the average plate temperature, Ec' As a first approximation,

it may be taken as a constant. Thus, let
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c = Tg,min T AT v (57)

where T is a selected minimum greenhouse temperature,

g,min
usually taken as the desired night time inside air
temperature and AT is some selected temperature difference
between the operating collector plate temperature and the
desired minimum allowable greenhéuse temperature.

In order to minimize the heat loss from the collector
AT should be kept as small as possible, since as can be
seen in equation (56) the thermal radiation heat exchange
between the collector plate and the greenhouse roof is a
function of the average plate temperature raised to the
fourth power. The selection of AT is dependent upon the
minimum useful temperature of the energy stored, and upon
the energy consumed by the fans for solar energy collection
and storage.

A constant absorber plate temperature implies a
variable mass flow rate of the transport fluid in the
collector. For the case of a constant mass flow rate
system, a complete energy balance about the collector is
required to determine the plate temperature * Theréfore,
equation (56) is valid onl& for the case of constant plate
temperature. If it is desired to determine the effect of
the type of the collector and/or the type and size of the
thermal energy storage; then mathematical models of these
specific components must be incorporated within the system

as needed. In most applications, daily values of energy

* fThe reader is referred to Appendix L for the detailed
analysis of this case.
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flows are desired, then the daily maximum solar energy

- collectable is simply:
sSS
= o (58)
Qcol,day - col °
“sr ‘

The plus sign in the above equation indicates that
only positive values of Qcol are considered during the

summation process.

CALCULATION OF DIFFUSE RADIATION CONFIGURATION FACTORS

Configuration factors for diffuse radiation between
the roof and solar collector,‘the plant canopy and the
collector and the roof and plant canopy are required for
estimating the total solar radiation incident on the
integral collector of a solar-shed greenhouse as indicated
by equation (40). Furthermore, the above configuration
factors are also needed for determining the total solar
radiation incident on the plant canopy within the greenhouse
as represented by equation (49), as well as, for calculating
the radiative heat loss by the integral solar collector as
given by equation (56).

These factors were calculated using Feingold's eguation
given in Figure 2.2. The results are represented in
graphical form, in Figure 6.2 to Figure 6.4 for a solar-shed

greenhiouse with a range of lenaths from 10 to 100 metres and

for widths 5, 7.5 and 10 metres.
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The required three configuration factors as a function
of length and width of a solar-shed greenhouse having a roof
slope of 20 degrees are shown in Figure 6.2. The roof slope
is the angle measured from the horizontal at the south
vertical wall of the greenhouse as indicated in Figure 6.1.

Configuration factors for solar-shed greenhouses having
roof slopes of 30° and 45° are shown in Figures 6.3 and 6.4,
respectively.

It is clearly seen from the curves for configuration
factors versus length that for long solar-shed greenhouses
(> 70 m), the effects of both length and width on the
radiation configuration factors become negligible. Thié is
due to the fact that at large greenhouse lengths, the edge
effects (end walls) become small relative to total radiation
exchange among other surfaces of the greenhouse. Thus, in such
a case, the configuration factors may be taken as constants
without significant sacrifice in the accuracy of the analyses
final results. |

Examination of Figures 6.2, 6.3 and 6.4 reveals the
importance of the roof slope on the diffuse radiation exchange
between plant canopy, integral collector and greenhouse roof.
An increase in the roof slope of a solar-shed greenhouse
decreases the amount of diffuse radiation originating from
the roof that would be intercepted by the plant canopy. For
example, the value of Fr—p is 0.79 for a greenhouse having

dimensions of 100 m by 7.5 m and 20° roof slope. This value
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is reduced to 0.675 and 0.49 when the roof slope is increased
to 300 and 450, respectively.

On the other hand, the amount of diffuse radiatién
incident on the integral collector is increased for steeper
roof slopes; so does, the radiative heat loss by the collector
to the roof, since this loss is directly proportional to the
value of Fc—r while in turn this value is related to that of

Fr-c by the following relation,

A_F =A_ F . (59)
r
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CASE STUDY IV: SUPPLEMENTAL HEATING REQUIREMENTS

OF A SOLAR-SHED GREENHOUSE

DESCRIPTION AND ASSUMPTIONS

~The mathematical model developed in sections A and B of
this chapter was solved using a digital-computer to determine
the hourly transmission loss, infiltration loss and the
passive solar energy capture by the shed-type greenhouse.
'Then, the hourly supplemental heat requirement as well as
the hourly and daily solar energy collectable by a solar
collector placed on the north wall inside the greenhouse
were calculated. Finally the monthly average daily fractions
of the supplemental heat requirement of the greenhouse that
could be supplied by the integral solar collector were
estimated.

Throughout the time of the simulation the following are
assumed to remain constant:
i) the minimum greenhouse temperature,
ii) the infiltration/exfiltration rate, and

'iii) the albedo of the.plant canopy within the greenhouse.
The solar-shed greenhouse used in this case study has a
length of 100 metres and a width of 10 metres. The long
axis of the greenhouse is east-west oriented. The roof is
facing south and tilted at an angle of 30 degrees from the
horizontal. An integral solar collector, having a surface

area of 577 square metres, is installed on the inner surface

of the vertical north wall of the shed greenhouse. The north
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wall, the footing and the perimeter of the greenhouse are
insulated. The greenhouse is covered with a single layer
of glass having a thickness of 3 millimetres. Other
properties of the construction materials as well as the

other pertinent construction and management parameters are

detailed in Table 6.1.

RESULTS AND DISCUSSION

A sample computer simulation output for the solar-shed
gfeenhouse described above and located in the Vancouver, B.C.
area is included in Appendix I (Tables I.1l to I.12). The
hourly and daily values shown in these tables are for a
typical day of each month of the year. The information in
the tdbles includes the passive solar radiation capture by
the plant canopy, the infiltration heat loss, the transmission
(convection, conduction and radiation) heat loss, the
supplemental heat requirement (excluding the active solar
energy contribution) and the solar energy collectable by
the integral collector. A summary of the results of Appendix
I is shown, on a monthly basis, in Table 6.2. It is important
to notice that the ;olar input and solar contribution as
indicated in this table are due to passive solar radiation
collection only; that is, the solar energy captured by the
plant canopy. Therefore, the values in Table 6.2 for the
~shed-type greenhouse are directly comparable to those in

Table 4.2 for the gable greenhouse (Case Study II). By

comparison between the results in these tables, it can be



TABLE 6.1

VARIABLES USED TO CALCULATE HEATING DEMANDS

OF A SOLAR-SHED GREENHOUSE

Construction Parameters

Length: 100 m
Width: 10 m
Height: 2 m
Roof Slope: 30°
Orientation:

Construction Materials Properties

Surface

Material

Area

East-West Long Axis

U

] L
(m?) (wm™2k™1)
South Roof Single Glass 1155 8.83 0.08 0.94
South Wall Single Glass 200 8.03 0.08 0.94
North Wall Insulated 777 0.25 0.20 0.94
East Wall Single Glass 49 8.03 0.08 0.94
West Wall Single Glass 49 8.03 0.08 0.94
Footing Insulated 110 0.67 - -
Perimeter Insulated 220 0.67 - -
(m) (Wm—1k-1)
Glass Propefties
Thickness: 0.3 cm
Extraction Coefficient: 0.252 cm~1
Refraction Index: 1.526
Absorptivity to Solar Radiation: 0.08
Emissivity for Thermal Radiation: 0.94
Management Parameters Vancouver, B.C.

Location:
Minimum Greenhouse Temperature: 15°C
Infiltration Rate:

Plant Canopy Albedo:

Montreal, P.Q.

Halifax,

1.5 Air changes per hour

0.1

N. S.
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TABLE 6.2

MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR

CONTRIBUTION AND HEATING LOAD IN MJ PER m2 OF

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C)

VANCOUVER, B.C.

Month Heat Solar Solar Heating Percent

Loss Input* Contribution**  Load Solar**
January 492 172 116 376 24
February 387 210 108 279 28
March 407 334 134 273 33
April 277 345 97 180 35
May 16l 393 52 109 32
June 81 442 23 58 - 28
July 44 432 8 36 18
August 33 429 ' 5 28 15
September 83 340 11 72 13
October 244 261 66 178 27
November 361 146 85 276 24
December 477 122 99 378 21
YEAR - 3047 3626 804 2243 26

* Solar input is the solar radiation captured by the plant
canopy only. and does not include solar radiation incident
on the integral collector.

** Due to natural collection only.
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seen that the monthly average heat loss from the shed
greenhouse is higher than that from the gable greenhouse,
due to the larger overall heat transfer coefficient of the
shed structure as compared to the gable type. On an annual
basis, the heat loss from the gable greenhouse is 2818
megajoules per square metre of floor area while for the
shed-type the annual heat loss is estimated at 3047 megajoules
per square metre; or, an increase in annual heat loss of six
percent. Coupled with the increase in the heat loss, the
solar radiation captured by the plant canopy in the shed-
type greenhouse is also reduced from an annual value of

4104 megajoules per square metre to 3626 megajoules per
square metre, representing abreduction in the order of
twelve percent. However, the solar contribution or the
solar energy passiVely utilized to compensate for the heat
loss remained virtually the same at about 800 megajoules

per square metre per year. The reason that the solar
contribution remained unchanged is that more solar radiation
is incident upon and captured by the plant canopy in the
gable greenhouse than in the shed-type during the warm
periods of the year while it is not needed for heating
purposes. Therefore, it can be concluded that the shed-type
requires less ventilation than the gable-type greenhouse
provided the solar collector is covered or replaced by a
reflective material during the.summer months to allow some

of the solar radiation incident upon the inner surface of
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the north wall to escape through the south roof of the
greenhouse. .

Since, the passive solar contribution has not been
improVed in the shed-type greenhouse while its heat loss
has increased, then its heating load requirement is
increased over the gable greenhouse. From Tables 6.2 and
4.2, this increase can be calculated as 167 megajoules per
square metre annually or about eight percent. Therefore,
it remains to be seen if the integral solar collector within.
the shed greenhouée can provide enough heat to offset the
increased heat loss and result in a significant net energy
saving. The contribution of the integral solar collector
will be investigated later in this section.

The effect of climatic conditions on the heating load
of the shed-type greenhouse is examined by performing
analyéés on an identical greenhouse using Montreal then
Halifax weather data. Summaries of the results for the
two additional locations in Canada are shown in Tables 6.3
and 6.4 for Montreal and Halifax, respectively. Again,
these tables are directly comparable to those obtained for
the gable greenhouse case (Tables 4.3 and 4.4).

Comparison of Table 6.3 to Table 4.3 for Montreal
reveals the following points:

i) -The annual average heat loss for the shed-type is
found to be 4550 megajoules per 'square metre as
compared to 4275 megajoules per square metre for
the gable-type greenhouse or approximately six percent

increase.



TABLE 6.3

MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR

CONTRIBUTION AND HEATING LOAD IN MJ PER m2 OF

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C)

MONTREAL, P.Q.

Month Heat Solar Solar Heating Percent

Loss Input* Contribution** Load Solar**
January 968 153 153 815 16
February 799 198 189 610 24
March 648 323 204 444 32
April 361 339 126 235 35
May 89 391 16 73 18
June 5 440 1 4 20
July 0 429 0 0 0
August 0 424 0 0 0
September 49 332 5 44 10
October 272 247 67 205 25
November 495 134 114 381 23
December. 864 108 108 756 13
YEAR 4550 - 3518 983 3567 22

* Solar input is the solar radiation captured by the plant

canopy only and does not include solar radiation incident
on the integral collector.

** Due to natural collection only.
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ii) The plant canopy in the shed-type greenhouse has
captured 3518 megajoules per square metre per year
on the average compared to 4045 megajoules per
square metre for the piant canopy in the gable-type.
This represents an annual reduction in solar radiation
capture by the plant canopy in the order of thirteen
percent.

iii) The passive solar contribution to the heat loss is
three percent lower for the shed-type when compared
to the gable-type greenhouse.

iv) When the energy contribution from the integral solar
collector is neglected, the shed-type greenhouse
requires nine percent more heat than the gable-type
on an annual basis.

Comparison of Halifax results for the shed-type
greenhouse (Table 6.4) and the gable-type greenhouse (Table
4.4) leads to similar conclusions as those obtained with
Montreal”and Vancouver weather data when the values are
expressed on a éercentage basis.

The performance of the integral solar collector expressed
as the monthly average fraction of the greenhouse heating load
supplied by solar is shown in Table 6.5 for the three locations
under study.

The construction as well as the management parameters
of the solar-shed greenhouse are identical for the three

locations. The integral solar collector, having a surface



PTABLE 6.4

MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR

CONTRIBUTION AND HEATING LOAD IN MJ PER m2 OF

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C)

HALIFAX, N.S.

Month Heat Solar Solar Heating Percent

Loss Input* Contribution¥*#* Load Solar*~*
January 684 150 140 544 21
February 627 195 159 468 25
March 572 321 181 391 32
April 390 338 135 255 - 35
May 228 390 71 157 31
June 97 439 : 21 76 22
July 32 428 4 28 13
August 25 423 3 22 11
September 72 330 8 64 11
October 218 245 48 170 22
November 379 132 85 294 22
December - 606 106 106 500 17
YEAR 3930 3497 961 2969 25

* Solar input is the solar radiation captured by the plant
canopy only and does not include solar radiation incident
on the integral collector.

** Due to natural collection only.
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area of 577 sguare metres, is installed on the inner
surface of the vertical north wall of a solar shed
greenhouse having 1000 square metres of floor area.

Air is forced over both sides of the absorber plate at

a flow rate to keep its average temperature at 35°C. The
optical properties of the absorber plate are assumed to
have equal absorptivity to solar radiation ;hd emissivity
for infra-red radiation of 0.9.

Examination of the results in Table 6.5 ihdicates
that during the winter months the solar collector
contribution is significantly higher for Vancouver than
for Montreal or Halifax. For example, in January for
Vancouver, the solar collector contribution is 97 megajoules
per square metre of greenhouse floor area while for Montreal
and Halifax, it is only 50 megajoules per square metre. The
high contribution for Vancouver could be attributed to the
fact that vertical collectors receive more radiation at
higher latitudes during the winter period.

The low solar energy collection by the integral
collector for Montreal and Halifax, coupled with relatively
high greenhouse heating loads during the cold period of the
year, resulted in a very small solar fraction for the months
from November to February -inclusive. These fractions ranged
from as low as 4 percent in Montreal for December to 14
percent in Halifax for November compared to Vancouver which

shows a low of 17 percent for December to 32 percent in
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TABLE 6.5

MONTHLY AVERAGE HEATING LOAD AND SOLAR ENERGY SUPPLIED BY THE INTEGRAL COLLECTOR

2

IN MJ PER m FLOOR AREA AS WELL AS THE SOLAR FRACTIONS

FOR THE SOLAR-SHED GREENHQUSE OF CASE STUDY IV

Location Vvancouver, B.C. Montréal, Quebec Halifax, N.S.
Month Heating Solar Solar ‘Heating Solar Solar Heating Solar Solar

on Load Contr. Fraction Load Contr. Fraction Load Contr. Fraction
January 376 97 0.26 815 50 0.06 544 51 0.09
February 279 89 0.32 610 54 0.09 468 55 0.12
March 273 108 0.39 444 82 0.19 391 82 0.21
April 180 72 0.40 235 62 0.26 255 59 0.23
May 109 64 0.59 74 64 0.87 157 55 0.35
June 58 58 1.00 4 4 1.00 76 61 0.80
July 36 36 1.00 0 - - 28 28 1.00
Augqust 28 28 1.00 0 - - 22 22 1.00
September 72 72 1.00 44 44 1.00 64 64 1.00
October 178 112 0.63 205 88 0.43 170 85 0.50
November 276 69 0.25 381 42 0.11 294 42 0.14
December 378 65 0.17 756 27 0.04 500 29 0.06
Year 2243 870 0.39 3567 517 0.14 2969 633 0.21
Notes: minimum greenhouse temperature 15°C.

average collector temperature
absorptivity of collector

emissivity of collector

0.9
0.9

35°C.

oLz
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February. The relatively high solar fractions for Vancouver
are due to a combination of high solar energy collection by
the vertical collector and the relatively low greenhouse heat
requirements during the winter months when compared to Halifax
and Montreal.

The expected annual average fraction of the greenhouse
heating load supplied by the integral solar collector is 0.39
for Vancouver, 0.14 for Montreal and 0.21 for Halifax. The
low annual solar fraction for Montreal may be attributed
firstly to the small amount of soiar energy collected during
the winter months when large quantities of supplemental heat
are required; and, secondly to the absence of the heating
requirement during the months of June, July and August when
the availability of solar energy is not a limiting factor.

A comparison of the monthly and annual average supplemental
heat requirements between the conventional gable glasshouse
and the solar-shed greenhouse for the three locations
investigated is shown in Table 6.6.

At this point, one should recall from an earlier
discussion, that the annual average heating load of the
shed-type greenhouse is between eight and nine percent
higher than that for the gable-type independently of the
location of the greenhouse. Therefore, the contribution
of the integral solar collector to the heating load must.
be much higher than the additional heat loss of the shed-
type in order to make the use of the solar-shed greenhouse

feasible.



TABLE 6.6

MONTHLY AVERAGE SUPPLEMENTAL HEAT REQUIREMENTS FOR THE CONVENTIONAL GABLE

AND THE SOLAR-SHED GREENHOUSES IN MJ PER m~ OF GREENHOUSE FLOOR AREA

AND PERCENTAGE ENERGY SAVINGS AS AFFECTED BY LOCATION

Location Vancouver, B.C. Montréal, Québec Halifax, N.S.
Month Conv. Shed % Savings Conv. Shed % Savings Conv. Shed % Savings
January 350 279 20 738 765 -4 494 493 <1l
February 259 190 27 559 556 <1 428 413 4
March 253 165, 35 409 362 11 357 309 13
April 165 108 35 215 173 20 232 196 16
May 100 45 55 i 68 10 85 141 102 28
June 53 0 100 4 100 69 15 78
July 33 0 100 0 0 27 100
August 26 0 100 0 0 21 100
September 67 0 100 42 100 61 100
October 166 66 60 190 117 38 160 85 47
November 256 207 19 350 339 3 272 252 7
December 348 313 10 687 729 -6 453 471 -4
Year 2076 1373 34 3262 3050 6 2718 2336 14
Notes: minimum greenhouse temperature 15°C.

average collector temperature 35°C.
absorptivity of collector 0.9
emissivity of collector 0.9

ZLe
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As can easily be seen from Table 6.6, the performance
of the solar-shed greenhouse is highly dependent on its
location. The annual average energy savings for the solar-
shed as compared to the gable greenhouse are 34, 14 and 6
percent for Vancouver, Halifax and Montreal, respectively.
Among the three Canadian locations tested, it is clear that
the solar-shed greenhouse is suitable for Vancouver only.
The good performénce of the solar-shed greenhouse in the
Vancouver region can be attributed to its high latitude
(49.25°N) and to its characteristic weather with cool summer
nights. The weather in the Halifax area is characterized by
cool summer nighfs but its location is further south (44.65°N).
Thus, the performance of the solar-shed is reduced to represent
only 14 percent savings over the conventional gable greenhouse.
Pinally, for Montreal which is at a latitude of only one degree
north of Halifax, has a climate which is characterized by warm
summer nights; thus resulting in a further reduction to the

pérformance of the solar-shed greenhouse.

EFFECT OF SELECTIVE COATING AND AVERAGE TEMPERATURE

OF THE ABSORBER PLATE

The results discussed so far are for a non-selective
absorber plate operating at an average temperature of 35°C.
The effect of average plate temperature and the utilization
of a selective coating on the monthly and yearly fraction of

the greenhouse heating load supplied by the integral solar



collector is shown in Table 6.7. The information contained
in the table is for a solar-shed greenhouse located in the
Halifax, N.S. region. The construction and management
parameters are the same as those described in Table 6.1 and
Figure 6.2 with the exception that the lower 2 metres of
the east and west walls are insulated in order to decrease
the overall heat transfer coefficient of the building.
Analyses were performed for a collector with a non-
selective absorber plate having an absorptivity to solar
radiation of 0.9 and an emissivity to infra-red radiation
of 0.9, as well as, a collector with an absorber plate
coated with a selective material having an absorptivity
for solar radiation of 0.9 and an emissivity to thermal
radiation of 0.2. Three average surface temperatures,
namely 25°C, 30°C and 35°C, were used with each of the two

absorber plateé. Also, an analysis was conducted for the

special case of an ideal absorber plate having an absorptivity

to solar radiation of unity and an emissivity to infra-red
radiation of zero. |

An examination of the results in Table 6.7 indicates
clearly that the effect of absorber plate temperature on
the solar fraction is small for the selective absorber;
however, a slight increase in the yearly fraction is
observed with decrease in plate temperature for the non-
selective absorber. The yearly fraction increased from
0.23 when the average plate temperature is kept at 35°C

to 0.28 when the temperature is reduced to 25°C.
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TABLE 6.7

MONTHLY AND YEARLY FRACTION OF HEATING LOAD SUPPLIED BY
THE INTEGRAL SOLAR COLLECTOR AS A FUNCTION OF THE AVERAGE ABSORBER
PLATE TEMPERATURE AND ITS OPTICAL PROPERTIES FOR THE SOLAR-SHED
GREENHOUSE OF CASE STUDY IV (MINIMUM GREENHOUSE TEMPERATURE = 15°C) *

a, = 1.0 a, = 0.9, e, = 0.9 a, = 0.9, e, = 0.2
QLOSS =0 25°C 30°C 35°C 25°C 30°C 35°C
January .23 0.13 0.12 0.10 0.18 0.18 0.17
February : .28 0.17 0.15 0.13 0.22 0.22 0.21
March .45 0.28 0.26 0.23 0.36 0.35 0.34
April .55 0.34 0.29 0.25 0.44 0.43 0.41
May .86 0.53 0.45 0.38 0.68 0.65 0.62
June 1.00 1.00 1.00 0.84 1.00 1.00 1.00
July 1.00 1.00 1.00 1.00 1.00 1.00 1.00
August 1.00 1.00 1.00 1.00 1.00 1.00 1.00
September 1.00 1.00 1.00 1.00 1.00 1.00 1.00
October 0.91 0.65 0.60 0.54 0.76 0.74 0.72
November 0.34 0.20 0.18 0.15 . 0.27 0.26 0.25
December 0.18 0.09 0.08 0.06 0.13 0.13 0.12
Year 0.42 0.28 .0.26 0.23 0.35 0.34 0.33

* Jocation: Halifax, N.S.

GLZ
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The‘effect of the selective coating on the solar
fraction is more pronounced than that of the absorber
temperature especially at high operating temperatures.

At an average plate temperature of 35°C (Table 6.7), the
yearly fraction for a non-selective surface is 0.23 as
compared to 0.33 for the selective absorber. This increase
in the yearly fraction of the greenhouse heating load
supplied by solar represents about 43 percent. At the
lower temperature of 25°C the increase in the yearly
fraction is reduced to only 25 percent. Therefore, for a
solar collector with non—selective absorber the plate
temperature should be kept reasonably low to minimize the
radiative heat loss from the collector to the greenhouse
roof. This is especially true for steep roof slopes when
the radiant-exchange configuration factors between the
collector and the roof are relatively larger than those
for low roof slopes.

The solar fractions for the ideal selective absorber
case is also shown in Table 6.7 and from which it can be
concluded that the maximum annual contribution by the
solar collector to the heating load for the solar-shed

greenhouse under study is about 42 percent.

CONCLUSIONS

The following conclusions can be drawn from the results

obtained by computer simulation of heating requirements and
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solar energy contribution of the solar-shed greenhouse

described in this section:

1.

In general, a shed-type greenhouse has a higher heat

loss than a conventional gable greenhouse of the same

size due to an increase in the exposed surface area.

There is no significant difference in the solar energy
capture by the plant canopy in a shed-type greenhouse
when compared to that in a gable greenhouse.

The performance of a solar-shed greenhouse is highly
dependent on its location. It is best adapted to
regions with a high latitude {(north or south), having
climatic conditions characterized by cool summer nights
and mild winters.

For the three Canadian locations investigated, the
yearly average fraction of the greenhouse heating load
supplied by the integral collector having a non-selective
absorber plate and operated at 35°C, were found to be
0.39, 0.21 and 0.14 for Vancouver, Halifax and Montreal,
respectively.

When the solar collector is operated at an average plate
ﬁemperature of 35°C, the use of a selective coating has
increased the yearly solar fracﬁion by 43 percent over
the use of the non-selective surface.

At lower average plate temperatures, the benefit of

selective coating over non-selective surfaces becomes
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less pronounced due to the reduced radiative heat loss
from the collector to the greenhouse roof.

When non-selective absorbers are used the operating
plate temperature should be kept as low as possible

to minimize the radiative heat loss by the collector.
The expected average annual energy savings by the solar-
shed greenhouse over a conventional gable glasshouse are
34%, 14% and 6% for Vancouver, Halifax and Montreal,
respectively. These savings are for a collector having

a non-selective absorber plate and operated at 35°C.



NOMENCLATURE

Definition

Surface area of the solar collector
Surface area of the insulated lower
section of the vertical walls
Surface area of the roof

Surface area of the plant canopy
Surface area of the south wall of the
shed-greenhouse

Surface area of any greenhouse wall i
Specific heat of air at constant
pressure

Efficiency of solar radiation
capture by'the greenhouse

Radiation configuration factors
between the roof and the collector
Radiation configuration factor
between the plant canopy and the
collector

Radiation configuration factors
between the plant canopy and the
roof of the greenhouse

Radiation configuration factor:
between the roof and the sky
Radiation configuration factor
between the roof and the surrounding

ground
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2
m

kJ.kg_l.K_l

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless
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kl,1

Inside convective heat transfer
coefficient for any vertical wall i
of the greenhouse

Inside convective heat transfer
coefficient for the roof of the
greenhouse

Height of the south vertical wall

of the greenhouse

Average convective heat transfer
coefficient due to wind for any
surface i

Total solar radiation incident on
the collector

Total solar radiation incident on the
collector neglecting the reflected
component originating from the plant
canopy

Total solar radiation incident on the

| top of the plant canopy

Total solar radiation captured by the
top of the plant canopy

Total solar radiation transmitted
through the south wall that is
captured by the plant canopy

Total solar radiation captured by

th lant o} I = I +I
e plant canopy ( g D w
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kJ.h

kJ.h
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p,l

Total solar radiation incident

on a horizontal surface outside the
greenhouse

Total solar radiation incident on

a unit area of the collector

Total solar radiation captured by

the top of thevplant canopy expressed
in terms of unit area of the floor

of the greenhouse

Total solar radiation incident on

a unit area of the plant canopy

Total solar radiation transmitted
through the south vertical wall of
the greenhouse that is captured by
the plant canopy expressed in terms
of unit area of the floor of the
greenhouse

Beam solar radiation incident on
the collector

Beam solar radiation incident on

a horizontal surface outside the
greenhouse

Beam solar radiation incident on

top of the plant canopy
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kJ.h

kJ.h “.m

kJ.h



Beam solar radiation incident on a
vertical south facing wall outside
the greenhouse

Beam solar radiation transmitted
through the south vertical wall of

the greenhouse

Non-reflected diffuse solar radiation

incident on the collector

Diffuse solar radiation incident on
the top of the plant canopy

Diffuse solar radiation incident on
the roof of the greenhouse

Diffuse solar radiation incident on
a vertical south facing surface
Diffuse solar radiation transmitted
through the south vertical wall of

the greenhouse

Reflected diffuse solar radiation by

the plant canopy that is directly

incident on the collector

Reflected diffuse solar radiation by

the plant canopy that is incident

on the collector via the roof

Total solar radiation incident on any

vertical surface i of the greenhouse
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kJ.h™ ".m

kJ.h

kJ.h

kJ.h
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rad,roof

Total solar radiation incident on
the roof of the greenhouse

Length of the greenhouse

Number of air exchanges per hour
Greenhouse perimeter

Solar energy absorbed by the
collector

Solar energy cdllected

Daily solar energy collected
Convective heat loss from the
greenhouse

Infiltration heat loss from the
greenhouse

Thermal radiation heat loss from the
greenhouse cover

Solar radiation input to the
greenhouse

Supplemental heat requirement

Daily heating load of the greenhouse
Heat loss from the collector

Thermal radiation heat loss from any
vertical wall i of the greenhouse
Thermal radiation heat loss from the
roof of the greenhouse

Total heat loss through the roof of

the greenhouse
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kJ.h~
kJ
kJ.h~
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Total heat loss through any vertical
wall 1 of the greenhouse

Solar radiation absorbed by any
surface i of the greenhouse

Thermal resistance of the greenhouse
Thermal resistance of any verticél
wall i of the greenhouse excluding
the outside film coefficient
Thermal, resistance of the roof of
the greenhouse excluding the
outside film coefficient

Outside dry-bulb temperature
Average temperature of the absorber
plate of the collector

Dry-bulb temperature inside the
greenhouse'

Minimum dry-bulb temperature inside
the greenhouse

Surface temperature of any vertical
wall 1 of the greenhouse

Surface temperature of the roof of
the greenhouse

Effective temperature of the sky
Conductive heat transfer coefficient
of the insulated lower section of

the vertical walls

Effective conductive heat transfer
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h.mz.K.kJ—

h.mz.x.kJ"

1

1

h.m“.K.kJ~

K

kJ.h t.m 2.k L

coefficient for the greenhouse perimeter
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Wind speed m.s
Volume of the greenhouse m
Specific volume of air m-.kg
Width of the greenhouse m
Absorptivity of the absorber plate

of the collector to solar

radiation

Absorptivity of any surface i to

solar radiation

Absorptivity of the roof.of tﬁe

greenhouse to solar radiation

Absorptivity of the south facing

vertical wall of the greenhouse

to solar radiation

Tilt angle of the roof from the radians
horizontal

Emissivity of the absorber plate of

the collector for infra-red

radiation

Emissivity of any vertical wall i

of the greenhouse for infra-red

radiation

Emissivity of the roof of the

greenhouse for infra-red radiation

Albedo of the plant canopy

Transmissivity of the roof of the

greenhouse to beam solar radiation
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Transmissity of the south facing
vertical wall of the greenhouse
to beam solar radiation
Trahsmissivity of the roof of the
greenhouse to diffuse soiar
radiation

Transmissivity of the south
facing vertical wall of the

greenhouse to diffuse solar

radiation

-1 -2 _-4
Stefan-Boltzmann constant kJ.h “.m “.K
(c = 20.411 x 1078)
Sunrise angle radians
Sunset angle radians



CHAPTER 7

COMPUTER SIMULATION
MODEL
OF
HEATING REQUIREMENTS
OF A
SOLAR-SHED GREENHOUSE-LIVESTOCK BUILDING
COMBINATLON
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INTRODUCTION

In this chapter, the feasibility of attaching a livestock
building to the vertical north wall of a solar-shed greenhouée
is investigated with regard to potential energy conservation.
Obviously, this type of combination, if proven energy efficient,
could only be used with new farm buildings specifically
constructed for the purpose. On the other hand, the
conventional gable greenhouse-livestock building combination
covered in Chapter 5 could easily be implemented in existing
livestock operations. The retrofit of a conventional type
building would normally require only minor modifications to
the ventilation system.

The only advantage of the shed-type design is the
possibility of incorporating an internal solar collector
to the overall system.

This chapter is divided into two sections. The first
section describes the design and operation of the combined
solar-shed greenhouse-livestock building. The second section
gives the computer simulation results for the performance of
a typical solar-shed greenhouse-hog barn combination for two
Canadian locations (Case Study V). Finally, the effect of
the greenhouse size on the performance and potential energy

savings of the combination is investigated in case study VI.
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SECTION A

DESCRIPTION OF THE COMPUTER
MODEL FOR THE SOLAR-SHED GREENHOUSE -
LIVESTOCK BUILDING COMBINATION
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SOLAR-SHED GREENHOUSE-LIVESTOCK BUILDING

COMBINATION SIMULATION MODEL

ASSUMPTIONS

The assumptions stated with regard to the livestock
computer model developed in Chapter 3 and those made during
the development of the solar-shed greenhouse mathematical
model in Chapter 6 apply to the combined solar-shed greenhouse-
livestock building case. This system is similar to the
conventional livestock-gable greenhouse combination case except
for the addition of the integral solar collector and
thermal storage within the shed-type greenhouse; consequently,
the three general assumptions underlying the conventional case,

as stated in Chapter 5, also apply to the present system.

DESCRIPTION OF THE COMPUTER MODEL

A schematic cross-section of the building showing the
different thermal zones is included in Figure 7.2.

The heat balances about the three main thermal zones:
Attic space, livestock building and greenhouse are identical
to those used with the conventional gable greenhouse-livestock
combination case‘described in Chapter 5.

The mathematical model developed in Chapter 3 for the
livestock building is used here as the subprogram for energy
balance calculations about the livestock building inclﬁding

the attic space. This subprogram is used simultaneously with



291

the solar-shed greenhouse subprogram for the energy balance
abqut the greenhouse including the solar energy collected
by the integral Solar collector. The mathematical model
devélopment for the shed greenhouse is described in detail
in Chapter 6.
The greenhouse solar heating systeﬁ has three modes of
operation as shown in Figure 7.1.
MODE 1: This mode of operation is used when the
greenhouse requires heat, and solar energy is available.
In this case, the air is simply circulated from the
greenhouse (GH) over the solar collector (SC) énd back
to the greenhouse as indicated in Figures 7.1(a) and 7.2.
Supplemental heat (qup) to keep the greenhouse at the
desired temperature may be required as shown in Figure
7.2.
MODE 2: 1In this case, passive solar to the greenhouse
and waste heat from the.liQestock building are sufficient
to supply the greenhouse heating load while solar energy
is available for collection.
During such periods the air from the greenhouse
(GH) passes through the solar collector (SC) then forced,
using blower (B), throuéh a rock bed or wet ground
thermal storage (ST) located underneath the greenhouse
floor as shown in Figures 7.1(b) and 7.3. The air is
then returned from the thermal storage to the greenhouse

to complete the closed circuit.
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MODE 3: This mode of operation is used at night and
during periods of low solar radiation intensity when
the waste heat from the livestock building does not
supply an adequate amount of energy to keep the
greenhouse at a minimum preset temperature.

In this case, the greenhouse air is circulated
through the thermal storage (ST) in an opposite
direction to that of MODE 2 operation, as indicated
in Figures 7.1(c) and 7.4. Obviously, the furnace
used to supply the supplemental heat must‘be sized
to accommodate the greenhouse demand for heat when

the thermal storage is empty.
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SECTION B

CASE STUDIES V AND VI

HEATING REQUIREMENTS
OF A |
SOLAR-SHED GREENHOUSE-SWINE FINISHING BARN
COMBINATION
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'SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION

CASE STUDY V

DESCRIPTION AND ASSUMPTIONS

A schematic of the attached solar-shed greenhouse to
a hog barn used in this case study is given in Figure 7.5.
The solar-shed greenhouse is identical to that used
with respect to case study v in Chapter 6. The construction
and management parameters for the greenhouse are given in
Table 7.1. A two-level hog barn having a shed roof is
attached to the vertical north wall of the greenhouse
(Fig. 7.5). The barn has a ground surface area equal to that
used in case studies I and III, in Chapter 3 and Chapter 5,
respectively, while the number of hogs at full capacity is
doubled. The ratio hog density to greenhouse floor area
can be calculated as 3.07 at full capacity. Other pertinent
construction and management parameters for the two-level

swine finishing building are given in Table 7.2.

RESULTS AND DISCUSSION

A sample computer simulation output for an attached
solar-shed greenhouse-hog barn is included in Appendix J
(Tables J.1 to J.12). These tables give the simulated hourly
results and their daily totals for a typical day of each month
of the year. The results apply to the greenhouse-swine

finishing barn combination described in Tables 7.1 and 7.2.
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TABLE 7.1

300

VARIABLES USED TO CALCULATE HEATING DEMANDS

OF A SOLAR-SHED GREENHOUSE

Construction Parameters

Length: 100 m
Width: 10 m
Height: 2 m

Roof Slope: 30°

Orientation: East-West Long AXxis

Construction Materials Properties

Surface Material Area U a SZ
2 -2 -1 S
(m®) (Wm “K ™)
South Roof Single Glass 1155 8.83 0.08 0.94
South Wall Single Glass 200 8.03 0.08 0.94
East Wall Single Glass 49 8.03 0.08 0.94
West Wall Single Glass 49 8.03 0.08 0.94
Footing Insulated 60 0.67 - -
Perimeter Insulated 110 0.67 - -
(m) (Wm-1k-1)
Glass Properties
Thickness: 0.3 cm
Extraction Coefficient: 0.252 cm'l
Refraction Index: 1.526

Absorptivity to Solar Radiation: 0.08
Emissivity for Thermal Radiation: 0.94

Management Parameters

B.C.

Location: Halifax, N.S.
Vancouver,
Minimum Greenhouse Temperature: 15°C

Plant Canopy Albedo:

0.1



TABLE 7.2

VARIABLES USED TO CALCULATE VENTILATION

REQUIREMENTS OF A TWO-LEVEL SHED

SWINE FINISHING BARN
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Construction Parameters
Length: 100 m
Width: 11 m
Height: 5m (2 levels)
Roof Slope: 16.55°
‘Orientation: East-West Long Axis

Construction Materi

als Properties

Building Area RSI U oy €y
Component (m?) (m? . K/W) (kJ.m 2.h" 1.k
North Roof 1148 5.88 0.61 0.2 0.22
North Wall 450 4.00 . 0.90 0.2 0.22
East Wall 67.5 4.00 0.90 0.2 0.22
West Wall 67.5 4,00 0.90 0.2 0.22
Foundation - 61 1.49 2.41 - -
Perimeter 122 1.49 2.41 - -
(m) (m.K/W) (kJ.h-l.m~1.x"1)
Management Parameters
Location: Halifax, N.S.
Vancouver, B.C.
Number of Hogs: 3072
Average Weight: 70 kg
Minimum Inside Temperature: 20°C
Maximum Inside Relative Humidity: 85% ,
Maximum Ventilation Rate: 50 litres per second
per hog

Ventilation System Type:

variable speed fans
(24 kW peak load)
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The building is located in the Halifax region. The
greenhouse is assumed to be operated at a minimum temperature
of 15°C.

The information in Tables J.1 to J.12 include the solar
radiation passively captured by the shed greenhouse, the
waste heat available from the hog barn ventilation air, the
greenhouse transmission heat loss and its predicted heating
load and supplemental heat requirement. The table also gives
the hourly fractions of the greenhouse transmission loss
supplied by passive solar as well as by waste heat from the
hog barn. The tables in Appendix J also include the estimated
hourly and daily solar energy captured by the integral
collector and the predicted monthly average daily fraction
of the greenhouse heating load supplied by the solar collector.

A summary of the results of Appendix J is given on a
monthly basis in Table 7.3. From the table, it is seen that
the annual average heat loss from the shed greenhouse,
expressed in terms of unit floor area, is 3191 megajoules
per square metre (MJ/mz) of which 826 MJ/m2 or 26 percent
are passively supplied by solar. The contribution of the
sensible waste heat recovery from the hog barn ventilation
air is estimated at 34 percent of the greenhouse heat loss
or a contribution of 1097 MJ/mZ. The predicted annﬁal
contribution by the active solar collector is relatively
small, accounting for only 11 percent of the total greenhouse

heat loss or a contribution of 341 MJ/m2.



TABLE 7.3

SUMMARY OF RESULTS OF THE SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION LOCATED IN HALIFAX.

(MINIMUM GREENHOUSE TEMPERATURE 15°C)

Heat Passive Fraction Heating Waste Fraction Supplemental Active Fraction Furnace
Loss Solar Supplied Load Heat Supplied Heat Solar ., Supplied Heat
Month (MJ/m2) Contri- by Passive (MJ/m2) Contri- by Waste . Requirement Contri- by Active Reguirement
bution Solar bution Heat (MJ/m2) bution Solar (MJ/m?)
(MI/m?) (MT/m2) (M3 /m2)
January 547 122 0.22 425 110 0.20 315 51 0.09 264
February 502 135 0.27 367 92 0.18 275 55 0.11 220
March 459 150 0.33 309 103 0.22 206 ' 81 0.18 125
April 315 112 0.36 203 108 0.34 95 59 0.19 36
May 190 64 0.34 126 107 0.56 19 19 0.10 0]
June 84 19 0.23 65 65 0.77 0 - - 0
July 30 4 0.13 26 26 0.87 0 - - 0]
August 24 3 0.13 21 21 0.87 0 - - 0]
September 64 8 0.13 56 56 0.87 0 - - 0
October 182 42 0.23 140 133 0.73 7 7 0.04 0
November 308 71 0.23 237 147 0.48 90 41 0.13 49
December 486 96 0.20 390 129 0.27 261. 28 0.06 233
Year 3191 826 0.26 2365 1097 0.34 1268 341 0.11 927

£0¢€



304

An identical solar-shed greenhouse-hog barn combination
was also simulated using Vancouver weather data. A summary
of the computer simulation results is shown in Table 7.4.

As indicated in the table, the estimated annual average heat
loss by the shed greenhouse located in Vancouver is
significantly lower than that predicted for Halifax. The

22 percent decrease in greenhouse heat loss is due to the
mild climate experienced in the Vancouver region.

It is interesting to note that the predicted annual passive
solar contribution in absolute terms is lower for a greenhouse
located in Vancouver than in Halifax (826 MJ/m2 compared to
684 MJ/m2). However, the percent passive contribution is
practically the same for both locations. The low passive
solar contribution in Vancouver is due to the relatively warm
climate of the region,‘which‘results in some. of the available
solar energy not being utilized.

From Table 7.4, the annual contribution of waste heat
from the hog barn is estimated at 1204 MJ/m2 or 48 percent
of the greenhouse heat loss. These values are significantly
higher than those predicted for Halifax. This difference is
due to the larger fraction of the animal sensible heat not
utilized to offset the heat loss from a barn locéted in
Vancouver when compared to an identical barn located in
Halifax.

The predicted annual average contribution of the active

2

solar collector is 448 MJ/m“ of floor area representing 18



TABLE 7.4

SUMMARY OF RESULTS OF THE SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION LOCATED IN VANCOUVER.

(MINIMUM GREENHOUSE TEMPERATURE 15°C)

Heat Passive Fraction Heating Waste Fraction Supplemental Active Fraction Furnace
Loss Solar Supplied Load Heat Supplied Heat Solar Supplied Heat
Month (MJ/m2) Contri- by Passive (MJ/mz) Contri- by Waste Requirement Contri- by Active Requirement
bution Solar bution Heat (MJ/mz) bution Solar (MJ/m2)
(MI/m?) (MJ/m2) (MJ/m?)
January 400 26 0.24 304 141 0.35 163 96 0.24 67
February 316 92 0.29 224 123 0.39 101 89 0.28 12
March 331 112 0.34 219 125 0.38 94 94 0.28 0
April 227 82 0.36 145 115 0.51 30 30 0.13 0
May 134 44 0.33 20 90 0.67 0 0 - 0
June 69 21 0.30 48 48 0.70 0 0 - 0
July 39 8 0.21 31 31 0.79 0 0 - 0
August 30 5 0.17 25 25 0.83 0 0 - 0
September 71 10 0.14 61 61 0.86 0 0 - 0
October 202 56 0.28 146 140 0.69 6 6 0.03 0
November 296 72 0.24 224 156 0.53 68 68 0.23 0
December 388 86 0.22 302 149 0.38 153 ' 65 0.17 88
Year 2503 684 0.27 1819 1204 0.48 615 448 0.18 167

SOt
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percent of the greenhouse heat loss (Table 7.4). These
values are slightly higher than those obtained with Halifax
weather data. This is simply due to the fact that the
solar-shed greenhousé has a higher efficiency in Vancouver
than in Halifax as the results in Chapter 6 have indicated.

The above discussion was primarily concerned with
annual values, the monthly performance of the solar-shed
greenhouse-hog barn combination is clearly seen in Figure
7.6. In this figure, the monthly average fractions of the
greenhouse heat loss supplied by passive solar, active solar
and waste heat recovery from the hog barn ventilation air
are plotted for two locations in Canada: Halifax and Vancouver.

It is clearly indicated in Figure 7.6 that barn waste
heat recovery contributes more energy to the greenhouse
heating than active solar collection.

For Halifax, the contribution of the integral solar
collector is very low all year around. The same conclusion
applies to Vancouver perhaps with the exception of the
months of November, February and March when the solar
fractions are reasonable.

The low contribﬁtion of the integral solar collector
in both cities during the winter months is simply due to
low solar radiation availability compared to the high heating
requirement of the greenhouse.

At both locations, the solar fraction of the active

system is practically zero from four to five months of the
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summer seaéon, because all the heat requirement by the
greenhouse during those months is satisfied by passive
solar collection and barn waste heat recovery. Therefore,
it may be concluded that the economics of installing the
solar heating system may not be favorable, unless part of
the collectable solar energy during the summer could be

utilized for other applications, for example, manure drying.

COMPARISON OF RESULTS WITH PREVIOUS CASE STUDIES

The monthly average performances of the gable greenhouse-
hog barn (Case Study III), the detached solar-shed greenhouse
(Case Study IV) and the attached solar-shed greenhouse-
hog barn combination (Case Study V) as expressed in percent
energy savings compared to the supplemental energy requirement
of a conventional gable greenhouse (Case Study II) are given
in Table 7.5. The values in the table apply to greenhouse
located in the Halifax region.

From Table 7.5, the estimated annual realizable energy
savings over a conventional gable greenhouse are: 14 percent
for the free-standing solar-shed greenhouse, 50 percent for
the gable greenhouse-hog barn combination and 66 percent
for solar-shed greenhouse-hog barn combination.

The monthly average performances, for the case where
the greenhouses are located in the Vancouver region are given
in Table 7.6. As indicated in the table, the annual potential

energy savings over the conventional gable greenhouse range



TABLE 7.5

COMPARISON OF MONTHLY SUPPLEMENTAL HEAT REQUIREMENT AND ENERGY SAVINGS

BY THE DIFFERENT GREENHOUSE STUDIED. (ALL GREENHOUSES ARE LOCATED IN HALIFAX)
Conventional Gable
Gable Greenhouse-Swine Solar-Shed Solar-Shed-3Swine
Glasshouse Combination Greenhouse Combination
Month (Case Study II) (Case Study III) (Case Study 1IV) (Case Study V)
0 Q % Q 3 Q %
(Mgﬁﬁz) : (Mj?gz) Savings (M§3§2) Savings (Mi?gz) Savings
January 494 311 37 493 <1 264 47
February 428 267 38 © 413 4 220 49
March 357 209 -4l 309 13 125 65
April 232 114 51 196 16 36 84
May 141 40 72 102 28 ' 0 100
June 69 0 100 15 78 0 100
July 27 | 0 100 0 100 0 100
August 21 0 100 0 100 0 100
September 61 _ 0 100 0 . 100 0 100
October 160 33 79 85 47 0 100
November 272 121 56 252 7 49 82
December 453 267 a1 471 -4 233 49
Year 2718 ' 1362 50 2336 14 927 66
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TABLE 7.6

COMPARISON OF MONTHLY SUPPLEMENTAL HEAT REQUIREMENT AND ENERGY SAVINGS

BY THE DiFFERENT GREENHOUSE STUDIED. (ALL GREENHOUSES ARE LOCATED IN VANCOUVER)
Conventional
Gable Solar-Shed Solar-Shed-Swine
, Glasshouse Greenhouse Combination
Month ' (Case Study II) (Case Study 1IV) (Case Study V)
% Q %
(333&2) (33;52) Savings (Mgﬁﬁz) Savings
January 350 279 20 67 81
February 259 190 27 12 ‘ 95
March 253 | 165 35 0 100
April 165 108 35 0 100
May 100 45 55 0 100
June 53 0 : 100 0 100
July 33 0 100 0 100
August 26 0 100 0 100
September 67 0 100 0 100
October 166 66 - 60 0 100
November 256 207 19 0 100
December 348 : 313 10 88 75
Year 2076 1373 - 34 167 92

01¢



from 34 percent for the free-standing solar-shed greenhouse
to as high as 92 percent for the solar-shed greenhouse hog
barn combination.

The gable greenhouse-swine finishing barn combination
was not analyzed for Vancouver; however, the energy savings
~are expected to be in the rahge of 50 to 55 percent.

\ From the results given above, it may be concluded that
the performance of a solar-shed greenhouse-livestock building
combination is location dependent as was the case of the
free-standing solar-shed greenhouse_investigated in Chapter 6.
Therefore, it is important that performance and economical
analyses be performed prior to the adaptation of the solar-

shed-livestock building combination for a specific region.

CASE STUDY VI

DESCRIPTION AND ASSUMPTIONS

The objective of this case study is to investigate the
effect of increasing the greenhouse floor area on the
performance of a solar-shed-hog barn combination. 1In the
present case, the floor area of the greenhouse is doubled
by attaching a conventional gable greenhouse on the south
side of the shed greenhouse as shown in Figure 7.7. All
other construction and management parameters are identical
to those used with respect to case study V. The operation
of the solar heating and the hog barn waste heat recovery

systems are also the same as for case study V. It is to be
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FIGURE 7.7: SCHEMATIC OF THE CROSS-SECTION OF A SOLAR-SHED GREENHOUSE-HOG BARN
COMBINATION USED IN CASE STUDY VI.

AR



313

noticed that the ratio of hog numbers to greenhouse floor
area is halved or equal to 1.5 hogs per sguare metre of

greenhouse floor area.

RESULTS AND DISCUSSION

The effect of doubling the floor area from 1000 m2

(Case Study V) to 2000 m2 (Case Study VI) may be seen in
Table 7.7 for greenhouses located in the Halifax region.

The monthly and yearly heating loads shown in the table
are after the passive solar contribution is accounted for
(heating load = greenhouse heat loss - passive solar
contribution). The percent contribution, as indicated in
Table 7.7, is by the barn waste heat recovery and the active
solar heating systems combined. This percentage is based
upon the greenhouse heating load shown in the table.

-On an annual basis, the percent contributions of the
combined bafn waste heat recovery and active solar collection
to the greenhouse heating load are 61 percent and 40 percent
for 1000 m2 and 2000 m2 greenhouse floor area, respectively.
However, doubling‘the greenhouse area has increased the
absolute value of the energy savings from 1438 MJ/m2 to
1749 MJ/m2 or about 22 percent.

The monthly average fractions of the greenhouse heating
load supplied by combined barn waste heat recovery and active
solar collection are shown in Figure 7.8. From this figure,

it may be determined if further increase of the greenhouse



TABLE 7.7

- EFFECT OF GREENHOUSE SIZE ON THE PERFORMANCE OF A SOLAR-SHED GREENHOUSE-HOG BARN

COMBINATION LOCATED IN HALIFAX. '

(MINIMUM GREENHOUSE TEMPERATURE 15°C, NUMBER OF HOGS: 3072)

Greenhouse Floor Area

1000 m? 2000 m2
Month (Case Study V) (Case Study VI)
Qq Q5 Percent -Ql Q2 Percent
(MJ /m2) (MJ /m2) Contribution (MJT/m2) (MJ /m2) Contribution
January 425 161l 38 791 163 21
February 367 147 40 680 149 22
March 309 184 60 571 187 33
April 203 167 82 , 372 171 - 46
May 126 126 - 100 227 180 79
June : 64 64 100 116 116 100
July - 26 26 100 46 46 100
August 21 21 100 36 36 100
September 56 56 100 . 97 97 100
October 141 141 100 255 251 98
November 237 188 79 433 195 45
December 390 157 40 : 721 158 22
Year 2365 1438 61 4345 1749 40

It

Notes: Q1 Monthly average greenhouse heating load

Q,

Monthly average contribution by the solar heating system and barn waste
heat recovery combined

v1¢€



PERCENTAGE OF THE GREENHOUSE HEATING LOAD SUPPLIED
BY ACTIVE SOLAR COLLECTION AND BARN WASTE HEAT RECOVERY

100

90

. ?-cck:‘i——-
Halifax, N.S. / | \ i

Tg =15°C / \

FLOOR
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O- — —=01000m2 . 61%
]
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FIGURE 7.8:

|
J J A S O N D
MONTH |
EFFECT OF GREENHOUSE FLOOR AREA ON THE
MONTHLY AVERAGE FRACTION OF THE HEATING
LOAD SUPPLIED BY ACTIVE SOLAR COLLECTION
AND BARN WASTE HEAT RECOVERY FOR SOLAR-
SHED GREENHOUSE-HOG BARN COMBINATION OF
CASE STUDY VI.
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area would result in a significant absolute savings in its
supplemental heating. Firstly, it is noticed, when the

area is doubled, all the solar energy collected and barn
waste heat recovered are utilized for the additional two
months of May and October. Therefore, excess heat is still
available only for the period from June to September
inclusive. But, the greenhouse supplemental heat requirement
for that period is only about 6 percent of the annual
requirement. Thus it may be concluded that further increase
in the greenhouse floor area would result in only a small

increase in energy savings per unit area.

CONCLUSIONS

From the results obtained by computer simulation analyses
of the greenhouse-livestock combination of case studies V and
VI, the following conclusions can be made:

1. The performance of a soiar—shed greenhouse-hog barn
combination is dependent on its location. This is
mainly due to the dependence of the efficiency of the
integral solar collector of the shed greenhouse on
location.

2. TFor a solar-shed greenhouse;hog barn combination having
a ratio of solar collector to floor area of 0.57, a hog
density equivalent to about 3 hogs per square metre of
greenhouse area and, a minimum greenhouse temperature of

o . .
157C; the annual energy savings over a conventional
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gable greenhouse are 92 percent and 66 percent for
Vancouver and Halifax, respectively.

When the‘combined system is operated in the Halifax
region, doubling the greenhouse size and keeping the
number of hogs and the collector size unchanged resulted
in a net increase in energy savings of about 22 percent.
However, further increase in greenhouse area will result

in a negligible increase in net energy savings.
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SUMMARY



studies for which analyses were performed during the present

investigation are presented at the end of each corresponding

CONCLUSIONS

Specific conclusions related to the individual case

chapter. The conclusions listed below represent the main

findings related to the feasibility of the concept of

greenhouse-animal shelter combination for both the retrofit

and new construction cases. These general conclusions may

be stated as follows:

1.

The utilization of animal waste energy to heat an
attached greenhouse was found to be a very attractive
method of energy conservation for greenhouse heating.
The technical constraints associated with greenhouse-
animal shelter systems are not expected to be limiting
factors; but, acceptance of this new concept by the
farmers may cause a delay in its implementation.

The use of the solar-shed greenhouse concept for active
internal solar energy collection to improve the

performance of a greenhouse-animal shelter combination,

319

is highly dependent on the solar-shed greenhouse efficiency

for the particular location.

The site specific factors affecting the performance of

a solar-shed greenhouse are: latitude, bright sunshine
periods during the winter season and monthly average day

and night degree days for greenhouse heating.



RECOMMENDATIONS

The solar-shed greenhouse is not recommended for locations

having low latitudes. Since, it was demonstrated that

other factors than latitude also affect its performance,

it is advised that a detailed theoretical analysis should

be performed before its adaptation to new geographical

regions.

The possibility of social and management problems

associated with combined greenhouse animal shelter

operations should be investigated.

Experimental work should be carried out on a prototype

greenhouse-livestock building combination to

a) demonstrate the feasibility of the combined system,

b) calibrate and validate the mathematical model
developed during the present study, and

c) solve unforeseen practical engineering and
operational problems.

Research and development are needed to design and test

low cost systems for latent heat recovery from livestock

buildings. Advances in this area should result in a

significant improvement in the overall performance of

greenhouse-animal shelter combinations.

Under favorable climatic conditions, a combined soclar-

shed greenhouse-animal shelter would be more efficient

than a conventional combination. Thus for new construc-

tions to be located in high latitude regions, it is

recommended that a detailed study be performed to

320
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determine the performance and the economic viability

of a solar-shed greenhouse-animal shelter system.
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CONTRIBUTIONS

The contributions of this thesis to the advancement

in energy conservation and alternate sources of energy

utilization for greenhouse heating can be summarized as

follows:

1.

An analytical procedure for detérmining the effectiveness
of greenhouses as solar collectors was developed.

A new greenhouse design, suitable for regions of high
latitudes, was proposed. Also, a general mathematical
model to predict its performance, under different
climatic conditions, was developed.

The feasibility of the concept of using animal waste
heat as a supplemental energy source for greenhouse
heating in cold climates was investigated for the case
of greenhouse-hog barn combination. Also, a general
mathematical model to predict potential energy savings
from other types of combinations was developed.

A new concept in greenhouse-animal shelter combination
design incorporationg an internal solar collection
system was proposed. The case where hogs were used as
animal type was analysed. Also, a general model was
developed to predict the effectiveness of solar heating
of greenhouse-animal shelter combinations. The model is
suitable to study the effect of location, construction
parameters, animal type and size of operation on the

overall performance of the combined system.
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APPENDIX A

CALCULATION OF BEAM TRANSMITTANCE

OF GREENHOUSE COVERS
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TRANSMITTANCE OF GREENHOUSE COVERS

This appendix describes the procedure used to calculate
the beam transmittance of greenhouse covers to solar radiation

as given by Duffie and Beckman (1974).

TRANSMISSION DUE TO REFLECTION

a) Beam radiation, normal incidence:
At normal incidence there is no polarization effect, and
the surface reflectivity, p, is dependent only on the

refractive index, n as follows:
2
p = [(n-1)/(n+ 1)1 . (A.1)

For a system of N covers, all of the same material, then,

it can be shown that the transmittance is,

TS (1 - p)/I1 + (2N - 1)p) , (A.2)

provided the radiation absorption in the covers is neglected.

b) Beam radiation, obliqﬁe incidence:

Polarization phenomena necessitate treating the reflection
of radiation at air-cover interfaces separately for the tﬁo
planes of polarization. The fractions of the polarized
portions of an incident beam that are reflected at an
interface are:

i) in the plane perpendicular to the plane of incidence,

o, = (sin(i - i')/sin(i + in2 (A.3)

and

ii) in the plane parallel to the plane of incidence,



o, = [tan(i - i')/tan(i + i . ' (A.4)

Then, the transmission of the cover system, neglecting

radiation absorption may be calculated as,

T +(28 - Dp; * T +(2N - 1)p2] . (A.5)

T =

r % [

The angle of incidence (i) and the angle of refraction (i')
are related by the refractive index n through Snell's law:

n = sin i/sin i' . (A.6)

TRANSMISSION DUE TO ABSORPTION

The transmission due to absorption of N covers, all of
the same material, is related to the extinction coefficient
and thickness of the partially transparent medium by,

e "NKL (A.7)

T =
a

where I, = t/cos i . : (A.8)

BEAM TRANSMITTANCE

The beam transmittance, allowing for both reflection
and absorption, is obtained simply by multiplying the two

transmittances together.
T = T T . (A.9)

- Equation (A.9) is an approximate expression but sufficiently

accurate for practical applications.
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NOMENCLATURE
Symbol Definition Units
i Angle of incidence radians
i! Angle of refraction radians
K Extinction coefficient cm—l
L Length of the path of radiation

within the partially transparent

medium cm
N Number of covers
n Index of refraction
t Thickness of the cover cm
o Surface reflectivity
ey Reflectivity in the plane perpendicular

- to the plane of incidence
05 | Reflectivity in the plane parallel
to the plane of incidence
T Transmissivity of the cover neglecting

absorption by the material

T4 Transmissivity of the cover due to
absorption
T Beam transmittance of the cover

allowing for both reflection and

absorption
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APPENDIX B

SAMPLE COMPUTER
OUTPUT
FOR GREENHOUSE TRANSMISSION FACTORS
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.05 HECTARE
SINGLE GLASS COVER
GABLE GREENHOUSE
E-W ORIENTATION
LENGTH=50 ™
WIDTH = LOM
HEIGHT=2 M
SLOPE =18DEG
GLASS CHARACTERISTICS:
THICKNESS=0,30 -M

K = 0.l61 CM-1 { IR=1.526

S1 = SOUTH wALL
S2= SOJTH ROOF

S3 = NORTH ROJF
S4 = WEST WALL

S5 = EAST WALL
S6 = NORTA  WALL

Vancouver, B.C.

BTF: Beam Transmission Factor
DTF: Diffuse Transmission Factor

TTF: Total Transmission Factor
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JANUARY
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
Mx%x2 (KJz70DAY) T3 TO3TAL
| BEAM DIFFUSE TOTaL BEAM DIF. TOTAL
100. 274169, 99422. 373592, 0.383 0,994 0.210
263, 418871. 402621. 821493. 0.585 0.380 0.463
263. B4l 402621. 403468. 0.001 0.380 0.227
28. 11018. 27838. 38856. 0.015 0.026 0.022
28, 11018. 217838, 38856, 0.015 0026 0,022
100. O 99422 . 99422. 0.0 0.094 0.056
TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL TBGH TTGH BTF DT F TTF

715924, 1059763, 1775685. 0819 0U.812 1374 1.099 1l.196

FEBRUARY
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
M¥%2 {(KJ/DAY) TG TOTAL
BEAM DIFFUSE TAOTAL BEAM DIF. TOTAL

10J. 400279. 171649, 571928. G«308 0.094 0.183
263, 782351. 689995. 1472346, 06602 0379 0,472
263, 65822, 689995, 155817. 0.051 0.379 0.242

28. 25584, 480309, 13625, 0.020 0.026 3J.024

23. 25584, 48039. 73623, 0.020 0.026 0.024
10J. J. 171568, 171568. J. 0 Je. 094 0.055

TOTAL TRANSMITTED |
BEAM DIFFUSE TOTAL TBGH TTGH BTF DTF TTF

1299617. 1819285. 3118901l. Q782 0.796 1.145 1.105 1.121
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MARCH
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
Mk 2 (KJ/DAY) TO TOTAL
BEAM DIFFUSE TOTAL BEAM DIF. TOTAL
102. 558113, 263889, 822001, 0.299 0.092 0.148
263, 1542392, 1100893, 2643285, 0.576 0.383 0,476
26 3. 457117. 1100893, 1558009, 0.171 0.383 0,281
28. 59561 . 73889. 133450, 0.022 0.026 0.024
28, 59561. 73889. 133450. 0.022 0.026 0.024
100. 0. 263889, 263889, 0.0 0092 0,048
TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL TBGH TTGH BT.F DT F TTF

20676742, 2877338. 5554083. 0,786 0796 14024 1.091 1.058

APRIL
AREA SOLAR ENZRGY TRANSMITTED CONTRIBUTION
Mk 2 (KJ/DAY) TG TOTAL
BEAM  DIFFUSE TOTAL BEAM DIF, TOTAL

100. 442915.  381550.  B824465. = 0.118 0.094 0.106
263. 20323331. 153068l. 3554062, 0.539 0.379 0.456
263. 1114467, 1530681. 2645148, 0.297 0.379 0.339

28, 86594, 106834, 193428, 0,023 0,026 0.025

28. 865944 106834, 193428, 0.023 0.026 0.025
100. 25. 381550, 381575. 0.000 0.094 0.3049

TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL T8GH TTGH  BTF DTF TTF

3753973. 4038126. 77192102. 0.804 0.805 0.956 1.101 1.0256
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MAY
AREA SJLAR ENERGY TRANSMITTED CONTRIBUTION
Mxx2 (KJ/DAY) TC TOTAL
BEAM DIFFUSE TOTAL BEAM .DIF. TOTAL
100. 347001. 470804, 817804. 0.064 0.096 0.079
263, 2717831. 1839917. 4557748. 0.502 0377 D.443
263. 2041721. 1839917. 3881638, 0377 0.377 04377
28. 131691. 131825. 263516. 0.024 0.027 0.026
28. 131691. 131825. 263516. 0. 024 0.027 0.026
100. 40054, 470804. 510857. 0. 007 0.096 0.050
TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL TBGH TTGH BTF XTF TTF

5409985, 4885088, 10295077, 0.810 0,809 0.927 1.106 1.004

J UNE
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
M¥x %2 {KJ7DAY) TO T3TAL
BEAM DIFFUSE TOTAL BcAM DIF. TOTAL
100. 278890. 509943. 788833, 0.045 0.097 0.069
263, 2979913. 1974053, 4953966, 0.481 0.376 0433
263. 2529264. 1974053. 4503317. 0;408 0.37¢ 0.393
28. 152272. 14278 4. 295056. 0.025 0.027 0.026
28, 152272, 142784. 295056, 0.025 0.027 0.025
100. 100168, 50994143, 610111. 0.016 0,097 0.053
TOTAL TRANSMITTED

BEAM DIFFUSE TOTAL TBGH TTGH BTF DTF TTF

6192778, 5253558. 11446338, 0.81% 0.811 0.924 1l.113 1.002



6

AREA
M k2

100.
263,
263,
28.
28.

1090.

TOT AL

B8E A™

6615268.

AR EA
M % & 2

100.

263.

263,

28.

28.

10J.

TOTAL

BEAM

5349790.

JULY

SOLAR ENERGY TRANSMITTED

3EAM
348908,
32333063,
2613476,
165209.
165209,

89404.

TRANSMITTED

DIFFUSE

4978622,

(KJ/DAY)
D IFFUSE TOTAL
489930. 8384838,
1862202. 5095265.
1862202. 4475678,
137180. 302389.
137180. 302389.
489930, 579334.
TOTAL TBGH
11593892, 0.811
AJGUST

SOLAR ENERGY TRANSMITTED

{KJ/DAY)

BEAM DIFFUSE
492917. 421496.
2793090. 1624704,
1786255, 1624704,
132019. 118C19.
132019. 118019.
13492. 421496.

TRANSMITTED

DIFFUSE TOTAL

4328434, 9678226,

TOTAL
914412,
4417794,
3410959,
250038,
250038.

434987,

TBGH

0. 805

342

CONTRIBUTION

TO TOTAL
BEAM DIF.  TOTAL
0.053 0,098 0.072
0.489 0.374 0.439
0.395 0.374 0.386
0,025 0.028 0.026
0.025 0.028 0.026
0.014 0.0938 0.050
6T oTF  TTF
0.927 1.118 1.000
CONTRIBUTIIN
TO TOTAL
BEAM DIF., TOTAL
0.092 0.097 0.094
0.522 0.375 0.456
0.334 0.375 0.352
0.025 0,027 0.026
0.025 0.027 0.026
0.003 0.097 0.045
BTF  DOTF  TTF
0.942 1.115 1.012
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SEPTEMBER
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
MEx {KJ/7DAY) TO TOTAL
BE AM DIFFUSE TOTAL BEAM DiF. TOTAL
100. 647908, 318523. 366431. 0.169 0.096 0.135
'263. 2145094. 1249462. 3334556, 0.560 '0.377 0.475
263, 851410, 1249452, 2100871, 0222 04377 0,294
28. 919345. 89186. 181131. 0.024 0.027 0.025
28. 91945, 89186. 181131. 0.024 0.027 0.025
100. 0. 318523, 318523. 0.0 0.096 0.045
TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL T85H TTGH BTF dTF - TTF

3828298, 3314340, T14264l. 0.790 04798 04994 1.109 1.0%4

DCTO3ER
AREA SOL AR ENERGY TRANSMITTED CONTRIBUTION
M % 2 {KJ/ DAY ) T3 TaTAL

BEAM DIFFUSE TOTAL BEAM JI=. TOTAL
100, 501457. 2002117. 701674, 0.275 0.093 0Q.l76
263. 1085316, 822434, 1907749. 0596 04381 0,479
263, 157524 . 822434. 979353. 0.086 04381 0.246
28 . 38496. 56061. 94556. 0,021 0.026 0.024
28, 38496, 56061. 94556, 0. 021 0.026 0.02%
100. 0. 200217, 200217. 0.0 0.093 0.059
TOTAL TRANSMITTED .
BEAM DIFFUSE TOTAL TBGH TTGH BTF DTF TTF

1821286, 2157420. 3978708, 0.779 0.794 1.091 1.095 1,093
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NOVEMBER
AREA SOLAR ENERGY TRANSMITTED CONTRIBUT ION
Mzx 2 (KJ/DAY) TO TOTAL
BEAM - DIFFUSE TOTAL | BEAM DIF. TOTAL
100, 3481900, 114997, 463098, 0.366 0.092 0.211
263. 562058, 476905. 1038964, 0.591 0.382 0.473
263, 6455, 476905. | 483400. 0.007 0.382 0.220
28, 16803, = 32199, 49002. 0,018 0.026 0,022
28. 16803, 32199. 49002. 0.018 0.026 0.022
100. Je L14997. 114997, 0.0 0.092 0.052
TOTAL TRANSMITTED
BEAM DIFFUSE TOTAL TBGH TTGH BTF DTF TTF

953259. 1248203. 2198460. 0.835 0806 1.303 1.082 1l.158

DECEMBER
AREA SOLAR ENERGY TRANSMITTED CONTRIBUTION
Mk 2 (KJ/DAY) TO TOTAL

BEAM  DIFFUSE TOTAL BEAM  DIF. TOTAL

100. 242904. 82372, 324976. 0.402  0.094 0.219
263, 342971, 333855, 676826, 0.568 0380 0,457
263, 0. 333855, 333855, 0.0 0.380 0.225
28. 8962, 22958. 31919. 0.015 0.026 0.022
28. 8962. 22958. 31919. 0.015 0.026 0.022
100. 0. 8191 0. 81910. 0.0 0.093 0.055

TOTAL TRANSMITTED

BEAM DIFFUSE TOTAL T3GH TT54 BTF DTF TTF

603769, 877607. 1481404. 04824 0814 1.519 1.104 1,242
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'

ESTIMATION OF MONTHLY AVERAGE HOURLY DIFFUSE

AND TOTAL INSOLATION ON A HORIZONTAL SURFACE

FROM MONTHLY AVERAGE DAILY DIFFUSE AND TOTAL INSOLATION

For locations where both monthly average daily diffuse
and total insolation on a horizontal surface are measured,
the monthly average hourly diffuse and total insolation on
a horizohtal surface may be estimated using the Liu and Jordan
method (1960).

For the monthly average hourly diffuse solar radiation

on a horizontal surface, we have

id = ﬁd Ed , (C.1)

where

cos ms)] . (C.2)

Ty =(/24) [(cos w - cos w )/ (sin wg- wg

Similarly, for the monthly average hourly total solar

~

radiation incident on a horizontal surface, we have

I=Hr. (c.3)

The correlation of r with w and w, is given by Collares-

Pereira and Rabl (1979) as
r = (n/24)(a + b cosw) [ (cosw - COSws)/(Sinws - w_cosw )1,
s s

(C.4)

‘where

a=0.409 + 0.5016 sin(wS - 1.047) and

C.5
b = 0.6609 - 0.4767 sin(ws - 1.047), ( !



347

where W, is calculated using the following relation:
w, = arcos (- tan @ tan 6) . (C.6)

For locations where only the monthly average daily total
insolation on a horizontal surface is known, then correlation
equations must be used to separate the monthly average daily
total solar radiation into its two components. Many semi-
empirical equations have been proposed for such a purpose,
for example, Liu and Jordan (1962), Page (1961l), Tuller

(1976) and Igbal (1979).

LIU AND JORDAN'S CORRELATION

A least square fit to the data in Figure 8 of Liu and
Jordan (1962) yields the. following relationship between the

ratio ﬁd/ﬁ and K,,, as given by Klein et al (1976):

TI

= 1.3903 - 4.0273 Ky + 5.5315 R% - 3.108 R; . (C.7)

i |

RT in the above equation represents the ratio of the monthly
average daily total insolation on a horizontal surface to
the mean daily extraterrestrial solar radiation, ﬁo, for the

calendar month under consideration, therefore

KT = H/B0 . : (C.8)

The mean daily extraterrestrial radiation on a

horizontal surface may be calculated using
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n
- 1 j” 2
H = v H dn ’ ' . (C.g)
0 (n2 nl) n, 0

where n, and n, are the days of the year at the start and

end of each calendar month, respectively, and H, is the

0
daily extraterrestrial radiation on a horizontal surface
for day n.

The daiiy solar radiation incident on a horizontal °
surface outside the atmosphere for any location may be

calculated using the following equation as given by Duffie

and Beckman (1974):

_ 24 . . . '
HO = = I.E (cos @ cos § sin wg + wg sin g sin §) (C.10)

where the solar constant ISc = 4871 kJ/mZh.
The eccentricity correction factor for the solar constant

is calculated using:

E=14+ 0.033 cos (2mn/365) (C.11)

where the argument of the cosine is measured in radians.
The declination angle for any day n of the year may be

calculated using the following relationship:
§ = 23.45 sin {27n [(284+n)/365]} (C.12)

where the argument of the sine is measured in radians.
The mean daily extraterrestrial solar radiation on a

horizontal surface can be calculated more conveniently from
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equation (C.10) above, by selecting for each month, the
day of the year for which the daily extraterrestrial
solar radiation is nearly the saﬁe as the monthly mean
value. Recommended days for each month are given in

Table C.1.

PAGE'S CORRELATION

The relationship reported by Page (1961) can be

expressed as:

=1.00 - 1.13 RT . (C.13)

i |

The above relationship is derived from experimental measure-
ments at a limited number of ten stations.

For a comparison of the relationships reported by Liu
and Jordan, and Page and for a detailed discussion on the
accuracy of the two methods, the reader is referred to the

publication by Klein (1977).

TULLER'S CORRELATION

Tuller (1976) developed the following linear regression

equation:

= 0.84 - 0.62 RT . (C.14)

:‘L‘IlQ:

The above equation is based on monthly average daily total
and diffuse solar radiation data for the following four

Canadian locations: 'Toronto, Montreal, Goose Bay and Resolute.
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IQBAL'S CORRELATION

Ruth and Chant (1976), Hay (1976) and Tuller (1976)
have found that data for Resolute gave anamalous results.
Igbal (1979) excluded the Resolute data from the regression

analysis and obtained the following linear equation:

= 0.914 - 0.847 K

i |

T * .(C.15)
when only Montreal and Toronto data are included in the

linear regression analysis, Igbal (1979) obtained the

following relationship:

:CIIQ:

= 0.958 - 0.982 RT . (C.16)

Igbal (1979) also performed a comparative study of
all the correlations of the diffuse to the total radiation
which are briefly discussed here. The reader is referred
to the original publication by Igbal for the detailed

results and a more comprehensive discussion.

S
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ESTIMATION OF MONTHLY AVERAGE HOURLY DIFFUSE AND TOTAL

SOLAR RADIATION INCIDENT OF A TILTED SURFACE OF ANY

ORIENTATION

If the sky diffuse radiation is assumed isotropic, then
the total diffuse radiation and the ground reflected
radiation incident on a tilted surface is independent of its

azimuth angle and can simply be written as:

I =1

1 + cos R = 1 - cos B
apy a ——=2 — —_— (C.17)

+ DI 2 .

The two terms on the right hand side of equation (C.17)
represent the sky diffuse radiation and the radiation
reflected by the ground, respectively.

The beam radiation incident on a tilted surface can

be written as:

= _ T _ = cos ©
;bBY = U Id) cos 8, ! (C.18)

where 6 is the incidence angle for a surface hav%ng a tilt
angle B from the horizontal and an orientation angle y from
due south while eh is the incidence angle for a horizontal
surface.

The incidence angle for a horizontal surface is given
by

cos 8, = sin § sin @ + cos 8§ cos f cos w , - (C.19)

For the tilted surface, the incidence angle’ can be calculated

from the relation given by Duffie and Beckman (1974) as:
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cos 6 = sin 8§ sin @ cos B - sin 8§ cos @ sin B cos Y
+ cos 6§ cos @ cos B cos w
+ cos 8§ sin @ sin B coOs Y cos W

+ cos 8§ sin B sin vy sin w . (C.20)

The monthly average hourly diffuse and total radiation on
a horizontal surface are calculated using_equations (C.1)
and (C.3), respectively.

Igbal's correlation, equation (C.16), is assumed to be
valid for estimating the monthly average daily diffuse
radiation on.a horizontal surface as needed in equation

(C.1).



RECOMMENDED AVERAGE DAY FOR EACH MONTH*

Month

January
February
March
April
May

June
July
August
September
October
November

December

TABLE C.1

Day of the Year

17

47

75
105
135
162
198
228
258
288
318

344

* FromvS. A. Klein (1977)
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Date

January 17
February 16
March 16
April 15
May 15

June 11
July 17
August 14
September 15
October 15
November 14

December 10
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NOMENCLATURE

Definition

Eccentricity correction factor
Monthly average daily total solar

radiation on a horizontal surface

Daily extraterrestrial solar radiation

on a horizontal surface for day n

Monthly average daily extraterrestrial

solar radiation on a horizontal
surface

Monthly average daily diffuse solar
radiation on a horizontal surface
Monthly average hourly total solar
radiation on a horizontal surface
Monthly average hourly diffuse solar
radiation on a horizontal surface
Monthly average hourly beam solar
radiation on a tilted surface
Monthly average hourly diffuse solar
radiation on a tilted surface

Solar constant

Ratio of the monthly average daily
total solar radiation on a horizontal
surface to the daily extraterrestrial

solar radiation, RT = ﬁ/ﬁo

354

Units

dimensionless

dimensionless



R

iadl]
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Day of the year (January 1 - n = 1) dimensionless

Ratio of the monthly average hourly dimensionless

 total to the monthly average daily

total solar radiation on a horizontal

surface r = 1/H

Ratio of the monthly average hourly dimensionless

diffuse té the monthly average daily
diffuse solar radiation on a

horizontal surface rq = Id/Hd

Latitude angle (north positive) radians
Declination angle radians
Tilt angle from the horizontal radians
Surface azimuth angle radians
South - vy = 0
East —+ y = positive
West -+ y -+ negative
Incidence angle for a tilted surface radians
Incidence angle for a horizontal surface radians
Hour angle
Solar noon »> w = 0 radians
Mornings + w = positive
Afternoon -+ w -+ negative
Sunrise or sunset from angle for a radians
horizontal surface
Ground albedo dimensionless
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COMPUTER SIMULATION OF PSYCHROMETRIC PROPERTIES

The determination of selected psychrometric properties
of moist air is required for the estimation of livestock
ventilation rate and supplemental heat requirements.

Three computer subroutines for the calculation of the
psychrometric properties are discussed. Input parameters

requirement to the subroutine besides the total atmospheric

357

pressure are dew-point and dry-bulb temperatures, or humidity

and dry-bulb temperature. The method used here is that
described by Wilhelm (1976). The choice of Wilhelm's
procedure over methods given by Brooker (1967) is that

Wilhelm used SI units throughout his analysis.

CALCULATION OF THE WATER VAPOUR SATURATION PRESSURE

The saturétion pressure can be calculated from the
absolute dry-bulb temperature using one of the following

two equations, depending on the range of the dry-bulb

temperature.

For the range: =40 °c < tdb <0 Oc we have

PW g = exp (24.2779 - 6238.64/T - 0.344438 1n T) (D.1la)
14

and for the range: 0°¢c < tdb'i 120°C we have,

Pw g = exp (89.63121 - 7511.52/T + 0.02399897 T
14
- 1.1654551 x 107> T2 - 1.2810336 x 10" ° T3
. -11 , 4
+ 2.0998405 x 10 T - 12.150799 1n T) (D.1b)
where T = absolute temperature (K) = t + 273.16

db



SUBROUTINE I

INPUT:

OUTPUT:

Dry-bulb temperature, tdb'

Relative humidity, RH.

Atmospheric pressure, Patm

Actual water vapour pressure, P

W'
Po = (RH) (PW,S) .

Saturation humidity ratio, WS:

We = 0.62198 [PW,S/(Patm - PW,S)] .

Actual humidity ratio, W:

W= 0.62198 [PW/(Patm - PW)] .
Degree of saturation, Uu:

W= W/Wg .

Specific volume, v:

v = (Ra-T/Patm)(l + 1.6078 W)

h = 1.006 tg + W (2501 + 1.775 t
(o] ) (@]
for - 50°C < £y < 110°C .
Dew-Point temperature, tdp:
tgp = 5-994 + 12.41a + 0.4273 a?
(o] @)
for - 50°C < tdb < 07°C ;
_ 2
tgp = 6.983 + 14.38a + 1.079 a® ,
for 0°C < tg, < 50°C; and,
t. = 13.80 + 9.478a + 1.991 a® ,
dp

for 50°C < tap < 110°c ,

where a = 1ln (Pw) .

Specific enthalpy of moist air, h:

db) ’

’
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(D.2)

(D. 3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8a)

(D.8b)

(D.8c)

(D.9)
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SUBROUTINE II

In some instances weather data for environmental
humidity are reported in terms of dew-point temperature
rather than relative humidity. Therefore, subroutine I
must be slightly modified in order to be able to determine
the other psychrometric properties of the moist air.

First, the actual water vapour pressure must be
determined by solving either equation (D.la) or (D.1lb)
using the dew-point rather than the dry-bulb temperature
as input. Then, the actual humidity ratio can be calculated
directly using equation (D.4). With the use of this
calculated actual humidity ratio, the specific volume and
specific enthalpy of the moist air can be easily determined
from equations (D.6) and (D.7), respectively.

Determination of the environmental relative humidity
requires the solution of either equation (D.la) or (D.1lb)
with the dry-bulb temperature as the independent variable
to obtain the saturation water vapour pressure; then, the

corresponding relative humidity is simply:

RH = PW/P (D.10)

Ww,S )
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SUBROUTINE III

For inside conditions, usually the dry-bulb temperature
and the humidity ratio are known and it is needed to calculate
the dew-point temperature, the specific enthalpy, the specific
volume and the relative humidity of the indoor moist air.

The specific volume may be calculated directly using
equation (D.6) for the given dry-bulb temperature, actual
humidity ratio aﬁd atmospheric pressure.

The specific enthalpy can be found directly using equation
(D.7) for the known dry-bulb temperature and humidity ratio.
The calculation of the dew-point temperature requires the
knowledge of the actual vapour pressure of the moist air as
indicated by equation (D.9). This vapour pressure may be
calculated using a transformed form of equation (D.4) as

follows:

P = (w . Patm)/(0.62198 + W) ; (D.11)

then, the dew-point temperature is determined.by the
solution of one of the following equations: (D.8a), (D.8b)
or (D.8c).

If it is desired to determine the inside relative
humidity, then the saturation water vapour pressure must
be calculated.using either equation (D.la) or (D.lb); and
the relative humidity can then be calculated using equation

(D.10).



NOMENCLATURE

Definition

Specific enthalpy
Atmospheric pressure
Actual water vapour pressure'.

Saturation water vapour pressure

Relative humidity
Dry-bulb temperature
Dew-point temperature
Absolute temperature
Specific volume

Actual humidity ratio
Saturation humidity ratio

Degree of saturation
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Units

kJ.kga
kPa
kPa

kPa

3 -1
m 'kga

-1

kgw.kga
-1

kgw.kga

dimensionless
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APPENDIX E

HEAT AND MOISTURE
PRODUCTION BY SWINE
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HEAT AND MOISTURE PRODUCTION BY SWINE

Experimental results for the total and room latent
heat production of swine are given by Bond et al (1959).
Carson (1972) has developed regression equations for the
total heat generated by the animals and the total moisture
produced within the building as a funcﬁion of animal weight
and barn temperature from thé experimental data of Bond et al
(1959).

The total animal heat production is given by
X
TH = 4.186 x 10 (E.1)

where X = 1.761 + 0.035 log W - 0.00414t + 0.148 (log W)2

+ 0.00023t2 - 0.00563t . logW .. (E.2)

while, the moisture produced within the barn may be estimated
by
M, = 10 (E.3)

where Mw is in kilograms of water produced per hour per pig,
and
Y = 0.00539W - 1,4147 + 0.00171t - 0.0000579W.t

2 2

- 0.0000141wW" + 0.000446t" . (E.4)

Then, the room latent heat is determined using the heat of
vaporization of water, hfg’ evaluated at the inside barn

dry bulb temperature. Therefore,
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LH = Mw hfg (E.5)

where

hfg = 2504.44 - 2.4t . (E.6)

The total room sensible heat which is available for heating

of the outside ventilation air can be estimated by

= N

QSENS . SH (E.7)

where N is the number of animals in the building, and, the

sensible heat per animal is given by

SH = TH - LH . (E.8)

The estimated water vapour production within the swine
building as well as the total, sensible and latent heat
production by hogs as a function of animal weigh£ and
environmental temperature are given in Tables C.l1 to Tables
C.S. Also shown in the tables is the fraction of the total

heat produced which is in the latent form.



Symbol

z

QsEns
SH

TH

NOMENCLATURE

Definition

Latent heat of vaporization of water
Latent heat production

Moisture production

Number of animals in a building
Total sensible heat production
Animal senisble heat production
Total animal heat production

Inside dry-bulb temperature

Animal weight

365

Units
kJ.ng
kJ.ht per pig
kgw.h—l per pig
xJ.h~t

kJ.h1 per pig

1

kJ.h™~ per pig

e

kg



(A):
(B):
(C):
(D) :
(B):
(F);
(OF
(H):
(D
(J):
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APPENDIX F

HOURLY STMULATION RESULTS

FOR A

TYPICAL SWINE FINISHING BARN
"LOCATED IN
VANCOUVER, B.C.

(CASE STUDY I)

MONTH OF THE YEAR -
HOUR FROM MIDNIGHT -

DUTDOOR DRY-BULB TEMPERATURE FOR THE HOUR o
OUTDOOR DEW-POINT TEMPERATURE FOR THE HOUR O
TRANSMISSION HEAT LOSS FOR THE HOUR ~  kJ PER HoG
VENTILATION HEAT LOSS FOR THE HOUR kJ PER HOG
SUPPLEMENTAL HEAT REQUIREMENT FOR THE HOUR kJ PER Hoe
VENTILATION RATE REQUIREMENT om>,s7L pER HoG
TOTAL VENTILATION RATE W, s

POWER INPUT TO FANS KWH



TOTAL OF DAY

(A) (B) (C) (D) (E) (F) (G)
MUONTH HOUR <OUTOOR TENMP.D TRANS . VENTLTN, SupPL <V
DRY UEW LOSSES LOSSES HEAT /A
1 1 . -7 25.5 280.1 C.0
1 Z 03. -'-7 Z‘)oq 2?9.? 0.0
1 3 o2 “.8 26.0 . 279.6 0.0
1 4 o3 -7 259 ' 279.17 0.0
1 5 9 -7 2549 280.1 0.0
l. 6 oq —e b 25-0 " 280.6 0.0
1 4 1.5 ’“-5 2403 281.3 »0.0
1 - 8 2e1 -+3 2304 282.2 0-0
1 9 2.8 -2 2205 28301 0.0
1 10 3.5 -1 2le4 284.2 0.0
1 11 9.1 .l 2045 285.1 0.0
1 12 441 o2 19.7 285.8 0.0
1 13 5.1 «3 19.2 286.4 0.0
1 14 S¢3 3 18.9 286417 0.0
1 L5 Set o4 18.9 28647 0.0
1 16 P -3 19.2 28644 0.0
1 17 5.1 «3 19.6 286.0 0.0
1 18 4.7 2 20.1 285.4 0.0
1 19 4.1 2 20.8 . 284.8 0.0
1 20 3.5 -.1 21.7 283,.9 0.0
1 21 2.8 -2 225 283.0 0.0
14 ZZ 'Zol -03 23.“ 282.2 0-0
1 23 1.5 =e5 2443 281.3 0.0
1 24 ! 9 —eb 25.0 28046 0.0
\
939.2 6794.6 0.0

E2CZCER=TTIRISTVTIZISCSETETST

TABLE F.1

2 TS T TSI LEI_ITIIT_IZE EZTRXTNIIZI XS EEITTE=IZRR

(H) (I) (J)

ENTLTN RATED FAN
NIMZL TOTAL POWER
N
3.34 5.13 .08
3.26 5.06 .08
3.2¢ 5.03 .08
3.26 5.06 .08
3.34 5.13 .08
XY 5.26 .08
3.52 542 .09
3.67 5.63 <09
3.8¢ 5.87 .1C
4,0C b.14 .11
4417 betl e12
4,31 6.65 12
4.4¢ 685 .12
4.5% 6.98 e12
4.51 7.02 o112
4,54 6.97 .12
4445 6.84 .12
4.3¢ Geb4 Y.
4417 640 12
A3.qq 6013' ’ Jll
3.8¢ 5.87 .10
3.61 5.63 . «09
3.52 5.42 <09
3.42 5426 .08

2+48

-2 ITIXIETIITRNITTITIINT

L9t



TABLE F.2

————————— —— — ——— — — - — . —— " - - - - — - ——— - — D s L = A — S D Ve s G T - D b WD wp W A W TR WD GRS -- e WD wm -

tZ X F L N EEET R LRI F S AR RSN ISR S FEE L RSN EE SRR SRS RER R SRR R ERELRERERERERESZSSEERTERREERERRIJ]

(A) (B) (C) (D) (E)
MONTH HOUR <COUTDOR TEMP.> TRANS.
DRY DEW LOSSES
2 1 2.1 1.4 23.5
2 2 le8 1.3 23.8
2 3 1.7 1.3 23.9
) 4 1e8 1.3 23.8
2 5 2.1 1.4 2345
2 6 2e5 1.6 22.9
2 7 3.l 1.7 22.2
2 8 3.7 L.9 213
2 9 4.4 2.1 20,2
2 10 5.1 2.3 19.1
2 1l 5.8 2.5 18.1
2 12 be3 2.7 17.3
2. 13 6.8 2.8 16.8
2 14 7.0 2.9 16.5
2 15 7.1 2.9 16.5
2 L6 - 7.0 2.9 16.8
2 17 6.8 2.8 17.4
2 18 6.3 2.7 17.9
2 19 5.8 2.5 18.7
2 20 5S¢l 2.3 19.5
2 21 444 "2.1 2044
¢ 22 3.7 1.9 21.3
2 23 3.1 1.7 C 2242
2 24 2.5 Le6 22.9
TOTAL OF DAY " 486.6

T E ORI ER TR TR IIITSINRIISTTDIRNTETSETS

(F) (G) (H) (1) (J)
YENTLTN. SUPL CVENTLTN RATED FAN
LGSSES HEAT /ANIMEL  TOTAL POWER
282.1 0.0 3.6¢ 5e62 «09
281.8 0.0 3.6C 5«53 <06
28147 0.0 ~ 3.5¢ 5050 .09
281.8 0.0 3.6C 5¢53 .09
282.1 0.0 J.6¢ 562 .06
28247 0.0 3.7¢ 5,77 .10
28344 0.0 3.86 5.98 .10
28443 0.0 4.0¢ be2b ol1
28544 0.0 4,2¢ 6.54% el2
28645 0.0 4.417 6.87 .12
287.4 0.0 4,66 7.21 el4
28842 0.0 4.,9C 7.53 «15
288.8 0.0 5.07 7.78 o1&
289.1 0.0 SelE - 7.95 el7
289.1 0.0 5.21 8.01 17
288.7 . 0.0 Sel7 . 7.94 .17
288.2 0.0 5.0€¢ .77 e lE
287.6 0.0 4,89 7.51 el5
286.9 0.0 4.68 7.20 e l4
286.1 0.0 4447 6.86 e12
28542 0.0 4,2°¢ 6.53 e12
28443 0.0 4.0¢ 6.23 .11
283.4 0.0 386 5.98 .1C
282.7 0.0 3.7¢ S5e77 «1C
684743 0.0 2.98

”"""”."““u““““.hu“““”“n".‘u'n.."“““u“"u“.‘“

89¢



TABLE F.3

(a) (B) (C) (D) (E) ' (F) (G) (H) (1) (J)
MONTH HOUR  COUTDOR TEMP.) TRANS. VENTLTN. SuUPL CYVENTLIN RATE)D FAN
DRY VE LOSSES LOSSES HEAT JANIMEL TOTAL POWER

3 L 2.5 1.2 22.9 282.6 0.0 3.7¢ 5.76 .1C

3 2 2.2 1.1 23.3 282.3 0.0 3.6E 5466 .09

3 3 2.1 1.1 23.4 28242 0.0 3.66€ 563 «09
3 4 2.2 1.1 23.3 282.3 0.0 3.6€ 5466 .09
3 5 2.5 | 22.9 28246 0.0 3.7¢ 5.76 e1C
3 6 3.0 1.3 224 28342 0.0 3.8¢ 5.93 e1C
3 7 3.6 1-’0 21-5 28‘4.1 0-0 4.01 . 6.16 oll
3 8 4.3 Leb 20.4 28541 0.0 4.2C be4b6 12
3 9 5.0 leH8 19.2 28643 0.0 4442 6.81 el3
3 10 57 2.0 18.1 281745 0.0 4.6€ 7.19 el4
3 11 6.4 2.1 17.0 288.6 0.0 4494 7.59 15
3 12 7.0 2.3 162 289.4 0.0 Selé& 7.96 .17
-3 13 7.5 2+ 4 156 290.0 0.0 5436 Be27 .18
3 14 7.8 2.4 19.3 290.3 0.0 5452 8.48 16
3 L5 7.9 2.5 15.3 - 290.3 0.0 5¢5€ 8.54 .19
3 16 7.8 2.4 1546 290.0 0.0 5451 Batt? e16
3 17 1.9 2.4 16,2 28943 0.0 5¢37 - 8425 . .18
3 18 740 243 17.0 288.6 0.0 5417 7.94 17
3 19 ) 2.1 17.8 2817.8 0.0 . 4491 757 15
3 20 Sa? 2.0 18.7 28649 0.0 4467 7.18. 14
3 21 540 1.8 19,7 28%.9 " 0.0 4447 6480 13
3 22 443 1.6 20.7 284.9 0.0 4,2¢C 6445 el2
3 23 3.6 le 4 21.6 284.0 0.0 4,01 . 6416 el1
3 24 ‘3.0 1.3 22.4 T 28342 0.0 3.8¢ 5.93 «1C
TOTAL OF DAY 46646 © 686743 0.0 ' 3.22

R F T R SR R 3 N r TS R R T I S NI I I X X S IS OIS T M SIS XN I I R R I N ERITEIRNZERTRNRICTITRIERCF

69¢



TABLE F.4

(F)

VENTLTN
LOSSES

(H)

(I)

CVENTLTIN RATED

FANTMAL

TOTAL

- —— G - - S W M R e G S S A M M D A A A G G S WP e D L W D W S G D G D AP W P WD M WD W W e W

28642
285.7
285.6
285.7
28642
28649
28840
289.3
290.7
292.0
293.2
294.2
294.9
1295.3
29543
294.9
294.2
293.3
292.2
291.1
290.0
288.8
287.8
28649

e & e & o 8¢ & & o o 0 & 4 & » s s vV B B s 0
[cXoNeNeNoNolNelooNeNolleleloleNoNoNeoNelo ol eNoNol

[eReloNeoNoNoNeloloNoleNeNeloleNoNoloNololNoNeNeNo)

445(
4436

4.3¢

4436

445(
4.6E

4,94

5.2¢
5e7C
6el1E
6ba.7C
71.2¢
T.61
T.9E
8.06
1917
7«65
7.19

6.67"

6ol€
5.68
5.217
4.94
4.6

b.ql
6.75
6.69
6.75

6.91
7.19

759
B8.11
8. 75
9,49
10.29
11.09
11.78
12.26
12.42
12.24

11.75
11.05

10425

9.46
Be73
8.10

7.58
7.19

12
o 14

.15
17
« 20
23
«2€
«30
34
«36
«37
.36
«33
«3C
«2€
23
«2C
17
15
ol4

==S::8333:8::2:2==3===':====8==3===::2:3333223‘:::2::8212-3S=83328283388=:=’=8g,=ﬂ=

(A) (B) (C) (D) (E)
MONTH HOUR  <UUTDOR TEMP.>  TRANS.
DRY DEW LCSSES

4 1 542 3.0 T 19.4
4 2 4.9 2.9 19.9
4 3 4.8 249 2040
4 4 4.9 2.9 19.9
4 5 5.2 3.0 19.4
4 6 5.8 3.1 18.7
4 7 6.9 3.2 17.6
4 8 7.3 3.4 16.3
4 9 82 3.6 14.9
4 10 9.0 3.7 13.5
a 11 9.9 3.9 12.3
4 12 1C.5 4.0 11.4
4 13 11.1 4.1 10.7
4 14 11.4 4.2 10.3
4 15 11.5 4.2 10.3
4 16 1l.4 442 1046
4 17 11.1 4.1 11.3
4 18 10.5 4.0 12.3
4 19 9.9 3.9 13.4
4 20 9.0 3.7 14.5
4 21 8.2 3.5 15.6
4 22 7.3 3.4 1648
@ 23 645 3,2 17.8
4 24 5.8 3.1 18.7

TOTAL OF DAY 36544

6968.5 .

0.0

5.29

v I F S B N S ES XSS LSS SRR SRS AR SR RS EREEEREEE TR TR E R SR ERERERERREEERESEELRERIEEERERESE]

0LE



TABLE F.5

(a) (B) (C) (D) (E) (F) - (G) (H) (1) (J)
MONTH HOUR COUTDUR TEMP.)D> TRANS. =~ VENTLTN, SUPL CVENTLTIN RATED> FAN
DRY DEW LOSSES LGSSES ,  HEAT /ANIM2L  TOTAL POWER

5 1 Be5 6.0 15.2 290.4 c.0 5484 8.97 .21
5 2 8,1 5.9 15,7 289.9 0.0 5eb € 8.70 .16
5 3 8.0 549 15.8 289,38 0.0 5.6C 8.61 .19
5 4 8el 5.9 15.7 289.9 0.0 Seb¢ 8.70 e 16
5 5 8.5 6.0 15.2 290.4 0.0 5484 8.97 .21
5 6 9.0 6.1 14.3 ©291.3 0.0 6ol - 9.45 022
5 7 98 63 13.1 . . 292.5 0.0 6.61 . 10.16 o2t
5 8 10.6 6e5 11.7 293.9 0.0 7.24 11.12 «3C"
5 9 11.% 6.8 103 . 29543 0.0 Be04 12.35 $37
5 10 12.4 7.0 B9 2964 1 0.0 9,03 13.88 bt
5 11 13.2 7.2 7.7 297.9 0.0 10.16 15.66 517
5 12 . 14.0 7.4 67 298,9 0.0 lle44 17.58 .71
5 13 14.5 7.5 6.0 299.6 0.0 12.5¢ 19.39 .86
5 14 14,9 7.6 5.6 300.0 0.0 13.49 20472 <93
5 15 1560 7.7 - 56 . 300.0 0.0 13.81 21.21  1.02
5 .16 14.9 7.6 5.9 '299.6 0.0 13.47 20,69 .97
5 17 14.5 7.5 6.6 298.9 0.0 12.56 19.34 .86
5 18 14.0 7.4 7.7 297.9 0.0 11.4C 17.51 .71
5 19 13.2 7.2 8.8 296417 0.0 10.15 15.59 51
5 20 12.4 7.0 10.1 29545 , 0.0 8.96 13.81 45
5 21 115 6.8 11.3 29443 0.0 8.01 12.30 36
5 22 10.6 beb 12.5 293.1 0.0 7.22 11.09 «3C
5 23 9.8 6e3 13.5 S 292.1 0.0 6e6C 10.14 026
5 24 9.0 6ol 14.5 291.1 0.0 6.15 9.45 22

TUTAL OF DAY | 25842 707541 0.0 11.44

.
3 T R E R Y R T T T T ER T N S T I A E RS I AN S R NIRRT IR IRNIRIERNRNERTIIIN=TE
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TABLE F.6

(a) . (B) (C) (D) (E) - (F) (G) (H) (1) ()
MUNTH HOUR <OUTDOR TEMP.> TRANS . VENTLTN. SUPL CYENTLTN RATED FAN
DRY DEW LOSSES LOSSES HEAT JANIM2L TOTAL POWER

6 1 1l.1 9.0 11.8 293.8 0.0 7.62 11.71 12

6 2 10.8 Be9 12.2 293.4 0.0 7.34 11.27 <31

6 3 10.7 Be 12.4 293.1 0.0 7.24 11.13 " «3C

6 4 "10.8 ) 12.2 293.4 0.0 734 11.27 031

6 6 1l1.6 9.1 10.8 29448 0.0 Bel4 12.50 e37

6 7 12.3 9.2 9.7 295.9 0.0 8.91 13.68 Y

6 8 13.1 9.3 8.4 297.2 0.0 10.0C 15.36 55

6 9 . 14.0 EI) 6.9 298.6 0.0 11.5C 17.66 72

b 10 1".9 ")-7 5.6 300-0 0.0 13."09 20073 .98

6 L1 15.7 9.8 4.5 301.1 0.0 16.08 24.69 1e37

6 12 " l6et 9.9 3.5 302.1 0.0 19.21 29.50 1.93

6 13 1649 10.0 2.8 302.8 0.0 22.5¢ 34,65 2462

6 L4 1 7.2 10.1 2.4 303.2 0.0 2531 38.88 3.28

6 15 17.3 10.1 244 30342 0.0 26..4C 40,55 355

6 16° 17.2 10.1 2.8 i 302.8 0.0 25.2¢ 38.83 3.27

6 L7 16.9 10.0 3.9 ©302.1 0.0 22.5C 34,56 2.61

6 18 16.4 9e 9 4.4 301.2 0.0 19.14 29,40 1.91

6 19 15.7 9.8 5% 300.0 0.0 16.01 24,59 1.3¢

b 20 14.9 9.7 6.8 “ 298.8 0.0 13,44 20.64 97

6 21 14.0 9.5% 8.0 297.5" 0.0 11.4% 17.58 o 71

6 22 S 13.1 9.3 9.2 29644 0.0 9,91 15.31 e55

6 23 12.3 9.2 10.2 29543 " 060 8486 13.65 . 44

6 24 11.6 9.1 11.1 29444 0.0 BelZ 12.48 .37
l==3::3:8322232:::‘:83::2::2====32=3:==‘==883:838838::38:!!:8883’!838’:!8!82!”388832
TUTAL UF DAY 17849 7195.0 "~ 0.0 29.6C

T T IR T rF X I I RS I NI I N R I R 3 S T T IR T IS T T IS ST IS TSI XTI LS ERALATIRIIICSNITSEIEINIRENTEEZRTNTIEE IS
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(p) (B) (C)
MUNTH HUUR COUTOOR TEMP, > TRANS, VENTLTN.,
DRY DEW  LOSSES LOSSES
7 1 12.8 11.0 9.6 296.0
7 2 124 10.9 10.1 29545
4 3 12.3 10.9 10.2 29543
7 4 12.4 10.9 . 10.1 295.5
7 5 12.8 11.0 9.5 29641
7 6 13.4 11.1 8e5 29741
7 7 1442 11.2 7.2 298.4
7 B8 15.1 11.4 547 299.9
7 9 . 16.1 11.6 4,1 301.4
7 10 17.1 11.8 2.6 303.0
7 11 18.0 12.0 le3 304.3
7 12 18.8 12.1 o2 305.4
7 13 19.4 12.2 0.0 306.2
7 14 19.8 12.3 0.0 30646
7 15 19.9 12.3 0.0 30646
7 16 19.8 12.3 0.0 306.2
7 17 19.4 12.2 o2 305.4
7 18 18.8 12.1 1.3 304.3
7 19 18.0 12.0 leb 303.0
7 20 17.1 11.8 4.0 301.6
7 21 16.1 11.6 %¢3 300.3
7 22 15.1 11.4 6.6 299.0
7 23 14.2 11.2 7.8 297.8
7 24 13.4 11.1 He8 296.8
===8=88==8=3===28!=88====.2=!8:é232328382.==8=====:.2=
TUTAL OF DAY 11546 7221.5

TIRNRTBETTTICTZIRIT_ TSI X =TT

TABLE F.7

(D) (E) (F)

® & 6 & 0 8 6 6 o 5 060 5 5 6 8 s e o s 0 »
CO 00O OO0 N0 OCO OO0

QO O0OO0COOCOCOOOOODOODOOOOCODODOOO

(H)

CVENTLIN
FANIMAL

7451
9.0
8.8¢
9002
9.51

\1OQQZ

11.86 .
14416
17.8¢
24,02
35.2C
50.0C
5040
50.0C
5040C
5040C
50.0C
50.0C
35.01
23.86
17.7€
l4.14

11.8¢.
10.41

(1)
RATE>

TOTAL

14.61
13.85
13.61

13.85

l4.61
16.01
18.26
21.80
27.44
36.89
54.07

"16.80
76.80

76.80
16.80
76.80
76.80
16.80
53.78
3E.69
27.31
21.72

18,22
15.99

«6C

EE R E R ERE R A S EEET EE I EFEEEEER N 2

0.0

112.64
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TABLE F.8

(a)  (B) (C) (D) (E) (F) (G) (H) (1) (J)

MUONTH HOUR CUUTDUR TEMP.D TRANS., VENTLTN.  SUPL CVENTLTIN RATE)> FAN
LRY | DEW LOSSES LGSSES HEAT FANIMAL TOTAL POWER
8 1 13.8 Ila6 8.4 297.2 0.0 11.01 15.91 66
8 2 13.5 11.6 8.8 296.8 0.0 10.41 16.08 «60
8 3 13.4 11.6 8.9 296.17 0.0. 10.3¢C 15.82 «58
8 4 13.5 11.6 8.8 296.8 0.0 10.417 16.08 «6C
) 5 13.8 11.7 Be4 297.2 0.0 11.01 16.92 X
8 6 14,3 1l.4 7.6 298.0 - 0.0 12.0C 18.44 .78
8 7 L4.9 11.9 6.4 299.1 0.0 13.6¢C 20.88 «96
] 8 15.7. 12.0° 5e¢1° 300.5 0.0 16.0¢ 24.66 1.36
] 9 l6.5 = 12.2 3.6 302.0 0.0 19.8¢ 30.53 "2.08
8 10 17.3 12.4 2.3 303.3 0.0 26.,0C 39,94 '3445
8 11 18.1 12.5 1.1 304.5 0.0 36.34 5582 6.56
8 12 1847 12.6 .2 30544 0.0 50.0C 16.80 11.99
3 13 19.2 12.8 0.0 306.0 0.0 50.0C 76.80 11.99
8 14 19.5 12.8 0.0 306.4 0.C 50.0C 76.80 11.99
8 15 19.6 12.8 0.0 " 306.3 0.0 50.,0C 76.80 11.96
8 16 19.5 12.8 0.0 305.9 Ue0 50.0C 76,80 11.99
3 17 19.2 12.7 5 309.1 0.0 50.0C 76.80 11.96
8 13 18.7 12.6 1.5 304.1 0.0 50.0C 76. 80 11.99
8 19 18.1 12.5 2.7 302.9 0.0 36411 55447 6.48
8 20 1743 12.4 3.8 301.7 0.0 25.8% 39.70 3.41
8 21 1645 12.2 4.9 300.7 0.0 19.7¢ . 30.38 2.04
B 22 1547 12.0 5e9 299.7 0.0 16.0C 24.58 1.3¢
8 23 1449 11.9 '6e9 298417 0.0 13.57 20.84 «96
8 24 14.3 11.8 7.7 " 297.8 0.0 12.0C 18.42 78
TGTAL OF DAY ' : 103.% 1232417 0.0 117.28
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TABLE F.9

(a) (B) (C) (D) (E) (F) (G) (H) (1) (J)
MONTH HOUR CQUTDOR TEMP D> TRANS « VENTLTN. SUPL CVENTLTIN RATE> FAN
DK Y DEW LOSSES LUSSES HEAT JANIM2L  TOTAL PCWER
9 1 11.1 9.4 11.9 293.7 0.0 7.5¢ 11.65 .32
9 2 10.7 93 12.3 293.3 0.0 7.26 11.20 .31
9 3 10.6 943 12.5 293.1 0.0 7.2C 11.06 «3C
9 4 1Ca7 9.3 12.3 293.3 0.0 7.3C 11.21 .31
Y 5 11.1 9.4 11.9 ' 293.7 0.0 7.58 11.65 .33
9 6 11.6 949 11.2 29444 0.0 8.09 12.43 . 37
97 12.3 9.6 10.1 29944 0.0 8.8¢ 13.61 A
9 8 13.1 9.8 Ba8 29648 0.0 9.9¢ 15.30 <59
9 9 14.0 10.0 7.3 298.3 0.0 11.4¢ 17.63 e 72
9 10 L4.9 10.2 5e¢9 299.7 0.0 "13.51 20475 .98
9 11 157 ° 10.4 4,6 301.0 0.0 16.15% 24.81 1.38
9 12 leea 1045 3.6 302.0 0.0 19.3¢€ 29.76 1.9¢
9 13 - 16.9 10.6 2.9 ©302a47 0.0 22.8¢% 3%.10 2.69
9 14 17.3 10.7 2.6 303.0 0.0 2574 . 39,53 3.39
9 15 17.4 - 10,7 2.6 303.0 00 26 8E 41,29 3,68
9 17 1649 10.6 3.8 301.8 0.0 22.7¢ 34.98 2.68
9 18 16.4 10.5 4.4 300.8 0.0 19.265 29.63 l.94
9 19 15.7 10.4 5.8 299.7 0.0 16.06  24.70 1.37
9 20 14.9 10.2 7.0 298.6 0.0 13.4¢ 20.67 97
9 21 14.0 10.0 8.0 2975 0.0 11l.44 17.58 o 71
9 - 22 13.1 9.8 9.2 29644 _ C.0 9.94 15.27 «55
9 23 12.3 9.6 10.3 295.3 0.0 8.85 13.60 e
9 24 dlet 9.5 11.2 294.4 0.0 8.06 12.42 37
TOTAL OF DAY 183.6 7150.3 0.0 , 30.12

2822233333.::22:::::2::::::::3:::::::::::3::==3=22=:::=:=88==:2‘ﬂ=.!::833::38=:=3==3
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TABLE F.10

(a) (B) (C) (D) (E) (F) (G) (H) (r)- (J)
MONTH HOUR CUUTDOR TEMP.>  TRANS.  VENTLIN, SUPL CVENTLTN RATED FAN
DRY DEW LOSSES LGSSES HEAT /ANIMAL TOTAL POWER
10 1 6.9 bel 17.2 288.4 0.0 Seli 7.86 J1E
10 2 6.7 6.0 17.5 288.0 0.0 540C 7.68° .l€
10 3 6.6 640 17.7 287.9 0.0 4.9¢€ 7.62 .15
10 4 6.7 6.0 17.5 288.0 0.0 540( 7.68 . l€
10 ) 6.9 6.1 17.2 268.4 0.0 5412 7.86 . l€
10 6 7.4 6e2 16.6 289.0 0.0 Sel1l 8e15 - e17
10 7 8.0 6e4 15.8 289,7 0.0 545E 8.57 .16
10 8 8.7 6eb6 14.9 290.7 0.0 5.94 . 9,12 .21
L0 9 9.4 6.8 13.7 291.9 0.0 631 9.79 e 24
10 10 10.1 7.0 12.5 | 293.1 . 0.0 6.87 10.56 .27
10 11 10.8 7.2 Ll.4 294.2 0.0 7.41 11,38 .32
10 12 11.4° 7e4 10.6 295.0 0.0 7.94 12.19 .36
10 13 . 11.9 7.5 10.0 295.6 0.0 8.36 12.89 <40
10 L4 12.1 7.6 9.7 295.9 C.0 8.7C 13.3¢ o2
10 15 12.2 7.6 9.8 295.8 0.0 B.8C 13.52 o4
10 16* 12.1 7.6 10.1 29545 0.0 8.66 13.34 - .42
10 17 11.9 7.5 10.7 . 29448 0.0 8.37 12.85 <36
10 18 1l.% 7.4 11.4 294.2 0.0 7.91 12.15 .36
10 . 19 10.8 7.2 12.2 293.4 0.0 7.36 11.35 .31
10 20 10.1 7.0 13.1 292.5 0.0 6.8¢ 10.53 e 217
10 21 9.4 6.8 14.0 291.6 0.0 6e3€ 9.78 W24
1o 22 8.7 6.6 14.9 290.6 0.0 5e94 9.12 .21
1o 23 8.0 b4 15.8 289.7 0.0 5.5 B8.57 .19
10 24 7.4 642 16.6 289.0 0.0 5431 8.15 e17
TOTAL OF DAY 331.1 7002.7 0.0 6.38
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TABLE F.1l1

(A) (B) (cy (D) (E) - (F) (G) (H) (1) (J)

MONTH HOUR <OUTDOR TENP.D TRANS . VENTLTN. SUPL <VENTLTIN RATED FAN
DRY OEW LOSSES LGSSES HEAT C/ANIMAL  TOTAL POWER
11 1 3.9 244 212 284.4 0.0 44,09 628 «11
11 2 3.6 2.3 215 284.0 0.0 4.0¢ 6.18 o11
11 3 3.5 2.3 2le6 284,0 0.0 4.0C 615 «11
1L 4 3.0 2.3 21.5 284,0 0.0 4.C¢ 6.18 11
11 5 3.9 2e 4 2142 2B84.4 0.0 4,06 6.28 o1l1
1L 6 4.2 245 2047 28449 0.0 4,2C 6e45 12
11 7 4.8 "2eb 20.0 285.6 0.0 443% 6467 e12
11 3 5.3 2.8 19.2 286,3 0.0 4.51 6.96 " el3
11 9 6.0 2.9 18.3 2817.2 0.0 4.75 7.30 «l4
11 10 6.6 3.1 17.3 288.3 0.0 4,99 Te617 . el6
11 11 7e¢2 - 3.3 164 289.2 0e0 5«24 B.04 «17
11 12 1.7 3.4 15.7 28G9.9 0.0 5e46€ 8,39 - «18
11 13 8.1 3.5 1%.2 290.4 0.0 S5.6% 8.68 «1l6
11 14 8.3 3.6 14.9 290.06 0.0 5677 - 8487 « 20
11 15 Be4 3.6 15.0 29C.6 0.0 5.81 8.93 2C
11 16 - 8.3 3.6 15.3 290.3 0.0 S5.717 8.86 «2C
117 8.1 3.5 15.7 289.9 0.0 5e64 8.66 .19
11 18 1.7 3.4 16.2 289,31 0.0 54% 8.38 «1l8
11 19 1e2 3.3 16.9 288.7 0.0 522 8,03 P
11 20 6.6 3.1 17.7 287.9 0.0 4.9E€ 7.66 «l€
11 22 5.3 2.8 19,2 286.3 0.0 4,52 696 12
11 23 4,7 2e6 20.0 285.¢ 0.0 4.34 6.67 . s 12
Ll 24 447 29 2047 284,9 0.0 4.2C 6e45 o1l
==z::s:::::a:::3zz:zg::===:=z:z=x::===::::a::a:z::::z:a:z::zaz:iaxixz:xx:::at::a:z
TOTAL GF DAY ' o 440.1 6893.8 0.0 - 358
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TABLE F.12

T o T T . T e (. 0 =6 mr o s 17 = 0 L 0 = o o e = . A . - - — —— - T — — - - - ——— - D = " > W - = - - -

(A) (B) (C) (D) (E) ‘ (F)
MUNTH HOUR <OUTDOR TEMP . > TRANS, VENTLIN.
LRY DEW LOSSES LGSSES
12 1 1.3 .5 24.5 28141
12 2 lel 9 2444 . 280.8
12 3 1.0 e5 24.9 280,77
12 4 lel 5 24.8 280.8
12 5 1.3 9 24.% - 281l.1
12 6 1.7 o6 24.0 281.5
12 7 2.1 b 23.4 282.2
12 8 2.6 o7 . 22.8 282.8
12 10 3.8 .9 21.1 284,55
12 11 4.3 1.0 20.3 285.3
12 12 4.8 1.1 19.6 285.9
12. 13 5.1 1.2 19.2 28644
12 14 5.3 1.2 19.0 286406
12 15 5¢4 1.2 19.0 286.6
12 16 5.3 1.2 19.2 28644
12 17 5.1 1.2 19.5 - 286.1
12 18 4.8 l.1 20.0 285.6
12 L9 4.3 1.0 2048 L 285,40
12 20 3.8 o9 - 213 284.3
12 21 3.2 . .8 2240 283.6
12 22 2.6 o7 22.8 282.8
12 23 2.1 6 23.4 282.2
12 24 le7 o6 24.0 28le5
52667 6807.2

TUTAL  OF DAY

T=Z=z=TT =

’

00 0000000 CO0CCOO0OCCOOOa o

® o & &6 6 6 ¢ o 8 2 &6 0 5 & 5 8 s

0.0

(H) (I)
'CYENTLTN RATED
/ANIM2L  TOTAL
346 5¢36
3.4¢ 5.30
3.4 5.27
3.45% 5430
3.4 5436
3.5¢ 5.47
3.6¢€ 5463
3J.92 6.03
4,017 6.26
4.2¢ 6449
4.3¢ 6.70
44 6.87
4.54 6.97
4.5€ 7.01
4454 6.97
4.4¢ 6.86
4.3% 6.69
4.2¢ 6.48
4,07 6.25
.92 6.02
3.7¢ 5.81
3.6¢ 5.63
5.47

3.5¢

«13
«12
13

C .12

.13
.12

«12
«11
«1C
«1C

«09
«09

I I T S T I R AT IR ZE TSI R IR EIEITIRLEIERICAIRINNIIE PR
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(A
(B):
(©):
(D)
(B):
(F):
(6):

(H):

APPENDIX G |

HOURLY SIMULATION RESULTS
FOR A
TYPICAL GABLE GLASS HOUSE
VANCOUVER, B.C.
(CASE STUDY ID)

MINIMUM INSIDE TEMPERATURE: 15°C,

MONTH OF THE YEAR -
HOUR FROM MIDNIGHT -

SOLAR RADIATION INPUT KJ
INFILTRATION HEAT LOSS KJ
TRANSMISSION HEAT LOSS KJ
TOTAL HEAT LOSS KJ
SUPPLEMENTAL HEAT REQUIREMENT KJ

FRACTION OF THE TOTAL HEAT LOSS
SUPPLIED BY SOLAR

379



TABLE G.1

(A) (B) (c) (D) (E) (F) (G) (H)

MUNTH HOUR SULAR INFILTRATION TRANSMISSION TOTAL SUPPLEMENTAL FRACTION
RADIATION LUSSES : LOSSES HEAT REQUIRD OF LOAD

, 1 1 0. 74086€. 654441 728527, -728521. 0.000
1 2 0 75432 666640, 74407Z. -744C72. 0.000

1 3 Q. 758904 672C56. 74794€. -747G46, 0.000

1 4 , C. 75429, 668639, 7440665, - =744069. 0.000

1 5 Ge 74082, 654440, 728522 -728522. 0.000

1 6 . ' 71938, 640117, 712C5°%. -712055. 0.000

1 7 0. 69146, 616367, 69551¢e . -685512. 0.000

| A ¢} 0. 658194, 587881, 653717¢. ~653776. 0.C00

1 9 235281. © £2405. 559359, 62176%. -386484., 373

1 10 670699, T 58917, 527G2H. 596844, Oe 1.000

1 1l YBB2UB . 55666 499443, 555106 C. 1.000

1 12 1125816, 52875 475693, 52856¢€. _ O. 1.GC0

1 13 1125816 50734. 456788, . 507522, 1 1.C00

] 14 9388208 . 49389, . 447171e 49656C. 0. 1.C00
115 670699. 48931 446360, 49529C. _ : 0. 1.000

1 15 235281 49391, . 453426 50281€. -2675317. T .468

1 17 O. 950739, 4676264 518365, -5183K5. 0.C00

1 18 . 0. s2882. 481649, 534831, -534831., 0.000
119 ’ 0. 55675 505699« 561374, -561374. 0.000
120 U. A 8926, 534184, 593111, =9593111. 0.000

1 21 : Oe : 62415, 559361, T e2117¢. -62177¢. 0.000

1 22 0. 65904. 587883, 6537817 -6931787. 0.000

1 23 0. 69154, bl6368. 68552¢ « . -685522. 0.000

1 24 0. . 71945, : 640118, 712C64. -712064. 0.000
TOTAL UF MONTH 6040006, 1497848, 13421936, 1491978¢, ~11279329. . 244
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(A)

(B)
MUNTH HOUR

()
SCLAR

RAUDIATLIUN

0.

Q.-

0.

0.

O.

O.

0.
105825.
487117,
702483
11$9902.
1329671,
13296171,
1195902,
902433,
487117,
105825,
O.

O

0.

0‘

(D)
INFILTRATION

65985
€73b4,
67833,
67361,
65980
63784.
60922.
57591«
54016,
50441,
47110.
44250,
42057
4n678.
40209.
40681,
42062,
44298
L 47119,
50451,
54026
957601,
609Y31.
637191,

TABLE G.2

(E)

TRANSMISSION

LOSSES

591241,
602100.
605518.
602099 .
Y91240.
972245
548484,
521305.
447447,
456580.
424159.

399820.

383158,
371204,
371C£0.
378119,
392682,
411977.
434420,
462G17.
491453,

521306.

548436,
572247,

EREo X2 3IT-oXCXT

11741558,

(F)

TCT2L
LOSSES

65722¢.
669463,
673351,
66946C.
65722C.

636029, .

6094C 7.
57889¢%,
5414612,
507021,
47127C.

425214.
41188¢.
41125%.
. 418795,
435Cac¢,
456234.
48153¢.
5133¢€.
545475,

6094li.
63603¢.

444C71.

-329219.

578907« °

(G)

SUPPLEMENTAL
HEAT REQUIRD

-65722bo
-669463.
-673351.
-669460.
-657220.
-636029.
-609407.

-473070.

-5"3‘06.
Q.
0.

Q.

O.
Q.

0.
O.

-456234.
-4815139.
-513368.
-545475.
-578907.
-609417.
-636C38.

=23=:======3!===3=====3=:=88

1203805¢.

-9249772.

F

(H)

RACTION
OF LOAD

0.C00
0.000
0.000
0.C00
0.CCO
0.000

0.000

.183

«2G0
1.C00
1.C00
1.000
1.C00
1.000
1.000
1.000

«243
0.000
0.000
0.000
0.000
0.000
0.000
0.000

ZErITTAREITXEI=TI

«291

18¢



(A)

MONTH HOUR

(B)

(C)

SULAR
RADIATIUON

- - G — - - — R . D D - S T - S W D W W T TP e e e = -

O.

o'

0.

O.

Q.

0.
61648,
377622,
841215,

1272174
1558719,

16891848,
lo89188.
1558719,
1272174,
84l215.
377622,
61648,
U.

C.

O.

Ve

(D)

INFILTRATIUN

63962,
65438,
65940,
65435,
63957.
61606,
58543,
549717,
951151.
47324,

43799,

40698,
38350.
36874,
36372,
36877.
38355,
40706,
43769,
47335,
51161,
54988,
58553,
6lola.

TABLE G.3

(E)

TRANSMISSION
LOSSES

573591,
587810,
591234,
587810
573590,
5545172,
529461
496842,
457527,
424771,
391656,
365692
346%G3.
334625,
333668,
342553,

359C23.

3getei.
4017237,
4319117.
469C09.
500929,
530781,

554%173.

11135410,

TREs=T=T ==X

(F)

TOT2L
LOSSES

637551,
653248,
657174,
65324%,
637541,
61617¢.
58800¢%,
551816,
50907¢€.
47209¢%.
435414,
406391
384942,
371499,
37026C.
37943C.
39737¢.
4228131,
45100¢.
486457 .
520171.
55591 7.
589133¢,

616187

12363154,

(G)

SUPPLEMENTAL
HEAT REQUIRD

-61375%3.
-653248.
-6957174,
-653245.
-637547.
-616178.
~-52635¢,
~-174198,
O.

C.

C.

0.

0.

0.

Q.

Q.
-19757.
-361184.
-4B86452.

- =-520171.

-55%917.
-589334.

-8155505.

(H)

FRACTION
OF LOGAD

0.000
0.0CO
0.CCO
0.0cCO
C.C00
0.000
«105
e84
1.000
1.000
1.000
1.000
1.000
1.000
1.C00
1.000
«950

e 146

1 0.000
0.000
0,000
"0.CCO
- 0.000
0.000

e T TR IRIIIRTATITIEI= BT

«340

T EIST TR RNIETINTI=ER=N,
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(A)

MONTH HOUR

(B)

(C)

SUL AR

RADIATION

(D)

INFILTRATIUN

TABLE G.4

(E)

TRANSMISSIUN

LUSSES

(F)

TOTAL
LOSSES

(G)

SUPPLENMENTAL
HEAT REQUIRD

(H)

FRACTIGN
OF LOAD

- W = o A . D S S S W T S G WA G D Min e A WE e UER W e W A . MM S G S v S e M A T W W e G D W An G G G G S WP GO MR AR WR R WP WK N WS WD WP W WD P W WD M S S Wh WD AR I D A Em S e M D W SR S e e e e

O.

0.

0.

0.

G.
41112,
270473,
627093,
1025297,
1358493,
1569254,
1665666,
1665666 .
1569254,
1353493,
1029297,
627093,
270473,
41112,
0.

0.

49893.

S1l6l4. .

52200.
51611,
49887.
47146,
43574,
19416.
34954,
30492,
26335,
22765,
20027.
18306
17720.
18310.
200313,
227174,
26346,
30504 .
34966,

19428, -

43585,
471955,

458168,
472425
4771179,
472424,
458167
434424,
4G21382,
364348,
320152.
2805C2.
243370.
214258,

191175
1785C9,
177597
186275,

205166
234€16.

266€58,°

3012¢€5.
337G47.
3726C2.
405891,
4364425,

508061 .

524C36%.

529376,
524C3°%.
508051,
48157C.
44595¢,
403764,
35570¢.
310994,
26970°%.
2370212,
211201,
19681°¢ .
195317,
2045854
22523C.

©25739C.

1 293C06,
331766,
372614,
41203C.
44947¢,
48158C.

"
1]
]
]
n
1]
i
"
"
"
[
"
H

-5C8Ch1.
-5%24039.
-5291379.
‘52"0350
-508053,
-440458.
-175483.
0.
c.
C.
C.
Q0.
0.
Q.
O
0.
Q.
0.
-251892.
-331769.
-372914.
-41203C.
~649476,
-481¢8C.

0.000
0.600
0.000
0.0G0
0.000

«085

«6C7
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

. 140

0000
0.000
0.000

C.C00
0.090

I'EEF EEFFEFEEEERERS-E 28 8 2 5 I RO g

H
[l
]
]
"
H
[0}
1}
"
i
H
[}
"
"
"
L]
[}

~-5509168.

369
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TABLE G.5

(p) (B) - (©) - (D) (E) (F) (G) (H)

MUNTH HOUR SILAR INFILTRATION TRANSMISSION TOTAL SUPPLEMENTAL FRACTION
RADIATION LOSSES LOSSES HEAT REQUIRD Of LOAD

5 1 0. 33303, 323€99. 357C0Z2. -357002. 0.000
5 2 0. 35077. 3317964, 37304¢. -373042. 0.0CO
5 3 Ce 39681, 342722, 378403, -378403. 0.000
5 4 C. 35074. 337G64. 373C3€. -373038. 0.000
S 5 7584. - 33296, 323¢98. . 356694, -349410, T 4021
5 6 210324, 30470, 295857, 326327. ~-116003. «645
5 7 488813, " 2678B1. 2614¢€6, 288252, . Ce 1.0C0
5 . 8 837325, 22499, 2221398, 244891, C. 1.000
5 9 1180971 ' 17898, 178122. 19602C. Q. 1.0C0
5 10 1450646 13297. 136258, 14955%. : 0. 1.0C0
5 11 1622235, 9011. 99106 108117 O. 1.0C0
5 12 1701381, 5330, 67€45, 72974, 0. 1.000
5 13 1701381, 2506. 44548, - - 4705¢. 0. 1.000
3 14 1622235, ~ 732. 31793. 3252%. 0. 1.000
S 15 14%064b. 128. 29€65., 29993, . . 0. 1.000
5 16 1180971. : 735.- 40219. : 40G95¢, C. '1.000
5 17 . 837325. 25173. 60C81l. 62594, Ce. 1.000
5 18 468813, 5339. 875922, 932¢€1. 0. ‘1.0CO
5 19 210324, ’ 9022.. 123504, 13292¢., . Qe 1.000
5 20 7584, 13310. 162039, © 175346, © =1671765. - o043
5 21 0. 17911, 200061, 217972, C=217G§72. C.COO0
5 22 O ' 22512, 238CH2,. 260594, -2€60594. 0.000
5 23 0. 26799, 271391, 29819C. -298190. 0.000
5 24 O. 30479, 3012¢€¢1. 331741, -331741. G.0CO

TATAL OF MONTH 14958557, 42§710. 45148063, 49471774, =32231959. e 349

r8¢



TABLE G.6

(A) (B) . (C) (D) (E) (F) (G) _ (H)
MUNTH HOUR ©SOLAR INFILTRATICN TRANSMISSION . TOTAL SUPPLEMENTAL FRACTION
RADIATION : LOSSES "LOSSES HEAT REGUIRD OF LOAD
B L 0. 19960, "21%€687. , 235647« -235647. 0.C00
6 2 0. 216171. 228625, 25029¢, -250295. 0.000
o 3 G : 22253, 233319, 255€31. -255631. 0.0C0
6 4 | P 21667, 228€24. 25029z. -250292. 0.000
6 5 105106. 19954, ©2142¢7, 234241, - =1291135, 449
6 6 141224, 17229, - 188135, 205364, Oe 1.0C0
6 7 696925, 13679. 154504, 168187, 0. 1.000
b 8 1019642, 9545, 113788, 123337, 0. 1.0C0
b 9 13631524 5109, 71869, 76976, _ C. . 1.000
6 10 1631645, 674, 32281, : 3295¢. 0. 1.000
6 11 180303%., 0. . 0. . Ce O 0.000
b 13 1482325, 0. _ O C. 0. . 0.000
6 L4 1803039, . Q. O. Ce C. 0.000
6 1y 1531645, 0. 0. C. 0. 0.000
6 16 1363152, Oe _ 0. : Ce. ‘ Oe '0.000
6 17 - 1019642, e Oe , C. 0. 0,000
6 18 : 656925, O. Oe : Co: . 0. . 0.000
6 19 341724, : De 21706, 2170¢, . C. 1.C00
6 21 C. 5122, Y9440, 10040¢. -100602. 0.0C0
6 22 C. 95% 7, 1334764 143033, -143033., 0.0C0O
6 23 U 13690, 166761, 180451 ~-180451. 0.000
6 24 0. 17238. 1952913, 2125131, . =212531. . 0.000
TGTAL OF MONTH 17607109, 198034, 2350720. 254817154, ~1757¢€17. 310

“ﬂ“""”"“"u"“"““""““""““""""""“""““““."“"“""“"u""""“““"“"“"“"““"““"““"“Nu““"“u"u“"""u-“““"““““"”""“""“



TABLE G.7

(a) (B) (C) (D) (E) (F) (G) (H)
MUNTH HOUR SOLAR INFILTRATION TRANSMISSION TOTAL SUPPLEMENTAL FRACTION
RADIATINON : LOSSES LOSSES HEAT REGUIRD UF LUAD
7 1 Ue 11134, 1471712, 15885C. -158850. 0.000
7 2 0. 13076. 162CGC3e 175Q7¢€. -175078. 0.000
7 3 O. 13735. L66769. 180504 -189504. 0,000
7 4 : .0 © 13072, 162CC2. 175017¢, -175074. 0.€00
7 5 53923, 11131. 146671, 158101. -104178. 34l
7 6 280680, 8044. 116758, 12480:. O. 1.000
7 4 ,582041L 4022 78309, 8223z 0. 1.C00
7 8 942788. - 0. 32845, 3284%. C. 1.000
7 9 1290579, C. 0. Ce 0. 0.0C0
7 10 C1562649. ' O 0. Ce. C. 0.C00
7 11 173%929. C. 0. (. 0. 0.000 .
7 12 1815938, O 0. C. 0. 0.0C0
7 13 1819938, O 0. C. C. 0,000 -
7 14 1735929. 0. . 0. C, 0. 0.0C0
7 L5 . 1562649. 0. Ve Co O. 0.C00
7 16 : 12905179. 0. 0. ' C. 0. 0.000
7 17 9421768 O. Oe Ce C. 0.C00
7 18 . 582041, . 0. 0. C. 0. 0.0C0
7 19 , 280680. 0. 0. Co 0. 0.000
7 20 $3923. . Oe 0. C. 0. 0.000
7 21 0. Oe 13209. 13206G. ~-13209. 0.C00
7 23 0. 4035. YUE48. 946812, -94683. 0.000
7 24 0. 8054, 122598, 130652« -130€52. 0.000
=:=:.====.=::::::::.z=======::==:=:g::s:=’:=:=::::nx:::z:::::::::::.—.=====.3=x=sa=zz:=::::.a !::3:!:833*833::
TGTAL OF MONTH 16529051 . B6H308. 1292436, 1378742, -1084842, 213

98¢
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TABLE G.9

(a) (B) (C) (D) (E) (F) (G) (H)
MUNTH HUOUR SOLAR INFILTRKATIGN TRANSMISSION TCTLL SUPPLEMENTAL FRACTION
KAUIATION LOSSES LOSSES . HEAT REGQUIRD UF LOAD
9 1 Je. 20182. 219C67. 23924€. -239248. 0,000
9 l O. 21918, 233326, 255244, T =255244. 0.000
9 3 VR 22909Y. 238C82. 26059C. -260590. 0.000
9 4 \ 0. 21914, 233326, 25524C. -25524C. 0.000
9 5 : 0. 2017%. 219C66. 239241, -239241., 0.0C0
9 6 O. 17410. 198665, : 216075, -216075%. 0.000
9 . 7 136991 ‘ 13807. . 166699, 18050%. -43514. «759
9 8 481779. 9611. 126228, 135636, A 0. 1.000
9 9 937004. 5109, 84317, . 894217 0. 1.C00
9 10 13352171, 608. 40796, 41404, 0. 1.000
Y 11 1594727, ‘ 0. : 3659, 365G . 0. 1.000
9 12 1712727, 0. - C. C. . C. 0.000
9 13 1712727, 0. ‘ 0Oe Co Ce 0. 0.000
9 . 14 1594727. O. : 0. ' Ce C. 0.000
9 15 ©133%271. , 0. 0. C. 0. 0.000
) L6 937004. Qe Oe Ce ' O 0.0CO
9 L7 481779, Ce Oe (e , Ce 0.000
9 18 : 136991. O. - U C. i 0. 0.000
9 20 0. 620. 65483, 661012, -66103. 0.C00
9 21 o. - 5122. ' 9BE26. : 10354€, - -1036G48, 0.000
9 22 ' 0. 9623, 136€32. 146455, ~-146455. 0.000
9 23 : 0. 13818, 170127. 183944, -183944. 0,000
9 24 C. . 17419. 198€66. 216C8%. -216085. 0.000
TOTAL UF MONTH 12397000 199844 2462105, 2661946, -2254530. - «153

v
=2:3::2:':2:3:::.2:::::::2:::::::.:::::3::::::‘22::::::23!=====::====38=8= IS:S::::’:::::’:=’==:=’===-8$2=:

88¢€



TABLE G.10

(a) (B) (C) (D) (E) : (F) (G) . (")
MUNTH HUOUR SULAR INFILTRATION TRANSMISSION TOTZL SUPPLEMENTAL FRACTION
RADIATION LOSSES LOSSES HEAT RECUIRD OF LOAD
10 1 0. © 4)1H8. 386865, 428052, -4280%53. 0.000
10 2 0. 42633, 399762 442364, -442394, 0.C00
10 3 0. 43125. 404501, . 44762¢, -447626. 0.000
) 4 Oe 42630, 399761, 442391, ~-4421391., 0.600
10 5 0. . 41182, 386864, 428C4¢€. ~4280464 0.000
10 6 O 38840, 371199. 410076 -410079. C.C00
10 7 0. 35881 : 344C71. 37955z -379952., 0.000
10 8 185938. 32389 314889, 347217¢€. -1611340. «535
10 9 82070 28642, - 219332, 307974, 0. 1.000
10 10 994016, 24899, 243E5%6. 268751, 0. 1.000
10 11 12795217, 21404, 2119¢8. 233392, 0. 1.C00
10 12 + 1409716. 18407, 1877C9. 20611°¢, : 0. . 1600
10 13 1409716 161017, 168698, 18480¢, O. 1.000
10 14 1279527, 14662. 158407 . 173C¢S. , 0O 1.000
10 15 994016, - 14170 1582%0. 17242C. 0. 1.000
10 16 582070, 14669, 166613, 18157¢. O 1.0C0
10 17 18938, 16112, . 185710. 201823, - =15885, 921
10 18 . 0. 18414, 204802, 22321¢. T =22321¢. 0.C00
10 19 Oo . 2l4al3. 2¢8%585, 24999¢t . -249998, 0.C00
. 10 20 O. 24906, 257107, 282¢1:2., -2820113. 0.000
10 21 O. 28653, 2856170 314322. -314322. 0.000
10 22 . ) O. 32400. 318EG9%. 351294, -351294. 0.CC0
10 23 O. 35891, 344C72. 379962, -379963. 0.000
10 24 T 0. JRBBE. 371200, 41008¢, -410088, 0.C00
TCTAL UF MONTH B9029534. 687537, 6779105, 1666642, - =5366661. 281
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(a) (B)
MUNTH HOUR
1L 1
11 2
11 3
11 4
11 5
Ll 6
11 7
Ll 8
11 9
11 10
1L 11
1 12
11 13
11 14
1L 15
11 16
1L 17
1L 18
11 19
11 .20
1 2i
11 22
11’ 23
11 24

T XIS TSI XTI oI_RRTET oSS 2T

T6TAL UF MUNTH

(C)
SOLAR
RADIATILUN
0.
O.
U
O.
0.
Ue
0.
Q.
239509,
" 599317,
856478,
970889,
970889,
856478,
969317.°
239509,
0.
D.
0-,
O.
.
Q.
O.
O.
5332386,

(D)

INFILTKATICON

57006,

58252.

58676
58249.

57001.
55017,
52431,
49420
46189,
42959,
39949,
37364,
35382,
34136,
33712,
34138,
35346,
37371.
39957,
42968,
46199,
49429,

$52439,.

550213.

2383:22!:3&:3

1108653,

TABLE G.1l1

(E)

TRANSMISSIUN
LOSSES

515233,
504153,
529482

524152,

515232.
500934,
477215,
4534131,
424549,
3941794,
368100,
346795,
330165,
3222137,
322C90.,
329151.
339330,
356974.
317347,

. 401132,

429¢l13.
453432,
477216,

500935.

16215261,

(F)

TaTeL
LOSSES

5712236,
583C0¢%.
58815¢.
583CC«e.
572213:=.
59595C.
529¢€4¢.
502851,
47113¢.
437752,
408045,

38415%.-

365547
35637¢.
355801.

36328G.

3747117
39434°%.
417304
444096,
4758lc.
502861.
529¢€5%.
55595¢€,

11323544,

(G)

SUPPLEMENTAL
HEAT REQUIRD

" . - i D . . D S WD A A - n — . - . 0 - - A Ay S > W n P S W D e W W WP e WD W M W o O G D A - - o o -

-572239,
-583C0¢%.

-588158,
-583002.
-572233.,
-5959590.
"5296‘06.
-502851.
"23].6290
O
0.
ag.
Q.
c.
O.
-123780.
-374717.
-417304,

-444099,

-475812.
-502861.

-555958.

I T A T E IR IIEIEITII_=_ICTIESTTEIISETIITITIIECITIR

-8537243,

(H)

FRACTION
OF LOAD

0.0C0
0.000
0.000
0.000
0.000
0.000
0.000
0.000
«5C3
1.C00
1.000
1.000
1.C00
1.000
1.000
.659
.0.C00
0.C00

0.000 .

0.000
0.000
0.000
€c.000

0.000

TR TEITETRIITIE=

. 246

X TSI TETII oI ETET IR TTICEETIISI T I

W
o)
o



TABLE G.12

(A)  (B) (C) (D) (E) (F). (G) (H)
MONTH HOUR SOLAR INFILTRATIUN TRANSMISSION TOTAL SUPPLEMENTAL FRACTION
RADIATION LOSSES LOSSES HEAT REGUIRD  OF LCAD
12 1 0. 70084, L 624521, 694605, ° -694605. 0.000
12 2 v. 71210, 634023, 70523i. - -705232. 0.C00
12 3 0. 71593, £35400. 706991, -706993. 0.000
12 4 Ce 71207, 634022, 70523C. -7C5230, 0.000
12 5 R 70080, 624520, 694€60C. -694600. 0.000
12 6 0. 68286, 610252, * 67853¢€., -678538., - 0.000
12 7 V. 65949, 591235, 65718¢, -657185, 0.000
12 8 0. 63224, 567496, 630724, ~630724. 0,000
12 9 105854, 60309, 543726, 604034, -498180. «175
12 10 478059, 57389, 515651, 573341, -95282. .834
12 11 760585, 54669, " 489961, 544631, : c. 1.000
12 12 . 8B0B42. 52334, 471C26. . 52336C, . 0. 1.C00
12 13 880842. - 50%42. 456758, 50730C. : 0. 1.000
12 14 760585, 49416, 4471175, . 496591, 0. 1.000
12 15 476059, 49033, " 448707, 49774cC., -19¢81. <960
12 16 1053854, 49418, 453430, 502845, . ~356995, $211
12 17 0. 50546, 462932, _ 513476, -513479, 0.000
12 18 0, 52340, 478519. 530855, -530859. 0.000
12 19 , 0. Sat77. 49175135, 55221z -552212. 0.000
12 20 ' O. 57398, . 519657, 577354, -577354, 0.000
12 21 0. 60U317. 543727. 504044, -604044. 0.000
12 22 0. 63236, "\ 567497, 630734, -630734., 0.000
12 23 ‘ G £5956, 5912364 657193, -657193, - 0.000
12 24 0. 68292. 610253, 67854¢, -678545, 0.000

TCTAL UF MUNTH " 4450679, 1447510, 13014€€1. las67171], 112276613, «224

TxT I T TTToS IS =L==T == x=xs=c=== & ============::===~====2======:===Z:::3:!8:3::2233:883:!3!:3::33233!::::.
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(A);
(B):
Q).

(D):

(B):

(F):

(6):

(H):

(1

APPENDIX K 292

HOURLY SIMULATION RESULTS
FOR A

GREENHOUSE/SWINE FINISHING BARN

COMBINATION

LOCATED IN

HALIFAX, N.S.

(CASE STUDY 111) |
MINIMUM GREENHOUSE TEMPERATURE; 10°C.
NONTH OF THE YEAR ;

HOUR FROM MIDNIGHT | -

SOLAR RADIATfON CAPTURED BY THE GREENHOUSE — «J

HEAT GAIN FROM LIVESTOCK BUILDING VENTILATION
AIR BY THE GREENHOUSE KJ

TRANSMISSION HEAT LOSS FROM THE GREENHOUSE KJ

HEATING LOAD WHEN SOLAR ENERGY CAPTURED
BY THE GREENHOUSE IS CONSIDERED = (E)-(0)  «kJ

ACTUAL SUPPLEMENTAL HEAT REQUIREMENT WHEN
HEATING FROM LIVESTOCK VENTILATION IS
CONSIDERED = (F) - (D) KJ

FRACTION OF TRANSMISSION LOSS SUPPLIED
BY SOLAR = (0)/(E)

FRACTION OF HEATING LOAD SUPPLIED BY

VENTILATION AIR = (D)/(F)



TABLE H.1

1 1 0. -1468376., 98604, nP8684. 430308, 0.000 s 281
1 2 0. —-165745, 41091 6. 610916, 445171, 0,000 271
1 3 0. -164868, 614966, 614966, 450098, 0,000 268
1 4 0. =16574%5. 610916, 610916, 445171, 0,000 271
1 9 0. -168376, uP8684, 98684, 430308, 0,000 o281
1 é 0. =172323. SE81562. 581562, 409239, 0,000 296
1 7 0. -178023%, S54932, SHAP3R2 . 376909, 0.000 321
i 8 3327, ~-185477. B2e412, H2308%, 337608, 1006 + JGG
1 9 235110, ~193808. 4953875, 260275, 66467, 475 745
1 10 565967, -203016. 459636, 0. 0. 1.000 0,000
| 11 804435, -212663. 429197, 0. 0 1,000 0,000
1 12 P12165. -220994, 3265064, 0. 0. 1,000 0,000
1 13 12165, -228010. 372818, 0. 0+ 1,000 0.000
1 14 804435, -232833. 354730, 0. 0+ 1,000 0,000
1 15 565967, ~-234148, 346660, 0. 0, 1.000 0.000
1 16 235110, -232394, 358346, 123236, 0. 656 1,000
1 17 3327, -227371, 377708, 374381 ., 144810, + 009 608
1 i8 0. -22055%5, 396964, 396944, 176409, 0.000 + 3356
1 19 0. -211786. 42936461, 429361, 217575, 0.000 493
1 20 0. -202578. 462754, 462754, 260176. . 0.000 + 438
1 21 0. -193808. 495385 . 495385, 301377, 0.000 + 391
1 22 0. ~-18%5477., G26412, 526412, 340935, 0.000 352
1 23 0. ~178023. 95645646, G56454., 378433, 0,000  ,320
1 24 0. -172323, 81562, 581562, 409239, 0.000 1296

3042008, ~4718920. 11736952, BRO0E32 . H622433, 242 + 368

€6€



15
16
17
i8
19
20
21
je kel

o
23
24

: 0.
118713,
52001,
807786,
1057940,
1172565,
1172565,
1057940,
807786,
452001,
118713,
0.

O.

0.

O,

0.

0.

O.
7218010,

~166184,
-163553.
=~142676

~166184,
~1701360.
~175830.,
-182846.
-191177.,
~20038%.
-209593.
-217925,
-224502,
~229325.
-230640,
-228887,
~-224063.,
-217048.
~-208716.,
~199947,
-191177.
~-18284464.
~175830.,
-170130,
~44653147,

TABLE H.2

610158,
HA2I07
626440,
A22307.
610158,
591280,
DGRBS .
34676466,
305739,
47486% .
443951 .
417962,
399167,
. 3B4697,
370905,
372362,
386380,
402300,
423179,
445828 .
476830,
517911,
5991956,
580319,
11939052 .

H10158.
H22R07 .,
626440,
H22K07 .
610158,
591280,
565286,
418053,
53738,
0.

0.

0,

0.

0.

0.

Q0.
267667,
402300,
42%179.,
445828,
476830,
517911,
551956
580319,
g3R5716.

443974,
458754,
463764,
458754,
443974,
421150,
382456,
235207,
0.

0.

0.

0.

0,

0.

0.

0.
43604,

185252,

214463,
245881,
285653,
335065.
376126
410189,
H411265.

0.000
0.000
0.000
0,000
0.000
0.000
0.000

221

894
1.000
1.000
1,000
1.000
1.000
1.000
1.000

+ 307
0,000

0.000 .

0.000
0,000
0.000
0.000
0,000

298

1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
837
+ 540
A3
+ 448
+ 401
¢ 353
319
293

« 355

433



61473,
354717,
784300,

1183028,
1447234,
1567391,
1567391,
1447234,
1183028,
784300,
354717,
61473,
0.

0.

0.

0.

0.

0.
10796286,

-194247 .
~191177.
~-189862.
~19L177.
~194247,
-199508,
~206524.,
~215732.
~22462356.,
-238095.
~249934 .,
~261334,
~270104.
~276242.,
-277996.
-275804,
~269227 .,
~260019.,
~249057 .,
-237218.,
-225817.
~215294,
-206524,
~199508.
~HH20903,

TABLE H.3

488000,
501973,
506102,
HOR0D7 .
491357,
473448,
A50520.
AR2103Z,
393499,
364339,
3346478,
312025,
20508%5.
282866,
278820.
282866 .
295004,
311394,
323292,
342708,
366101 .
399690,
AZLAHD2 .
453780,
P30G162.

ABB000,
501973
506102,
BOD0%7 .
491357,
473448,
389047,

67386,
0.

0.

0.

0.

0.

0.

0.

00

0.
249921,
323292,
342708,
366101,
399690,
431652,
453780,
5906515,

DYBTGE
310796,
316240,
210880,
297110,
273940,
182523,

0.

0,

0,

0.

0,

0.

0.

0,

0,

0.

0.
74235,
105490,
140284,
184396,
225128,
254272,
2969048 .

0,000
0.000
0.000
0,000
0,000
¢.000

+ 136

+840
1.000
1.000
1.000
1.000
1.000
1,000
1.000
1.000
1.000

+ 197
0.000
0.000
0.000
0.000
0.000
0.000

«3G7

0.000
0.000
0.000
0.000
0.000
0.000
1,000
770
s 692
617
539
478
+ 440
04

G6€



p
4

4

4

4

4 b
4 7
4 2
4 Q
4 10
4 11
4 12
4 13
4. 14
4 15
4 16
4

4

4

4

A4

4

4

4

i8
19
20
21
22
23

24

21599,
231813,
B70221.,
60725,

1283703,
1490498,
1585223,
1585223,
14904698,
1283703,
60725,

G70221.,

231813,
21599,

0.

0.

0.

0.

0.
12287964,

—24379%,
~238533 .
~2%6779.
~238533.,
~24379%.,

”8“591.
"102551.
~325791 .
3q0546‘
~3744462,
—~39H070.,
~-409102.
~-414364.,
~-408663.,
-394194,
~373146.
~348592,
~324037.,
~-301674,
-281504,
"”65”80-
~252564 .
~7523439,

TABLE H.4

319477,
3247¢0,
335817,
242408,
331377,
3146694,
299174,
270633,
2A7908.,
204708,
174415,
147691,
127368,
115131,
110993,
115131,
127368,
147691,
174415,
204712,
237908.
268956,
297573,
311371,
5543708,

219477,
24790,
A358R17.
342408,
331377,
295095,
67361
00

00

OQ

Q.

00
1528146,
204712,
237908,
268956,
297573,
311371,

3489662,

75682,

BEDGT

99038,

103875,
87582,

42531,

0.

0.

0,

00

()0

0,

0,

0,

00

0,

0.

0.

0,

0,

0,

0,

32293,

58807,

UB606T,

0.000
0.000
0.000
0.000
0.000

068

775
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

+ 124
0.000
0.000
0.000
0.000
0.000

+ 371

«B%6
1L+000
0,000
0,000
0.000
0.000
0.000
0.000
0,000
0.000

0.000-

0,000
0,000
1,000
1,000
1,000
1,000
891
811
832

96€ -



TABLE H.5

L'

5

5

5

¥

9

5

5

5

S

S

5 12
9 13
S 14
% 15
5 16
S 17
9 18
5 19
S - 20
5 21
5 22
5

S

oo K
23
24

143086,
4117385,
764073,
1111904,
1388025,
1564323,
1645340,
1645540,
1564323,
1388025,
1111904,
764073,
411785,
143086,
0.

0.

O,

0.

0.
14057472,

~324475,
~31390%.
-310444,
~313952,
~-324475,
~-342891.
-3709%4.,
=-409102.,
-459089.
~32354%5.,
-600718.
-686660.,
~771725,
~-835304.
~-859859,
~-834427.,
=769532.
~68446467,
-597210.
~520476.
~457773,
-407786.,
~-370077.
-342891.

~12431784,

178021,
185829,
192812,
196951,
189403,
161047,
123930,
84141,
57844,
29558,
0.

0.

0.

0.

Q.

0.

0.

0.
8292,
43283.
80794,
119030,
154102,
183359,
19288397,

1780210
185829,
192812,

196951,
189403,
17961,
O(‘

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.
43283,
80794,
119030,
154102,
183359 .
1541546,

0,000
0,000
0,000
0.000
0,000

. 888
1,000
1,000
1.000
1,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
1.000
0.000
0,000
0.000
0,000
0.000

e

[P

1.000
1,000
1.000
14000
1.000
1.000
0.000
0,000
0,000
0,000
0.000
0.000
0000
0,000
0.000
0.000
0.000
0,000
0.000
1.000
1.000
1.000
1.000
1.000
1.000

L6E



TABLE H.6

(A) (B) (C) (D) (E) (F) (G) (H) (I)
b 1 0. ~478382, 68527, 6RG27 . O 0000 1.000
& 2 0. ~456019 . gos28, 80428, 0. 0,000 1,000
6 3 0. ~449004, 81570, B1570. Gy 0,000 1,000
& Q. =456019. 74371, 74371, 0. 0.000 1,000
6 9 25652, -478382, 55981, 30329, 0. cAZE 1,000
b 6 233661, ~519599, 22997, Q. 0. 1,000 0,000
6 7 552649, -584932. 0, 0. 0, 0,000 0,000
) 8 239184, ~683590 . 0. 0. 0. 0,000 0,000
& K4 1295447, -832674, 0. 0. Oy 0,000 0,000
6 10 1575790, ~1065506. 0. 0. 0. 0,000 0,000
6 11 1755640, ~1434707., 0. 0. 0. 0.000 0.000
b 12 1838858. -2034%986. 0, 0. O 0.000 0,000
6 13 1838858, =-2998765., Q. 0, 0 0000 0,000
6 15 1575790, ~3367326., 0. 0. Ov 0000 0.000-
é 16 1295447, ~3367526., 0. 0. 0. 0.000 0.000
] 17 939184, ~-2990872., 0. 0. 0. 0,000 0.000
6 i8 552649, -2027093, 0. 0. 0. 0.000 0,000
6 19 233661, ~1423306. 0. 0. 0. 0.000 0.000
6 20 25652, -10580352, 0. Q. O 0.000 0.000
é 21 0. ~829166. 0. O 0, 0,000 0,000
] 22 O. -680082, 0. 0. 0 0.000 0,000
6 23 0. ~-582740. 146982, 16982, 0. 0.000 1,000
] 24 0. -518722, A7272. 47272, 0s 0,000 1.000

16433762, 32685176, 4483289, 399679, 0. + 109 1.000
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TABLE H.7

(A) (B) (C) (D) (E) (F) (G) (H) (I)
7 i 0. -831358, 0. 0. O 0000 0.000
7 2 0. =766025., 0. 0. 0r 0,000 0,000
7 3 0. ~746293. 0. 0. O 0.000 0,000
7 4 0. ~766025, 0. 0. 0 0.000 0,000
7 ] 95, ~-831358, Q. 0. 0 0000 0,000
7 6 191332, -9462902., 0. 0. 0., 0.000 0,000
7 7 489919, ~1209328. 0. Q. O 0.000 0,000
7 8 865119, -1724103, 0. 0. 0. 0,000 0,000
7 b4 1221547, ~-3126362, 0. O 0+ 0,000 0,000
7 10 1503218, ~3367526. 0. 0. O 0:000 0.000
7 11 1683409, ~33673526, 0. 0. 0. 0.000 0,000
7 12 1766570, —-3367526. 0. 0. O+ 0,000 0,000
7 13 1766570, ~3367526, 0. 0. 0 0.000 0,000
7 14 1683409, ~-3367326, 0. O 0+ 0.000 0.000
7 15 1503218, ~3367326. 0. 0. 0., 0.000 0.000
7 14 1221547, ~33467526. 0. 0. 0+ 0.000 0,000
7 17 865119, ~3367326, 0. 0. 0s 0.000 0,000
7 18 489919, -3367526., 0. 0. 0+ 0.000 0,000
7 19 191332, ~33467526, 0. 0. 0. 0.000 0.000
7 20 ?5. =3367526., 0. 0. 0., 0,000 0.000
7 21 0. -3112770. 0. 0. 0. 0.000 0,000
7 22 0. =1712703, 0, 0. 0, 0.000 0.000
7 23 0. -12071335, 0. 0. 0., 0.000 0,000
7 24 0. =-962464. 0. 0. 0, 0.000 0.000

15442418, -55001612. 0. 0. 0. 0,000 0,000

66¢



TABLE H.8

(A) (B) (C) (D) (E) (F) (G) (H) (1)
8 1 0. -932647 . 0. Q. 0. 0,000 0,000
8 -2 0, ~-857667., 0. Q. O¢ 0,000 0.000
8 3 0. ~033989. 0. 0. Os 0,000 0,000
8 4 0. -B57667 . 0. 0. 0. 0,000 0.000
8 5 0. ~932647. 0. 0. 0. 0,000 0,000
8 6 74358, ~1087430, 0 0. Or 0.000 0,000
8 7 336418, ~1381650, 0. 0. 0s 0.000 0,000
8 8 734416, -2013939, 0. . 0y 0,000 0.000
8 9 1165316, -33X67326., 0. 0. 0. 0,000 0,000
8 10 1513772, ~3367526. O 0. O 0,000 0,000
a 11 1735815,  ~3367526. 0. 0. O 0,000 0,000
8 12 1837138, ~3367324. 0. 0. Os 0,000 0.000
8 13 1837138, ~3367526, 0. 0. 0. 0,000 0.000
8 14 1735815, -3367526, 0. 0. 0. 0,000 0,000
a 15 1513772, ~3367526, O, 0. O 0,000 0.000
8 16 1165316, ~3367326, 0. O, 0. 0.000 0.000
8 i8 336418, ~33867526, 0. 0. 0. 0,000 0,000
8 21 0. ~3367526. 0. 0. 0, 0.000 0.000
8 22 (VI ~1999907. 0. 0. 0. 0,000 0.000
8 23 0. ~1373312., 0. 0. 0 0.000 0,000
8 24 0. ~-1084361. 0. 0. .0 0,000 0.000

14794466, -57135254, 0. 0. 0. 0.000 0.000

00¥



TABLE H.9

(A) (B) (c) (D) (E) (F) (G) (H) (1)
@ 1 0. ~-574847 ., 1081, 1081 . 0, 0.000 1.000
? 2 0. ~346346., 192046, 19046, O 0,000 1.000
K4 3 0. ~537576. 32261, 32261, O, 0,000 1,000
K4 4 0. ~GF446346 . 29685, 29685 0, 0.000 1.000
@ 5 0, ~574847 . 22781, 22781 . 0, 0000 1.000
9 6 O. ~hH26149, 23465, 2365, O, 0.000 1.000
9 7 124404, =709022. 0. 0. 0, 0000 0,000
¥4 8 4476646 . ~-837935., 0. 0. 0O, 0,000 0,000
9 b4 879605, -1038759, 0. 0. 0. 0,000 0.000
9 10 1259113, ~1363234, 0. 0. 0. 0,000 0,000
9 11 1506043, -1919227, 0. 0. 0, 0,000 0.000
9 12 1618221, ~2945270. 0. 0. 0, 0.000 0.000
9 13 1618221, ~3367526 0. 0. 0. 0.000 0.000
9 14 1506043, ~33673526, 0. 0. 0, 0,000 0.000
@ 15 1259113, ~-33467526, -0, 0. 0., 0.000 0.000
9 16 879605, ~3367326., 0. 0. 0. 0,000 0,000
k4 17 447666, ~367526. 0. 0. 0, 0,000 0.000
9 18 124404, ~2931677. 0. 0. 0, 0.000 0.000
k4 19 0. ~19210457, 0. 0. 0, 0.000 0,000
9 20 0. ~1357973. 0. 0. 0., 0,000 0,000
£4 21 0. -1035690., 0. 0. 0., 0.000 0,000
9 24 0. ~626149., 0. 0. 0., 0,000 0.000

11670104, -38464338, 107219, 107219, 0., 0,000 1.000

T0%



TABLE H.10

(A) (B) (C) (D) (E) (F) (G) (H) (1)
10 1 0. -330784., 137418, 137418, O, 0000 1.000
10 2 0. ~340699 . 140699, 140699, 0. 0,000 1,000
10 3 0. ~-337191. 156661, 156661 . 0., 0.000 1.000
10 4 O. ~340699. 165589, 165589, O 0,000 1.000
10 O 0. ~350784. 151834, 151834, 0. 0.000 1.000
10 6 0. ~348762, 134682, 1344682, 0. 0.000 1.000
10 7 0. ~39G070, 120622, 120622, O 0,000 1.000
10 8 187712, -431026. 7032, 0. O 1,000 0,000
10 b4 547118, ~AT7T7H05 . 67674, 0. O 1,000 0,000
10 10 215919, ~534507 . 35286, 0, 0. 1.000 0.000
10 11 1170170, ~6011%56, 500G, O. 0. 1,000 0.000
10 12 1286299, ~-672628, 0. 0. 0. 0.000 0.000
10 13 1286299, ~739277. 0. O, 0. 0.000 0.000
10 14 1170170. -788387., 0, 0. 0. 0.000 0.000
10 15 15919, -805926. 0. O. 0. 0.000 0.000
10 16 547118, -787072., 0. 0. O 0,000 0,000
10 17 187712, -737085. 0. 0. 0. 0.000 0,000
10 18 0. ~669997, 0. 0. 0. 0.000 0.000
10 19 0. ~598964 . G005, 5005, 0. 0,000 1,000
10 20 0. -533192. 35286, 35286, 0. 0,000 1.000
10 21 0. -4764628, 67757 67757 0. 0.000 1.000
10 22 0. ~430587. 97119, 97119, 0, 0.000 1.000
10 23 0, -395070. 126366, 126366, 0., 0,000 1,000
10 24 O, ~368762., 140153, 140153, 0, 0,000 1.000
8214436, 12531758, 1684189, 1479192, 0. 122 1,000

40}



TABLE H.1ll

(A) (B) (C) (D) (E) (F) (G) (H) (I)
11 1 0. -257388., 292044, 292044, 346546, 0,000 881
11 2 0. ~2025464, 296693, 2PLEL93, 44129, 0.000 851
11 3 0. ~-250811. - 297826, 27026, 47013, 0.000 842
11 4 0. -252%564. 05327, J0HA27., D2763.  0.000 827
11 o] Q. -257398, 301758, 301758, 44370, 0.000 853
11 6 0. ~266157. Q7LR29. Q7929 13072, 0.000 P53
11 7 0. -278435. 200123, 250123, O+ 0.000 1.000
11 8 27142, -293782. 219582, 192440, 0. 124 1,000
11 ? 238429, -312198. 201239, 0. O 1.000 0.000
11 10 923213, -33324%5, 181245, 0. 0. 1,000 0,000
11 11 727777, -355607. 157150, (O 0 1,000 0,000
11 12 820894, ~376654. 142046, 0. 0. 1.000 0,000
11 13 820894, ~395070, 127355, 0. 0+ 1,000 0.000
11 14 727777, ~4046909., 118972, 0. 0, 1,000 0.000
11 15 523213, -411294, 114927, 0. ) 0y 1,000 0.000
11 16 238429, ~406471., 118972, 0. 0 1.000 0.000
11 17 27142, ~-394194, 127355, 100213, 0. 213 1.000
11 18 0. ~37G777. 145959, 145959, 0. 0,000 1.000
11 19 0. ~-354730., 1468089, 168089, 0. 0.000 1,000
11 20 0. ~332806. 19494866, 194966, 0. 0,000 1.000
11 21 0. ~311759. 221799, 22799, 0« 0.000 1,000
11 22 0. -293782., 250305, 2580305, Qe 0.000 1,000
11 23 0. ~277996. 277105, 277105 0., 0,000 1,000
11 24 0. ~266157. 299848, 299868, 33711, 0.000 888
4674910, ~7713738. 5089932, 3873742, 269714, 239 + 230

€0y



TABLE H.12

12 1 0. ~-1885%5464. S1H608, 327062, 0.000 366
12 2 0. -185916. S24626 . 238710, 0.000 « X354
12 3 0. ~184400, 2671 344071 . 0.000 » 349
12 4 0. ~18%914. G22944, 337028, 0.000 ¢ 304
12 3 0. -188%546. 310736 . 322190, 0.000 369
12 6 0. -192931. 483665, 4834665, 290734,  0.000 ¢ 399
12 7 0. ~199508., 453780, 453790, 254272 0,000 « 440
12 &) 0. ~-207401., A19835 . 419835, 212434, 0.000 + 494
12 9 131680, -217048., Igaaey., 272V 40171, « 339 +844
12 10 406353, -227133, 370906, 0. O 1,000 0.000
12 11 604266, =237656. 351937, 0. 0. 1.000 0.000
12 12 A92433, -247303., 324614, 0. O, 1.000 0.000
12 13 692433, ~255195., 308189 . 0. 0O 1.000 0.000
12 14 604266, ~260019. 298792, 0. 0. 1.000 0.000
12 15 406353, ~261773., 302858, 0. 0s 1.000 0.000
12 16 131680, ~260019., 311563, 179883, 0. +A23 1,000
12 17 0. ~254757 . 323526, 323526, 68769, 0.000 787
12 18 0. -246864, 342141, 342141, 5277, 0.000 722
12 19 0. ~237218. 364260, 364260, 127042, 0.000 + 651
12 20 : 0. ~-227133, 390984, 390984 . 163851, 0,000 381
12 21 : 0. -217048, 419490, 419490, 202442, 0.000 2517
12 22 0. ~-207401. 4446477, 446477, 2IP076. 0,000 465
12 23 0. -199308., 474878, 474878, 275370, 0,000 4320
12 24 0. ~192931. 497640, 497640, 304709, 0.000 « 388

3669464, ~53282370, 877018, 7656361, | 3943207, e 220 ARG

70V



(A):
(B):
(©):
(D):
(E):
(F):
6):

(H):

APPENDIX I

HOURLY SIMULATEON RESULTS

FOR A

SOLAR-SHED GREENHOUSE

VANCOUVER. B.C.

.(CASE STUDY IV)

MINIMUM INSIDE TEMPERATURE:

MONTH OF THE YEAR

HOUR FROM MIDNIGHT

PASSIVE SOLAR RADIATION INPUT
INFILTRATION HEAT LOSS
TRANSMISSION HEAT LOSS

TOTAL HEAT LOSS

SUPPLEMENTAL HEAT REQUIREMENT

FRACTION OF THE TOTAL HEAT LOSS
SUPPLIED BY PASSIVE SOLAR

SOLAR RADIATION CAPTURED BY THE
INTEGRAL SOLAR COLLECTOR

150¢,

KJ

KJ

KJ

KJ

KJ

KJ

405
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(A) (B)

MUNTH HUOUK

(C)
PASSIVE
SULAR

(D)
INFILT
-RATION

TABLE
(E)

TRANSMTN

LIJSSES

.2

R S e e A - T G S S S o S S O e e D —— — S —— - - . = S . - S G . ——— > A — . n — . » -

D wC DN

e -
N = SO

14
L5
16
17
18
19
20
2l
22
23
24

NNNNNMNNAMNMNRNRANMRNNNSNARNRN NN NN N A
p—~
()

0.

e

0.

Ce

O.

O‘

0.
84568,
447173,
853748,

112769C.

12434%6.
1243456,
1127690,
853748,
447173,
84%568.
0.

0.

0.

0.

00

0.

O.

115474,
117886,
113707,
117882.
115465,
111622.
106614,
160784,

94527

83272,

82443,

17438,
73599,
71186.

7’0365.

/11191,
73608.
77451,
824548,
88289,
94545,
'100801.
106630.
111634,

5830948
593451.
597267.
$93451.
5830G7.

. 564339,

540873.
513522.
479948,
447165,
414702,
391166.
372551.
3627175
362560,
371770.

390190.,

409017,
431692,
4561bl.
488085.
517196.
540875,
564340,

11569289,

(F) (G) (H) (1)
TGTAL SUPLFMENTL FRACTN SGLAR
LUSSES HEAT REQD LOAD COLECTEC
6985171, -698571. C.000 O.
711337, -711337. 0.000 0.
715975, -715975. C.000 0.
71113132, -711332. C.000 Oe
698561 —€98561. C.000 0.
675960, -675960. C.000Q 0.
647487, -647487, 0.000 0.
614206, -5291737. .138 O
574475, -127302. .778 911C1.
535437, 0. 1.000 3157124,
497145, 0. 1.000 527658
468605 0. 1.000 £00722.
446149, 0. 1.000 603085,
433961, 0. 1.000 534117.
432925, 0. 1.00¢C 367654,
44929¢1. 0. 1.000 104491,
463797. -379229. .182 0.
486468, -486468. C.000 0.
514150, -514150. €.C00 0.
544450, -544450. 0.000 0.
582630, '-582630. 0.000 0.
bl?qq7. ‘6179970 C.OOO Oo
647504, -647504. 0.000 0.
675574, -675974., 0.000 0.

FRKACTION SUPPLIED PY SOLAR. 320

LOY



(A) (B)
MONTH HOUR

(C)
PASSIVE
SGLAR

(D)
INFILT
-RATION

TABLE I.3

(E)

TRANSMTN

LUSSES

(F)
TGTAL
LOSSES

(G)

SUPLNMENTL
HEAT REQD

(H)
FRACTN
LOAD

(1)
SOLAR
COLECTEC

e - - — - —— e = A S R R M S R S e G W R e M R W e R e A A S G S G D D S G W S S e W G G e T G T D W S R D A G M ey -

149
20
21

22

23
24

o o o e e v o o e v o b e v W W o e e e e e
p—
w

Ue
48375,
346465,

195621

1195055,
1446007,
1952154.
1552154,
1446002
1195055,
795621.
346465,
4837%.
O.

0.

O

O.

0.

111934,
L14%516.
115395,
114511,
1119246,
107811.
102451,
96210
#9513,
62818,
16579,
11222,
6l1l2.
64530.

- 6bl6Sle.

67122
71235,
765995,
82836,
89533,
96228
102467.
107824.

968901.
579270,
533091,
579269,
568900,
550048,
5219417,
489094,
451738,
415313.

" 382602.

35492¢.
3395933,
32€142.
325344,
334417,

379909.

404337, |

432586,
465410,
493770.
522880,
550119,

©3527480.

6808 34.
6937¢t6.
698486,
693780,
680824.
657€59.
624398,

585304,

9541251,
498130.
4591¢€0.
403GC49.,
390¢€72.
3488995,
398952,
419902.
451145,
480932,
515422,
594943,
5899G8.
625347,
657643,

-680834,
-693786.,
-698486.
-693780.
-€80824.,
-657859,
-576023.
-238839.,
0.

0.

Ol

0.

0.

0.

0.

0.
“73‘037o

. =4€2770.
-480932.

-51%422.
-589998.
-625347.
-65791’30

0.000
0.000
0.000
€C.CQ0
G.00C
0.000

«C77

«592
1.000
1.000
1.000

. 14C00

1.€00
1.€00
1.000
1.000

.825

.107
€.00¢C
0.00C
C.000
C.000
0.C00
¢.000

0.
o.
O.
0.
O.
0.
0.
O.
185372.
397361,
95347136,
598698,
601071.

541839. -

408566.
200036,
O.
0.
0.
00
0.
0.
0.
0.

E SRS TS ST I IS ST LI TS OSSO I E AT S IS IS AT IR SISO RS RIXICSIIIIIITRRIIITITIRNTITIS

TOTAL
OF
oAy

T ETITETTIAISTSTSI T IS ETL T ID=TIZTIEDEETSTT==IX

10767346.

2148552.

10968725, 13117277.

-8821223.

«328

3467679,

8=3=3====:23::‘:=8‘=§=l8:=38=3=2’=:38==

FRACTION SUPPLIED BY SOLAR

!

391
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. TABLE I.4
(A) (B) (C) (D) (E) (F) (G) (H) (1)

MONTH HUUR PASSIVE INFILT TRANSMTN TCTAL SUPLMENTL FRACTN SOLAR
SULAR ~-RATION LUSSES LOSSES HEAT REQOD LOAD COLECTED
o ,
4 1 Co 87313. 4951471 536783, -538783. 0.000 0.
4 2 U, 90324, 469620, 555644, -595944, c.00¢C 0.
4 3 0. 71349, 47C316. 561665 -561665. €. 000 0.
4 4 U 90318, 465620, 555938, -5559138, c.coc¢ 0.
4 ) 0. 87302, 451470, 538771, -S38771, 0.600 0.
4 6 29501. 82505. 431696, 514201, -484700. 2057 0.
4 7 211866+ * 76295. 399420. 475675, -263809. 445 0.
4 3 543323, A8978. 358056 427033, 0. 1.0C0 0.
4 9 913370. 61169, 316138, 377307, 0. 1.C00 135722,
4 10 . 12C4376. 53361 274221, 3127582, 0. 1.60C 273128.
4 11 1381945« 46086, 237097. 283182, 0. 1.000 365311,
4 12 1498017. 39839, T 205174, 245013, "0 1.000 411107.
4 13 1458017, 35047, 181E69, 216917, 0. 1.000 414178.
4 14 1381945, 32036, 171321, 2G3257. 0. 1.000 3173885,
4 15 1204376, 310Ll.  170735. 201746, 0. l.00C 286554,
4 16 913370 32042, 179821. 211863, 0. 1.000 1533C4.
4 17 543323, 35058. 2021179. 237237, 0. 1.000 0.
4 18 211866, 39855. 230158, 270C13. -543147. «785 0.
4 19 29501, 46105. 262364, 308469, ' -278968. . 096 0.
4 20 - 0. 53382, 296170, 3495953, ~349553, 0.000 0.
4 21 ‘ 0Oe - 61191e . 3329C6. 394097. -394097, €.000 Oe
4 22 0. 68999, 370%02. 439502. -4139502, €C.000 0.
4 23 _ 0. 716274, 403447. 479722, -479722.  0.000 0.
4 24 Oe 82521, 431697, " %14218, -514218, 0.000 Oe
TOTAL .

0F 11484797, 1468321, - 71759467, 92277¢8. =-6C13817. 348 2413198,

DAY :
FRACTION SUPPLIED BY SOLAR «401

607



(A) (B) (c)
MUNTH HQUR PASSIVE
SOLAK

(D)

INFILT

-RATION

TABLE I.5

(E)
TRANSMTN
LOSSES

(G)

- - . T - D . — - - W S Y G —— D e . - - - - - S A WD WS WA b N D - e e G AR W - e -

3

4 U
5 ‘3‘436.
b 1321349,
7 352422,
3 708120,
9 1021€96.

10 1456545,

1L 13995186. |

2

>

5

5

5

5

5

5

5

5

5

5 12 1461197,
5 13 1461197,
5 14 139951 4.
5

5

5

5

5

5

5

5

5

5

15 1256945,

16 1021€¢96.
17 708120.
18 352422
19 . 132139,
21 0.

22 O..

23 O.
24 0.

58240,
61385,
62442,
ol3i79e.
5826,
93322,
468748,
39374,
31322
23270,
15768
93217.
4386,
1281.
224,
1287,
4397.
9344,
15788,
23293,
31345,

. 39396,
46898,

53339,

318835.
332993,
337691.
332992,
318834,
295021,
258405
217162,
175012,
129541.
92397,

99668,

40531.
34301.
56954,
88761.
124657,
162510,
196455,
234073,
267108.
299909,

AT TISETETEZTITIIIDD

4426250,

L E R R R E EE EE EE E T A E T R P R P E F R R EFEFEF L FE LR SRR ES S ERFER SR LRI A RS R SR EREREEREREEERERSESES

(F) (H) (1)
TGTAL  SUPLMENTL FRACTN SOLAR
LUSSES HEAT REQD LUAD CCLECTEC
377115, -377115. C.C00 0.
394378, -1254378. 0.C0C 0.
400133, -4C0133. G.000 0.
394372. -394372. 0.00C 0.
377102. =371667, <014 - 0.
348343, -216204. «379 0.
3¢5282. 0. 1.€0C 0.
256536, 0. 1.000 0.
2061333, 0. 1.00 1169C1.
152€12. 0. 1.000 231258,
108165, 0. 1.000 306943,
689595, 0. 1.000 345762,
449156, 0. 1.000 348298,
27440. 0. 1.000  3158Cl.
26006. 0. 1.C00  245120.
61351, 0. 1.C00 12927.
98104, 0. 1.000 0.
140445, -8306, <941 0.
185802, ~180367. «029 0.
227800, -227800. 0.000 0.
273469, =273469. 0.000 0.
314606, =314006. 0.000 0.
353248.° -353248. 0.000 0.
5178243. =-3511064. «322 2064695,

FRACTION SUPPLIED BY SOLAR .58¢8
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TABLE 1.6

(n) (B) (C) (D) (E) ° (F) (G) (H) (I)
MONTH HOUR PASSIVE INFILT TRANSMTN TGTAL SUPLMENTL FRACTN SOLAR
SOLAR -RATICN LOSSES LOSSES HEAT REQQC LOAD COLECTED
6 L 0. 34930, 215190. 250120. -250120, 0.000 0.
6 2 O. 379213, 2284717, 2664C0. -266400. C.000C 0.
6 3 0. 38943, 233172. 272114, -272114. C.000 0.
6 4 0. 37918, 225476, 266354, -266394. 0.000 0.
6 5 56966 . 349Yl9. 214166, 249105, -192139. »229 0.
b 6 186035, 30151, L86716. 2168617, -30831. .858 ' 0.
6 7 45422G. 23938, 154655, 178592, 0. 1.000 , 0.
6 8 869294,  16704. 113436. 130140, 0. 1.000 20CA.
6 9 1187575. 8941. 71523, BU46C4. 0. 1.C0C 135896,
6 10 1423689, 1180, 30329. 315C9. 0. 1.000 250949.
6 11 1566934, U 0. ' Q. 0. 0.000 3299137
6 12 1626982, 0. 0. 0. 0. C.000 37C7C7..
6 13 16284982, | ' O 0. : 0. 0.000 3733C0.
6 14 1566934, O. 0. 0. O 0.000 338991.
6 15 1423689, " 0. 0. 0. 0. C.000 265118.
6 ) 1187575, 0. Ue 0. 0. '0.000 1544€6,
6 17 869294, " 0. 0. 0. 0 C.000 229817.
6 .13 454220, 0. O. 0. : 0e Cc.C00 " 0.
b 19 186035, - O 22007. 22007. O. 1.000 0.
6 20 56966 1201, 58905 60106. -3140, 948 0.
6 21 O. . 8963, 96639. 105602, -165602. 0.000 O.
6 22 0. 16725, 136599, 147284, -147284. - 0,000 0.
6 23 0. 23957. 163500. 187457, -1817457, 0.000 0.
6 24 O 30166+ ' 191746. 221613, -221913, 0.000 ' Oe
TOTAL :

UF 14747389, 346559, 2339516, 2686075, -1943394, 276 2244358,

DAY . a

ERE R RS B F R R TP B SRR ==:==:====:t===z=::s::::zz:xzs::::::::t:n::aza::s:::::a

FRACTION SUPPLIED BY SOLAR  1.155
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TABLE I.7

(n) (B) (C) (D) (E). (F) (G) (H) (1)

MONTH HOUR PASSIVE INFILT TRANSMIN TCTAL SUPLIFMENTL FRACTN SCLAR
SUL AR -RATION LUSSES LOSSES HEAT REQD LCAC CCLECTEC

7 1 Ue L9492, la4687. A l64178, -1l04l178. 0.000 O.

7 2 0. 22883, 162473, 185256, -18535%6. 0.000 0.

7 3 0. 24037, 167250« - 191247, -191287. 0.000 0.

7 4 0. 22876 162473, 185349, -185349, 0.C0C ‘0.

7 5 326449.. 19479, 144337, 163¢€11. -131164. «199 Oe

7 5 162122, 14077. _ 116086. 130163, 0. 1.C00 0.

7 7 410166, 7039, 79206, 86245, 0. 1.000 0.

7 B 802456, Ce 33298, . 33298, 0. 1.000 15621.

7 9 1122946, 0. 0. 0. 0.~ 0.COC 149784,

7 10 1361663, © 0. O Oe 0. €C.000 264653,

7 11 1506306. : 0. 0. 0. 0. C.000 344131,

7 12 1568473, 0. 0. 0. . O 0.000 3846C5.

7 13 1568873, 0. 0. 0. 0. C.000 2387918,

7 15 1361¢€63. Oe " 0. 0. 0. 0.000 28C750.

7 l6 . 1122946, 0. 0. Oe . 0.  €.000 170052,

7 17 . 802466, O. 0. -~ 0. Oe 0.000 39612,

7 18 410166, 0. . O 0. 0.  0.000 0.

7 19 162122. 0. 0. - Oa , 0. 0.00C 0.

7 20 - 32644, 0. ) 0. 0. 0. 0.000 0.

7 21 0. 0. °~  11947. 11947, -11947, 0.000 0.

7 22 "~ Q. 0Os 50492, 50492, -50492, 0.000 0.

7 23 " 0 7061, 88193, 95254, -95254, 0.000 0.

7 24 0. . 14095. 120185, 134281, -134281. 0.000 0.
===:232:::::::282:2:22:3:: 222::3::::3:23:‘282:":!2222233333882828382823828333823888

TOTAL . : _
oF 13934370, 151034, 1280622. 1431660, =-1149310. 197 2391476,
DAY o ' : :

:::::::::x::.—.::::::==‘:=:8==:::x:=::xz:::::':z:::=x===:::a:===3=s::sz::z::z::::st:’

FRACTION SUPPLIED PY SOULAR 2.C81
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TABLE I.8

(a)y (B) (C) (D) (E) (F) (G) (H) (1)
MUNTH HUUR PASSIVE INEILT TRANSMTN "TCTAL SUPLMENTL FRACTN SOLAR
SOLAR -RATION - LDSSES LOSSES HEAT REQD LOAD COLECTED
8 1 0. 10921. 114368. 125289, -125289. 0.000 0.
8 2 Ue 13727, 124827. 136553, -138553.  €.00C 0.
8 3 0. l4682. 129516. 144157, -144197. 0.00C ‘ 0.
8 4 U 13721. 124826, 138547, -133547. ¢.COC 0.
3 5 O 10911. 114367. 125218, -125278. 0.C00 0.
8 6 79536, t44al. 91527. 97969, -18433, «B12 0.
8 7 302938, . 6ld. ' 59218. $983%, 0. 1.000 0.
3 8 706691, O. . 181861. 18181. 0. 1.000 37568,
8 ) 1112081. 0. O 0. 0. 0.000 206742,
8 10 1421975, 0. 0. 0. 0. 0.000 153626,
8 Ll 1609574, 0. 0. Oe 0. 0.CCO 453045,
8 12 1689680. O O 0. 0. 0.C00 502415,
8 13 1689680, 0. O. O O 0.00¢C 505058,
8 14 1609574, ‘ O. 0. : Oe 0. 0.000 46C960.
8 15 1421975, 0. 0. . 0. ' 0. 0.00C 3667¢3.
8 | ) 1112081. 0. 0. : 0. 0. 0.C00 223714,
8 17 706691. O. Oe : O. O ¢.000 57011.
8 18 302938, Q. 0. -~ De 0. C.COC . 0.
8 19 . 79536, 0. 0. .0, 0. GC.C00 , 0.
.8 20 0. o. : O 0. 0. c.COC 0.
3 21 . 0. Q. 60310 6031. ‘60310 00000 . O
8 22 0 0. 318976. © 34976, -38976. 0.000 0.
8 23 0. 636, 67343, 67579, -67979. C.C0Q 0.
8 24 ' C. 64956, Y5485, . 10194l. -101941. 0.000 0.
TOTAL o :
OF 13844950, 78111, 984666, 1062777, -905225. «148 31669C2.
DAY '

==8‘-‘-333::::::=======.’-’==S3:===:=2!:2::::::::::::3::::: EF I S AT T I CXYIXITINECLERES I ITEI R

! : '
FRACTION SUPPLIED BY SOLAR J.498
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TABLE I.9

(a) (B) (C) (D) -(E) (F) (G) (H) (1)
MUNTH HOUR PASSIVE INFILT TRANSMTN TCTAL  SUPLMENTL FRACTN SOLAR
SOLAR -RATION LOSSES LOSSES HEAT REQ LCAC COLECTEC
Y 1 Oe 35318, 218967. 254285, -254285, G.C00 0.
9 2 0. 381356, 233119, 271475, -271475. C.000 0.
9 3 Ce 39390, 237815, 277206, -2717206. C.C00 0. .
9 4 0. 383%0. 233119, 27114¢9. -271469. 0.000 0.
9 5 Oe 35307. 218966, 254213, -2542173. €.000 0.
9 6 , 0. 3040 7. 199516« 225683, -225983 ., c.000 O.
9 7 111377. 24161, 1634464 - 187608, -76230. 594 0.
9 8 439261. 16819. 124960. 1417179, 0. 1.€00 118C1L.
9 .9 "872401. 894 L. 79152. 88093, ‘ 0. 1.000 220212.
9 10 1234843, 1064. 33627. J4€SL. ‘ 0. 1.000C 405003,
9 11 14581776, 0. 0. 0. 0. 0.000 526185,
9 12 1553€17. O "0l 0O O 0.000 584510,
9 13 1553617, 0. 0. 0. 0. 0.000 587099,
9 14 14981776, 0. - O. 0. 0. 0.COC * 535230.°
9 15 1234843, 0. 0. - 0. O 0.000C 418506
9 16 872401, 0. 0. 0. . 0. 0.000 . 238744,
9 17 439261. . 0. 0. 0. 0. 0.00C 32714,
9 18 i111377. O. O. 0. " 0. C.C00 0.
9 21 O. 8964. 96709. 1056173, -109673. 0.000 O.
9 22 0. 16841, 134312, 15115%3. -151153. 0.00C 0.
9 24 0. 304813, 199517 226C00. -226000. C.000 0.
" TOTAL ,
gF 11340550, 349727 2426818, 2716545, =-240C605. .135 3560004,
DAY : '

T T S EIITIIITIERIZTIBIITISIIIEZISETI= I I I X IR I I AR ST IRNEIRNRETETERIZT IR LANTRAISEZITIRIXDN

FRACTION SUPPLIED EY SOLAR 1.483
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TABLE I.10

(A) (B) (C) (D) «(E) (F) (G) (H) (1)
MUNTH HUUR PASSIVE INFILT  TRANSMIHN TCTAL SUPLMENTL FRACTN SOLAR
SGLAR -RATION LOSSES LASSES HEAT REQD LOAC COLECTED

10 1 U. 72078, 384658, 4561737, -456737. ¢.N0Q0 0.
10 2 O 74607, 394161, 468768, ~-468768. ¢.C00 O.
10 4 O 74602, 394161, 468763, -468763. C.000 ‘ O
10 5 0. 72069.. 3184657, 4561726, ~=456726. 0.000 : 0.
10 6 0. 68041, 3uY683. 433924, -433924, 0.000 0.
Lo 7 0. 62792. 3423¢6. 405114, -405118. C.C00C 0.
10 8 161C96, 566861. 309¢26. = 3663C7. -205211. «440 O
10 9 552982 501213, 272282. 322406, O 1.000 162913,
10 10 953955, 43567, 235080.  2178¢47. Oe 1.0Q0 411389,
10 il 1215111, 37457, 203100, 240547, " 0. 1.000 57C2CS5.
10 12 1325150. 32212. 1791¢7. . 211319, 0. 1.600 640156.
10 13 1325150, 28187, 160263, 188451, ) 0. 1.000 642624,
10 14 1215111. 29659, 150%47. 176206, ' 0. 1.C00 576981.
10 15 953555, 24798, 150329. 175127, O 1.000 422416.
10 16 9552982« - 256hH4., 163074, 188737. . A 0. 1.000 176947,
10 17 161096, 28197, 182151, 210348, -49252. 166 0.
10 18 0. 32225. 201207, 233432, -233432. 0.00¢C 0.
10 19 _ U 37474, 224694, 262168. ~-267168. 0.000 0.
10 20 . 0. 43585, 252932. - 296%16. -296516. ¢.00C O.
10 21 Q. 50142, 284952, 335C94., -335094, G.000 . O
10 22 O. 56699, 314090« 37Q789. -370789, C.C00 0.
10 23 , 0. ' 62809, - 342328. 405136, -4C0513606. 0.000 O.
10 24 Ve 68054, © 365884. 433638, -433938. C.000 O
TOTAL

0F 8415789, 12031489, 6656335, 1859524, =~=51558813. « 268 3603652,

DAY i ’ : :

FRACTION SUPPLIEDO HY SOLAR «€2€
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(A) (B
MUNTH HOU

11 L
il 2
11 3
11 4
11 5
11 6
1t 7.
11 8
(1 9
11 10
1 11
I 12
11 13
11 14
1L 15
1L 16
1L 17
11 18
11 19
1L 20
121

11 22
11 23
11 24
TOTAL

OF
DAY-

TT=m===3==2 T

) (C)
R PaSSlve
SCLAR

0.
o.
Ue
C.
c.
O‘

0.
199892,
541968,
791394,
896506,
896506,
791394,
541968,
199892,
o.
O.
o.
c.
0.
0.
0.
o.

4859920,

0.

(D)
INFILY
~RATIUN

G760,
101941,
1026813,
101936,

99752«

26279,

L7754,

36485,

80831.

79178.

69910,

65384,

619138.

59738,

584996,

59742,

61926.

65399,

69924,

75194,

80847,

86501,

91768.

96291.

1940143,

TABLE TI.11

(E)
TRANSMTN
LOSSES

511639.
521110,
52¢038.
521110.
511638,
493774,
474024,
45C466 .
422269,
389751.
61730,
338%91.
320%586.
314715,
314508,
323710,
337575,
3517606,
375189,
398747,
423201.
450467.
474026,
4913775,

TR ITTTTE

100964G6.

(F)

(G)

(H) (I)

"u“”"“““.""“"““"Au“"""""”““"“"““"“"H"“““””u“u“.“.“"““"”u““..““'"“uuu“"“””““

TCTAL SUPLMENTL FRACTN SGLAR,
LOSSES FEAT REOD LOAD CCOLECTEC
611399, -6113499, C.G0¢C 0.
623C51. -€23051.. 0.000 0.
624721, -€24721., C.000 0.
623C4T7. -€23047., 0.C00 - 0.
611290, -611390. C.00C 0.
590C53, -590053. G.0CC 0.
9265778, -564%778, C.000 O.
536551 -5364951. 0.000 0.
464529, 0. 1.000 2334130,
431¢4l. 0. 1.000 416715.
4039179. [/)8 1.000 431062,
342504. 0. 1.000 4913443,
374453, 0. 1.000 422653,
373503, 0. 1.000 242901,
383453, -183561. «521 . 0.
399501. -399501. 0.000 0.
41716%. -417165. 0.000 . O
504C49. =504049. 0.000 0.
53b968. -536968. 0.000 0.
565794, -565794. 0.000 0.
530C66. -590066 . 0.000 0.
12036549, -9205756. «235 23002C4.
FRACTION SUPPLIEL BY SOLAR «25C

91?



(a)

(B)
MONTH HOUR

(C)
PASSIVE
SOLAR

(D)
INFILT
-RATION

TABLE I.12

(E)

TRANSMTN

LOSSES

(F)
TCTAL
LOSSES

(G)

SUPLMENTL
HEAT REGD

(H)
FRACTN
LCAD

(1)
SOLAR
COLECTED

. 8 AP e T e T T P R W e D WS ER WD D = e G - S G . S D S R A - S . TS D A . A = i - -y - w W wm b W A = m W WD - D WD WP Ae

L2
12
12
12
12

12
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935913,

528160.
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3938605,

2533143,

12847423,

FRACTION SUPPLIELC EY SOLAR
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(A):
(B):
(C):
(D):
(E):

(F):

(G):

(H):
(1):

(J):

APPENDIX J
HOURLY SIMULATION MODELS

FOR A

SOLAR-SHED GREENHOUSE/HOG BARN COMBINATION

HALIFAX, N.S.

(CASE STUDY V)

MINIMUM GREENHOUSE TEMPERATURE: 15°C.

MONTH OF THE YEAR

HOUR FROM MIDNIGHT

SOLAR RADIATION CAPTURED BY PLANT CANOPY
ANIMAL HEAT RECOVERY FROM HOG BARN
TRANSMISSION HEAT LOSS BY GREENHOUSE

HEATING LOAD WHEN SOLAR ENERGY CAPTURED
BY THE GREENHOUSE IS CONSIDRED = (E)-(C)

ACTUAL SUPPLEMENTAL HEAT REQUIREMENT WHEN
HEATING FROM LIVESTOCK VENTILATION IS
CONSIDERED = (F)-(D)

FRACTION OF TRANSMISSION LOSS SUPPLIED
BY SOLAR = (C)/(E)

SOLAR RADIATION CAPTURED BY INTEGRAL
SOLAR COLLECTOR

FRACTION OF HEATING LOAD SUPPLIED
BY VENTILATION AIR

KJ

KJ

KJ

KJ

KJ

KJ

418



TABLE J.1

(A) (B) (C) (D) (E) (F) (G) (H) (I) (J)
MGNTH HOUR  PASSIVE BARN TRANSMTN TCTAL . SUPLMENTL  FRACTN SOLAR FRACTN
SOLAR  HEAT LUSSES LUSSES HEAT REQD LOAC COUOLECTEC 8Y VETLN
1 1 0. 1h7400. 862036. B62C36. - €94635.  0.COC 0. <194
1 2 0. 164919, 3758CY. 8758GCS. 710886.  €.000 0. <188
1 3 0. ° 164097, 880396, 880 396. 71€299., 0.000 0. . 146
1 4 U 164924, 875804, 879804, 710881.  0.000 0. - .188
1 5 0. 167409. 862035, 862G35. 694625,  C.COC 0. .194
1 b O 171507, 839099. 839C99., €67592. 0,000 0. . 204
1 7 Oe 177147, 811548, B11S48. 6€34400. C.000 0. .218
1 8 2681le 184175, 778544. 779864, £91688. <003 0. .237
1 9 206777. 192426, 7330%4. 524217, 331851. .285 £ 06 <367
1 10 541041, 201403, 68€844., 145803, Q. <788  14%8CS. 1.000
1 11 780807.  210517. 641807, 0. 0. 1.000 3036C7. 0.000
1 12 883116, 218969, 61C0G6 . 0. 0. 1.000 367605, © C.C00
1 13 883116. 225882, 590884, 0. 0. 1,000 369833, C.000
1 L4 780807. 230417, 581082. , 0. 0. 1.00C 310831. €.000
1 15 541041,  23194C. 584993, ' 43953, 0. ".925 157957, 1.000
1 16 208777. 230243. 603482, 394705, 164462, 346 0. <543
1 17 268l. 225576, 626178. 623447, 397921. <004 0. ¢ 362
1 14 0. 2186066, 645441. 645441, 426775. 0.000 0. .339
119 0. 210252. .. ‘676665, 676665, 466413. 0.000 0. .311
1 20 0. 201220, 708807, 7088C7, 507587, 0.000 0. $284
1 2 0. 132322.: 741840, 741840, 5499518, 0.000 A '+259
L. 22 0. 184154, 778546, 778546, 594392,  G.000 0. 237
123 0. 1771L30.  8l1549. 311949.  €34419, 0,000 0. .218
1L 24 C. 171493, 839099.  839C99. €67606.  0.000 0. «204
TOTAL - : : .
ngﬁ 4632842, 4634189, 1764%543. 13716768, 10161951. «223 1655637, «265
FRACTIUMN SUPPLIED BY SOLAR .163

6TV



TABLE J.2

(n) (B) (C) (D) (E) (F) (G) (H) - (I) (J)
MUNTH HUUR  PASSIVE  BARN TRANSMTN TCTAL SUPLMENTL FRACTN  SOLAR FRACTN
SOLAR  HEAT LOSSES LUSSES HEAT REQD LCAD CGLECTEC BY VETLN
2 1 O0. 165449, 875768, B75768. 710319.  €.000 0. .189
2 2 Ge 163022 889537, 889517, 726516.  0.000 0. .183
2 3 0.  152218. 894128, 894128, 731911.  C.000C 0. . 181
2 4 0., 163026, 889537, 889537, 726511.  0.000 0. .183
2 5 0. 1b5458. 875768 815168, 710310.  0.000 0. . 189
2 6 0. 169463, 852831,  852€31. €83364.  0.000 0. <199
2 7 0. 174974, 825280. 825280 €50306.  C.000 0. «212
2 8 100176. 181890, 788462, 6882864 506397, ° 127 0. . 264
V; 9 435040. 1839966, 742111, 307C71. 117105, <586 6595, <619
2 10 792171. 198741, 692369, 0. 0. 1.CC0 2124¢0. 0.000
2 11 1030G46. 2076l4. 651584, 0. 0. 1.000 342737, G.000
2 12 1131846. 215834, 619924, 0. Ce 1.000 399681 €.000
2 13  1131846. 222551, 596988 . ‘0. 0. 1.000 402463, €.000
2 14  1030046. 224955, 587186, 0. 0. 1.000 3505C3. 0.000
2 15 792171, 228416, 590519, - 0. 0. 1.00C 224599, €.000
2 16 435040. 226753, 608146.. 173106, 0  -4T15 22464. 1.000
2 17. 100176, 222192. 635376, 535200, 313008, 158 0. «415
2 18 0. 215432, 659174, 659174, 443742. . C.000 0. $327
2 19 0. 207253, 686725, 686725. - 479472. 0.000 0. «302
2 20 0. 198448, 723401, 723401,  524953. 0.000 0. J274
2 21 G. 189779. 755573, 755573, 565793. 0.000 0. .251
2 2 C.  18182Z8B. © 7922178, 792278, _ 610451. 0.00C 0. .229
2 23 0. 174957 825261 825281. 650325. G.000 0. £212
2 24 0. 169450, 8526832, 852632, 683382. - 0.000 0. «199
::::":z:::‘.::::::x:z:::::::: ====='=======3=======838:33323:2:’:S:’zI=3=ﬂ=:::=2:!:!::32:8‘8:::8
TOTAL :
00$ © BYT8559. 4621666. 17910779. 13101778. - 9833869, .268 1961503, .258
A ' .
FRACTION SUPPLIED BY SOLAR «199

0cy



(a) (B) (C)
MUNTH HUUR PASSIVE
SOLAR
3 1 0.
3 2 V.
3 3 0.
3 4 O.
3 5 U.
3 6 Oe
3 7 49716.
3 8 338072
3 9 765482,
3 10 11490490,
3 11l 13844383,
3 12 1486940,
3 L3 1486940,
3 14 1384483,
3 15 1145040,
3 lo 765482,
3 17 338072.
3 13 491716,
3 19 0.
3 20 0.
3 21 Oe
3 22 0.
3 23 O
3 24 0.
TOTAL
OF 10329468,
DAY
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(D) (E)

TABLE J.3

(F)
TCTAL
LOSSES

7141804,
795562,
760150.
7195562,
741¢€03.
723418,
646174,
3126177,
o.
O.
O.
c.
O.
O.
o.

0.
1689213,

4892¢€7.
$66511,
598€27.
631¢€¢32.
6637175,
695891,

BARN TRANSMIN
HEAT LUSSES
192844 . 741804,
1898611, 755562
188786, 760150,
189816, 755562
192859, 741803,
1979017, 723418.
204915, 695890.
213780, 550750
224175.- 605145,
235544, 560108,
247127, 519632,
257940, 4885724
266857, 469968 .
212741, 459677.°
274698, - 463014,
272474, 480637,
266363, 506995
257292, 538983,
246488. . 566511.
235030. 598627
223802, 631632,
213593, 663775,
204855, 695891,
197690, 723419,

723419.

9975166,

(G) _ (H) (1) (J)
SUPLFMENTL FRACTN SALAR FRACTN
HEAT PEOGC LOAGC COLECTEL BY VETLN

$48956, .000 0. 260

5649752 0.000 , Q. 251

571364. 0.000 O, 248

565746, 0.00C 0. 251

548944, 0.000 0. 260

525912 0.000 0. 274

441259. .071 0. 317

J8E98, «520 0. 684

0 1.000 115248, C.000
0. 1.0C0 2962171, C.CO0C
0. 1.000 4141C8., C.C00
0. 1.000 469322, C.000
0. 1.000 471617, C.000
0. 1.00C 421547, 0.C0C
0. 1.000 308223, €.000
O 1.000 130498, C.000
Oe €67 O. 1.000

231974. «092 0. «526

320024, 0,000 : 0. «4395

363597, 0.000 O. «393
. 407830, 0.000 0. «354

" 450182. 0.000 O. 322

491036, 0.000 0. 294

529929 0.000 0. 274

6656600, e326 2£2€8135, <370
ﬂh”““""u"""""““““N“,““..“'“"“““H“"”H““U“”Nﬂ“““
FRACTION SUPPLIED 8Y SOLAR «395%

1847



TABLE J.4

(a)y  (B) () (D) (E) (F) (G) (H) (I) (J)

MUNTH HOUR  PASSIVE BARN TRANSMTN TCTAL SUPLMENTL  FRACTN SOLAR FRACTN
SOLAR HEAT LOSSES LUSSES HEAT REQC LUAD COLECTED BY VETLN
4 1 Ve 241329, 515737, 525737, 3134408.  €.000 0. <419
4 2 0. 236129, 594047, $94C47, 3157919,  0.000 0. «397
4 3 0. 234409, ° 598640, 598640, 364232, 0.000 0. «392
4 4 HIN 236138, 594GC47., 594C47, 357909, €.000 L, 0. <398
4 5 O 241348, 575737, 575737, 334348, 0.000 b 0. . «4l9
4 6 L7119, 250119. 552790, 535€72. 285552, .031 0. 467
4 7 192634, 262658, 520408, 3271774, 65116, .370 0. .801
4 8 519078, 278886, 471695, 0. 0. 1.C0¢C 0. C.000
4 9 891487, 298564, 426046, © 0. 0. 1.C00 923c2. 0.000
4 10 11891726, 321082, 377149, 0. 0 1.000 220394, €.000
4 11 1373100, 345152, 336206, ‘ O. 0. 1.CC0 306830, €.000
4 12 1452412, 368770. 304532. -0, O. 1.000 349718, C.000
4 L3 1492412, 389129, 281586, 0. 0. 1.000 352714, 0.000
4 14 1373100, 403022, 271200, 0. . 0. 1.00C 315197, 0.000
4 15 1189726, © 407858, 270716. 0. 0. 1.000 234074, C.000
4 1o 8918487, 402658, 283953, . Vs 0. 1.000 110604, 0.000
4 17 519078, 348419, 310329. . 0. , 0. 1.000 0. 0.000
4 19 17119. 344105, 382071, 364953, 20848 . «045 : 0. <943
4 20 0. 320179, 418763. 418763, 98584, 0.000 0. 769
4 21 0. 297908,  455485. 455485, . 157573.  0.00C 0. 654
4 22 U. 2718457, 492208. 452208, 213751. C.000" 0. «566
4 23 0. 262460, 525221, 5252217 262767, C.000 0. <500
4 24 0. 250090, 556464, 556464, 306374 €.C00 0.. « 449
TOTAL A : _
DUF 11271912. 7426696, 10521053, 6768137, 315942%. 2357 1981833, . 706
AY '
FRACTION SUPPLIED BY SOLAR e 627
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(B)

=

(C)
PASSIVE
SOLAR

G.

0.

0.

c.
19681.
15808¢.
401863,
8258174,
11864175,

1446588,
160613313,

1676281,
1676281.
16063133,
1446588,
1186475,
825874
401863,
1L58082.
19681,
0.

l4a64l352.

E=TEIT3I=T L

(D)
BARN
HEAT

-470815.
448849,
441858,

448889,
470947,

9511077,

574540,
670881,
817098,

1043097.
14013006,

1990516.

2928649,

3263719.
3263719,
3263719,
2920561,
1983485,
1397154.
10381353,

é13801.

668754,
973254,

510449,

10899816,

IR =TS TTTT IS

(E)
TRANSMTN
LOSSES

25712317,
274714,
280178,
257095,
224752,
183963.
130789,
17001.
23355,
o.

c.

A.V'

o.

o.

O.

C.

o.
27207,
72741,
118604.
159934,
19755%.

233385,

2793224,

TABLE J.6

(F)
CTCTAL
LUSSES

2572317,
NN}NF#O
280178,

214714,

2317416,
66670.
0.

O.

0.

O.
O.

. Os
0.
0.
0.
U,
0.
0.
0.
53C60.,
118604,
159534,
197555,
233385,

(G)
SUPLMENTL
HEAT REQD

(H)
FRACTM
LOAC

0.000
C.000
0.0C0
0.000

« 077

« 703
1.00¢
1.000
1.C0C
0.0CO
0.000
G.000
0.000
0.000

0.000

0.000
0.000
1.000
.21t
0.000

€.C0Q
0.000

€.000

(1)
SOLAR
COLECTEC

O.
0.
0.
o.
O.
c.
O.
0.
107531.

222420,
3025684

Ja4196.
34R81C4,
312958.
239218,
1299¢7.
18159.
o.

o.

O.

0.

O.
0.
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2025120.
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C.000
C.000
c.000
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C.00C
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0.000

C.000

c.Co0
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1.000

1.000
1.000

14C00
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(A)

MONTH HOUR

(B)

(C)
PassSlIve

SUL AR

c.

o.

o.

CC

75.
1356105,
770784,
1117441,
1377796
1537442,
1607213,
1607213,
1537442.
1377795,

1117441,
770784,

364107,
136105,
Nu.

C.

C.

c‘

o.

(D)
BARN
HEAT

BL606L6.
752115,
712541,
752228,
816262,
944543,

1186290,
1685942,
3062689,
3263719,
3263719,
3263719,
3263719,
3263719,
3263719,
3263719,
3263719,
3263719,
3263719.

3263719,

30450913,

1679355,
1183286,

943260

(E)
TRANSMTN -

LDSSES

L22264.
13e€911.
1al935.
136931,
122263,
B9917.
459450,
o.

o.

0. .

0.
O.
0.
c.

0.

0.
21275
62574,
94735,

973875

TABLE J.7

(F)
TCTAL

LOSSES

122264,
136931,
L4al93b.

1366G631.
122188,

o.
o.
.O'
O.

0.
O.

O..

O.
0.
0.

0.
0.

0.
o.
O.
0.
21275,
€25174.
441735,

TTETETZIFTTEIZ==

#38433.

- (G)
SUPLFMENTL

HEAT REQC

[T I=TEET

(H)
FRACTN

LOAD

(I)
SOL AR

COLECTED

(J)
FRACTN
BY VETLN

- = R - A P AR WD - N —— - —— " G - =

0.000
€. 000
0.000

C.000
«001

1.000
1.000
0.000
0.000
0.000
0.000
€.000
0.000
G.C000
C.000

¢.CCO
0.000

C.000
0.C00
0.000
0.000
0.000
C.GO0GC
0.000
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0. 0.C00 O.
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O 0.000 0.
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TABLE J.10

(a) (B) (c) (D) (E) - (F) (G) (H) (1) (J)
MONTH HUUR  PASSIVE BARN - TRANSHMIN TCTAL SUPLMENTL FRACTN SOLAR FRACTN
_ SOLAR HEAT LOSSES LOUSSES HEAT REQD LOAC COLECTEC BY VETLN
10 1 Os 346161, 377484, 377484, 31322. 0.00C - 0. . 917
10 2 0.  3399%4. 391255, 391255 55301.  €.000 0. <859
10 3 0. 332626, 395847, 395847, 63221,  0.00C 0. .840
L0 4 Ue 3359773, 391255, 391255, 55282.  0.000 0. <859
10 5 0. 346200. 377483, 377483, 31283.  0.000 0. «917
10 (2 0. 3537664 354543, 354543, 0. C.00C 0. 1.000
10 7 0. 389468, 326988, 326588, 0. 0.000 . 1.000
10 9 531298. 469699, 2356C0, - 0. 0. 1.00C 111613, 0.000
10 10 892244, 525363, 185995, 0 0. 1.000 311075, €.000
10 11 1126967. 590170 145204, . O 0. 1.C00 437996, €. 000
10 12 122698l. 659751, 113681. 0. 0. 1.000 495046, €.000
10 13 122698l.  725078. 90742. . 0. 0. 1.000 498175, - €.C00
10 14 1126967, 772946. 80938, 0. 0. 1,000 446734, 0.000
10 15 892244+ . 79047¢. 84128, 0. 0. 1.00C . 324734, €.000
10 16 531298, 772051 101756, - 0. 0. 1.000 129477. 0.600
1o 17 168019. 723570, 132520. 0. - 0.  1.000 0. €.000
10 18 U . 658034, 160855 . 160855. 0. €.000 0. 1.600
10 19 Ve 588738, 188411, 1868411, 0. €.000 Q. 1.000
1o 20 0. 524285, 22G558. 220558, 0. 0.000 0. 1.000
10 21 0. 469026, ~ 251269. 257269, 0. 0.000 0. . .1.000
10 22 U. 424187, 293980, 293980, 0. 0.000 0. 1.000
10 23 0. 389383, 326989, 326989, 0. 0.000 0. 1.000
10 24 0. 363706, 354544, 354544, 0. 0iCO0 " 0. 1.000
TOTAL. . ,
OF - 7891018, 12321096.  5B873796. 4535212, 236408, .228 2754851, 2.098
AY
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TABLE J.12

(n) (B) (C) (D) ‘ (E) (F) - (G) (H) (I) (J3)
MUNTH HOUR PASSIVE BARN TRANSMTN TGTAL SUPLMENTL FRACTN SOLAR FRACTN
SOCLAR  HEAT . LUSSES LOSSES HEAT REQO LUAD COLECTEC BY VETLN
12 1 Ge 187324, 165627 765627, 578302. 0.000 0. 245
12 2 0. 184560, 179379, 779379, 5G4818. C.000 0. «237
12 3 0. 133636, 783102, 783102, 599466, 0.C00 0. . 234
12 4 0. 184565 779378, 771913178, 94813, 0.000 0. L2137
12 5 Ue 187335, 7650626, 7656264 578291 0.000 0. . 245
12 6 0. 191488, 746390. 746350, 954502, 0.000 Oe 257
12 r: Ue 198163, 723409, 723409, 525247 0.000 0. 274
12 8 0. 205991 . 691309. 6913C9. 4€5319.  0.000 Oe . 298
12 9 108320. 215145, 654649 . 545729, 330584, 166 0. <394
12 10 . 372158, 225110. 613159. 241C01. 15891. 607 396C3. .9 34
12 11 568982 . 235251, 5764605 . 76826, 0. 98¢ 177787, . 1.C00
12 12 653089, 244634, 545184, 0. . 0. 1.000 233141, C.000
12 13 653085, 252332, 526668, Oe 0. 1.000 235404, 0.000
12 14 568582.. 257384, 517167, , 0. 0. 1.C00 185122, C.000
12 15 372158, 259088. 521084, 148926+ 0. 714 50832, 1.000
12 16 108920. 257217, 535174, 426254, 169037, 204 0. <603
12 L7 0. 252067, $92740. 5521740, 360673.  .0.000 . 0. <456
12 18 0. 2644389, 571976, 571976, 3271587, 0.000 0. 421
12 19 0. 235012, 598630, 598630, 363618. 0.000 Oe «393
L2 20 0. 224955, 6217057, 627057, 402102 . €.000 0. <359
12 21 0. 215059, 659184. 659184, 444125, €.C00 _ 0. <326
12 22 " 0. 2059617, 691310. 691310. 485343, 0.600 . O .298
12 23 O 198143, 723410 723410, 525267 0.006G 0. - 274
12 24 0O+  191873. 746391, 746361, £54518. C.COC . 0. 0257
TOTAL _
OF ., 3406288. 9237088, 15694812. 12574¢56, 842950%. <199 921890, 334
Day . .
, FRACTION SUPPLIEDC BY SOLAR .109
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APPENDIX K

DERIVATION OF EQUATIONS 9 & 11
OF

CHAPTER 4
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DERIVATION OF EQUATION 9

(CHAPTER 4, PAGE 168)

Let Bv v be the beam solar radiation incident on any

'
vertical surface "i" of the greenhouse, having an azimuth
angle "y". Furthermore, let Dv,y be the diffuse component
incident on that surface. Then, the beam and diffuse solar
radiation transmitted through a unit area of greenhouse cover

may respectively be written as:

B . =8B .
w,1 V,y Tb,l

’ (K.1)
and

D . =D

w,1 v,y Td,i : (K.2)

The first absorption by a plant canopy having an effective

albedo "g¢" to total solar radiation is given by

(Bw,i + Dw,i)(l - &) (K.3)

as shown in Figure K.1l.

Now, assume that the radiation reflected by tﬁe plants
and objects within the greenhouse is perfectly diffuse
regardless of the form of the original incident radiation,
then, the total solar radiation absorbed bv the plant
canopy after the first reflection by the cover may be
calculated as:

(Bw,i + Dw,i)(l " T4,i O‘i) (1 - g)g . .(K.4)

The term (1 - Tq.i " ai) in the above equation is simply

the reflectance of the greenhouse cover to diffuse solar

radiation.



If only the first reflection is taking into account,

then the total solar radiation absorbed by the plants may

be approximated by summing equations K.3 and K.4 to give,

Iw,i - (Bw,i

+ Dw,i)(l - E)I[1 + &(1 -1

d,i

The contribution of subsequent reflections to the

solar radiation captured by the plants is negligible

provided the transmittance of the covering material to

diffuse solar radiation is high and the albedo of the

plant canopy is low

First Absorption

(B, . + Dw ) (1 -

w,1 ,1

Second Absorption

(Bw,i + Dw,i)(l -
(l —Td,i—ai) E

£)

<
£)

\\__(Bw i

Plant Cover,i
Canopy (Td,i’“i)
(¢)

FIGURE K.l: BEAM AND DIFFUSE SOLAR RADIATION INPUT

FROM A VERTICAL WALL OF A GREENHOUSE.

- ai)] . (K.5)
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DERIVATION OF EQUATION 11

(CHAPTER 4, PAGE 169)

Let the diffuse component of solar radiation incident

upon roof slope "j" of surface area Ar . be:
r

D . A . ; (K.6)

then, as shown in Figure K.2, the portion of the diffuse
radiation originating from roof slope "j" that is directly
inbident on the plant canopy is given by,

A (1 - Fr ) s (K.7)

r,j Pr,3 4,3 or
and the portion incident on the opposite roof slope "j*"
is,

A -. D

r,j r,j Td,i Fr->r - (K.8)

It is clear, from the above two equations that their sum
is equal to diffuse radiation transmitted through roof

slope "j" or,

A . (K.9)

. D . .
r,j r,j le]

This, of course, implies that all the diffuse radiation
transmitted by one roof slope is intercepted by the plants
and by the opposite roof slope. Obviously, the above
assumption is valid only if the fraction of diffuse radiation
originating from the roof and intercepted by the gable

end walls is small. Therefore, equations K.7 and K.8 are

strictly applicable to long greenhouses.
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Equation K.8 gives the diffuse radiation originating
from one roof slope and incident on the other. However,
not all that energy may be considered as loss, since

a certain amount is reflected back on the plant canopy.

The amount of diffuse solar radiation transmitted
through roof slope "j" and reflected by the opposite roof
slope "j*" upon the plant canopy may be approximated

by the following expression:

r,i a3 Tror a,3* 7 %% Pry Frop - (K10

In the above equation, the symbols t. ., and aj* represents
. 14

d,3
respectively the transmittance and absorptance of the

opposite roof slope "j*" to diffuse solar radiation.

The total diffuse radiation originating from one roof
slope and incident on the plant canopy is found by

summing equations K.7 and K.10 to give,

A . D . T [(1 - F ) +F (1 - =t . - a.

r,J r,j 4,3 r+r’ 7 ror a,i* ) F_  1.(K.11)

j* r-+p

Equation K.1ll takes into account the first reflection
only by the cover. The contribution of subsequent reflections
to diffuse radiation incident on the plant canopy is

considered negligible.

Furthermore, if all the beam radiation transmittedb
through the roof of the greenhouse is intercepted by the

plants (i.e. low roof slope); then, the total solar radiation
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transmitted by roof slope "j" and incident on the plant

canopy may be calculated as follows:

I . = B LT . A . +D . T . A_ .
r,j r,J b,j r,3 “r,j 4,3 r,3

[ (1 —Fr+r) + Fr»r (1 - Td'j* - aj*)Fr*p]' (K.12)

The same analysis applies for the radiation originating

from the opposite roof slope.

d,j*raj*

Plant Canopy

D . . - .
r,j Td,] (1 Fr+r)Ar,j

D . . F - -
r,j 'd,j ror 'd,i* 0Lj*)Ar,j Fr->p

FIGURE K.2 DIFFUSE SOLAR RADIATION INPUT FROM A

GABLE ROOF OF A GREENHOUSE.



r-p

r->-r

NOMENCLATURE

Definition

Surface area of sloped roof "j"

Beam solar radiation incident on
sloped roof "j"

Beam solar radiation incident on
a vertical wall of orientation ¥y
Beam solar radiation transmitted
through any vertical wall "i"
Diffuse solar radiation incident
on sloped roof "j"

Diffuse solar radiation incident
on a vertical surface of 'y
orientation

Diffuse solar radiation
transmitted through any vertical
wall i

Radiation configuration factor
between the roof and the plant
canopy

Radiation configuration factor
between the two slopes of the
greenhouse roof

Total solar radiation transmitted
through roof slope "j" that is

intercepted by the plant canopy

Units

kJ-h

kJ+h

- kJ-h

‘m

‘m

437



438

Definition Units

Total solar radiation transmitted

through vertical wall "i" and

absorbed by the plant canopy kJ+h " em
Transmittance of wall "i" ‘to

beam solar radiation

Transmittance of roof slope

j" to beam solar radiation
Transmittance of wall "i" to
diffuse solar radiation

Transmittance of roof slope

j" to diffuse solar radiation

Absorptance of wall "i" to

solar radiation

Absorptance of roof slope "j"

to solar radiation

Orientation of the surface

from due south . radians
Effective albedo of the plant

canopy



APPENDIX L

CALCULATION OF THE

MEAN PLATE TEMPERATURE

OF THE COLLECTOR
FOR THE CONSTANT

FLOW CASE
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THEORY

A section of the air solar collector used in this
study is shown schematically in Figure L;l. As indicated
in the figure, the following heat flows are considered
during the analysis:

i) leat loss by thermal radiation from the top
of the absorber plate to the greenhouse cover.,

ii) Heat loss by natural convection from the top
of the plate to the greenhouse air.

iii) Heat loss by forced convection from the back

of the plate to the transport fluid.
iv) Radiative heat transfer bétween the back of
the absorber plate and.the insulated greenhouse

north wall.

EVALUATION OF THE RADIATIVE HEAT TRANSFER COEFFICIENT

BETWEEN COLLECTOR PLATE AND GREENHOUSE ROOF (Hr )¢

, 1

The thermal radiation heat loss from the collector
to the greenhouse roof may be calculated using equation

56 of Chapter 6 (page 251) as:

Achr,l (Tc_Tg)

!
Ry
-
Q
3

a

1
1

) (L.1)

4

o(r t-r ) /1(1-c ) /e A,

t (l/ArFr+c> + (l—er)/erAr], (L.2)
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AIR
FLOW

JAbsorber Plate
//' I
- \
==
/ A /\
—.2 Iy T
? \
~ :?4_82 3_1‘> \ Greenhouse
gg‘ " Roof
— 77 \
Z 5]'hs hy! \
- Z1v v \
- ] \
.l To \
- 2] Fr,2 \
-3 ¥ \
s \
g—— \
— \
_Ab - - - &

PEELEEN

FIGURE L.1l: SCHEMATIC OF A SECTION OF THE AIR SOLAR
COLLECTOR LOCATED WITHIN A SOLAR-SHED

GREENHOUSE (NOT TO SCALE).
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where the radiative heat loss is linearized and expressed
in terms of the temperature difference between the

average plate and greenhouse temperature.

The radiative heat transfer coefficient can be

determined by equations L.l and L.2, as:

— - F 4_ 4 _
hr,l Ar. o O(Tc Tr )/AC(Tc Tg) ’ (L.3)
1 - ¢ 1 1- e -1
where A F = < 4 +
£ r=c I F e A
€ C Y r->cC rr

EVALUATION OF THE AVERAGE NATURAL CONVECTION HEAT TRANSFER

COEFFICIENT (Hl):

The heat trnasfer from the top of the collector to
the greenhouse air is essentially a case of natural
convection from a vertical plate at a uniform heat flux.

Holman (1976) gives the following emperical correlations:

For the laminar flow range,

h, = (k/x) (0.60(cr* pr)%:%) (L.4)
5 11
for 107 < Gr; < 10 and q,, = constant,
where Gr; is a modified Grashof number and defined as:
Gry = (g8q,x")/ (k).

where, Qr in this case is taken as the solar radiation

absorbed by the plate (qw = acIc)
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For fully developed turbulent flow, the local heat

transfer coefficients were correlated with,

25]

hx»= (k/x) [0.17(Gr; Pr)o' ’ (L.5)

*
for 2 x 1013 < er < 1016 and q,, = constant.

The average heat transfer coefficient for the laminar
region may be evaluated by integrating the equation for
hX (L.4) from x = 0 to x = H, where H is the height of

the collector. Thus,

h, = (5/4) h,

1 (L.6)

= H
When turbulent natural convection is encountered,
Holman (1976) has shown that the local heat transfer

coefficient is essentially constant with height.

All the thermophysical properties of the air in the
above equations are evaluated at the film temperature,
T, = (T + T 2,
g = (T 4 T/

EVALUATION OF THE AVERAGE FORCED CONVECTION HEAT TRANSFER

COEFFICIENT (EZ & 53):

¥V

For forced convection between two parallel flat plates,
the following correlations can be derived from Kay's data
(Duffie and Beckman (1974)) for air flowing between two
plates with one surface insulated and the other at uniform

wall heat flux.
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For fully developed laminar flow,

h2 = 5.4 k/De ' (L.7)

and for fully developed turbulent flow,

h, = (k/D_) (0.0158 re?- 8y . (L.8)

The Reynolds number is based upon the hydraulic diameter
De = 4A/P ' (L.9)

where A= a-+<b and P = 2a + 2b.

Since a>>b, then P = 2a,
therefore De = 2b or twice the separation distance between

the plates.

The suggested critical Reynolds number in this case
is 2300; thus, if it is desirable to keep the flow
between the two plates in the turbulent.region, then the

minimum required air velocity may be calculated as follows:
Re = 2b v/v > 2300 .

For air at 300 K,
v = 16.84 x 100 m%s” ,

then

2

bv > 0.02 m s1 , or for a spacing of 10 cm

v > 0.2 m -s-l
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EVALUATION OF THE RADIATIVE HEAT TRANSFER COEFFICIENT

BETWEEN THE TWO PLATES (h

r,2):

The heat transfer coefficient for radiative exchange
between the absorber plate and the insulated back surface

of an air solar collector is given by Duffie and Beckman

(1974) as

p o2 = o3, (14T /(176 41 e)m1) L (5.10)

EVALUATION OF THE COLLECTOR EFFICIENCY FACTOR (F') .AND

HEAT REMOVAL FACTOR (FR):

Duffie and Beckman (1974) give an expression to
calculate the efficiency factor for an air solar collector
when the fluid flow is underneath the absorber plate as

1 = )—l]}}—l

F o= {1+U/{h,+1/1(hy) = + (B, , (L.11)

where , UL is the collector overall heat loss coefficient.

The collector heat removal factor can be expressed in

terms of the efficiency factor and the heat loss coefficient

as
Fp = (GCp/UL)[l-—exp(-{UlF'/GCp})] . (L.12)

Finally, the total useful energy gain of the collector
as a function of the inlet temperature can be estimated by

the following equation:

Q, = ACFR[S—U (T - Ta)] C (L.13)

L' f,1i
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EVALUATION OF THE MEAN TEMPERATURE OF THE ABSORBER

PLATE (Tc):

All the heat transfer coefficients discussed in
this Appendix are a function of plate temperature and
an iterative process becomes necessary. The iterative
approach proposed by Duffie and Beckman (1974) is

used during this study.

The mean plate temperature is related to the mean

fluid temperature by

T, = Tg + Q,/h, . _ (L.14)

The above equation is only an approximation since the
temperature difference between the plate and the fluid
varies along the flow direction due to changes in the

heat loss from the collector.

The mean fluid temperature is calculated using the

expression given by Duffie and Beckman as

Ty = Tf,i + {[Qu/Ac]/ULFR}{l-FR/F'} . (L.15)

EVALUATION OF THE THERMOPHYSICAL PROPERTIES OF AIR:

Estimation of the convective heat transfer coefficients
require the knowledge of the thermophysical properties
of air at the film temperature which is a function of

plate temperature.
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The following equations are derived from tabulated
values given by Holman (1976) assuming a linear relationship
between the properties and temperature within the range

300 K to 350 K.

1. Density (kg -m_3):

p = 1.1774 - 0.003588 (T-300). (L.16)
2. Specific heat (kJ -kg—l~ K—l):

Cp = 1.0057 + 0.000066 (T-300). (L.17)

3. Thermal conductivity (W -m_l -K_l):

k = 0.02624 + 0.0000758 (T-300). (L.18)
4. Kinematic viscosity (m? . s71) .
v = [16.84 + 0.0784 (T-300)) x 10_6. (L.19)

5. Prandl number:

Pr = 0.708 - 0.0002 (T-300). (L.20)
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CONSTANT PLATE TEMPERATURE VS CONSTANT

FLOW RATE: A COMPARISON

The solar-shed greenhouse of case study IV was
analysed‘for the case of constant flow rate of air
through the collector using the theory developed in the
previous section. The greenhouse size and construction
parameters used with respect to this analysis are
identical to those listed in Table 6.1, page 262. 1In
addition, the following parameters were chosen for the
integral solar collector:

i) Absorptivity of the collector absorber plate

to solar radiation (ac) = 0.9.
ii) Emissivity of absorber plate to thermal
radiation on both sides (ec and el) = 0.9.

iii) Emissivity of back insulated wall to thermal
radiation (52) = 0.1.
iv) Collector height (flow direction) = 5.77 m
v) Collector: length = 100 m.

vi) Width of space between plate and back wall = 0.1 m.

Three flow rates of the transport fluid (i.e. air)

were selected:

i) Low (0.007 kg s—l m-2).

ii) Medium (0.014 kg s ¥ m™2).

iii) High (0.028 kg s ¥ m ?).



Solution for the mean plate temperature was obtained
by an iteration technique to the nearest 0.1°C for each
hour from sunrise to sunset for the integral collector
of a solar-shed greenhouse located in the Vancouver, B.C.

region.

The computer simulation results are summarized in
Table L.1 for the three selected air flow rates. The
values indicated in the table are given as minimum and
maximum for the day. Early morning and late afternoon
hours were neglected since very small amounts of solar
radiation are available for collection during these
periods. Table L.1 also shows the corresponding air

temperatures leaving the collector.

The predicted outlet temperatures from the collector
range between 53°C to 36°C for the low flow rate,
41°C to 31°C for the medium flow rate and 34°C to 28°C
for the high flow rate. For the above outlet temperature
ranges, the corresponding mean plate temperatures:were
63°C to 42;C, 59°C to 39°C and 53°C to 36°C for low,

medium and high flow rates respectively.

The minimum acceptable outlet temperature is usually

449

dictated by the type of application. For greenhouse heating

the minimum useful temperature is related to the night
time greenhouse temperature requirement for the specific

crop grown. For example, the greenhouse nightime



TABLE L.1

EFFECT OF AIR FLOW RATE THROUGH THE COLLECTOR ON THE ABSORBER AND THE OUTLET
TEMPERATURE FOR THE SOLAR-SHED GREENHOUSE OF CASE STUDY IV (VANCOUVER, B.C.)

AIR FLOW* 0.007 0.014 0.028

TEMP** (°C) ST, L T, Te o Tc Te o
Jan 63-49 53-42 59-46 41-34 53-42 34-30
Feb 61-49 52-41 57-46 40-34 51-42 33-30
Mar 62-51 52-43 58-47 40-35 52-43 33-31
Apr 54-45 45-38 50-42 36-32 45-39 31-29
May 51-44 43-37  48-41 35-32 43-38 30-29
June 53-45 44-38 49-42 36-32 44-39 31-29
July 53-46 45-38 50-43 36-32 45-39 31-29
Aug 59-50 49-42 55-46 38-34 49-42 32-30
Sept 62-51 52-43 58-48 40-35 51-43 33-30
Oct 64-51 53-43 59-48 41-35 ~  53-43 34-30
Nov 56-44 47-37 52-41 37-32 47-38 32-29
Dec 55-42 46-36 51-39 37-31 46-36 31-28

. . . 2
* Air mass flow rate in kg -« s per unit area (m~) of collector

** Daily maximum and minimum average absorber plate temperature (T )
and collector outlet air temperature (T o). These temperatures
are for the period + 3 hours from solar Adon.

0S¥
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temperature for tomatoes should be at least 13°C, while

for 1lettuce, this temperature may be allowed to drop

as low as 7°C. Thus for a lettuce crop, the collector

may be operated at a lower temperature (i.e. high transport

fluid flow rate) in order to improve the collector

efficiency.

The effect of air flow rate on the monthly average
daily solar energy collected and the fraction of the
greenhouse heating load supplied by the solar collector
can be seen in Table L.2. The monthly average solar
percentage values shown in the table are valid for a
minimum nightime greenhouse temperaturé»of 15°C
(e.g. cucumbers, melons, tomatoes ...).

S~
Findings from this simulated case study has indicated

that doubling the air flow rate resulted in a decrease
in the monthly fractions in the order of 2 to 3

percentage points.

Simulated values for the constant absorber plate
temperature case treated in Chapter 6 are also included
in Table L.2 for comparison purposes. Examination of the
results in the table indicates that the fractions of the
greenhouse heating load supplied by the integral solar
collector are higher when the collector is operated at
a constant temperature of 35°C than at constant air

flow rates.



TABLE L.2

EFFECT OF AIR FLOW RATE THROUGH THE COLLECTOR ON THE SOLAR ENERGY

COLLECTED AND SOLAR FRACTION FOR THE SOLAR-SHED GREENHOUSE

OF CASE STUDY IV (VANCOUVER, B.C.)

Air Flows  variable (T =35°C) 0.007 0.014 0.028
Qc** fm*** % fm Qc fm Qc fm
Jan 3218 27.0 2241 18.8 2476 20.8 2688 22.6
Feb 3114 31.9 2178 22.3 2406 24.6 2614 26.8
Mar 3363 38.8 2322 26.8 2565 29.6 2789 32.2
Apr 2401 40.4 1798 30.3 1931 32.5 2104 35.4
May 2120 61.1 1626 46.9 1739 50.2 11895 54.7
Jun 2335 - 100.0 1791 93.1 1925 100.0 2037 100.0
July 2466 100.0 1858 100.0 2052 100.0 2180 100.0
Aug 3177 100.0 2273 100.0 2512 100.0 2668 100.0
Sept 3500 100.0 2463 100.0 2727 100.0 2908 100.0
Oct 3499 62.1 2389 42 .4 2644 46 .9 2878 51.0
Nov 2284 25.2 1694 18.7 1867 20.6 2027 22.4
Dec 2038 17.1 1556 13.1 1665 14.0 1743 14.6
* Air mass flow rate in kg -s_l per unit area (mz) of collector >
* * Q. = monthly average daily solar energy collected in MJ (AC = 577 m™)
*** f = monthly average percentages of the heating supplied by solar

(4% 4



Symbol

r->C

r->C

NOMENCLATURE

Definition Units

Cross—sectional area of air flow

space of the solar collector = a x b m
Area of the absorber plate m
Greenhouse roof area | m
Long side of the air flow space m
Spacing between absorber plate and
insulated back wall ‘ m
Specific heat of air kJ kg~
Hydraulic diameter of aif flow

space = 4 A/P m
Collector efficiency factor

Collector heat-~removal factor

Configuration factor between the

solar collector and the greenhouse

roof

Monthly average percentage of the

greenhouse heating load supplied

by solar collector

Thermal radiation exchange factor

as cdefined in equation L.3

Air flow rate per unit of collector

area kg s
Local Grashof number

Gravitational constant
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Symbol

g

ol

oy

r,l

r,2

‘454

Definition Units
Height of the solar collector m

Average natural convection heat

transfer coefficient at the top

of plate _ Wem “-K
Average forced convection heat

transfer coefficient at back

of plate Wem ~ K
Average forced convection heat

transfer coefficient at insulated

back wall Wem “ K
Local natural convection heat

transfer coefficient at a

distance x from leading edge of - Wem "-K
the absorber plate m
Radiative heat transfer coefficient

between absorber plate and

greenhouse roof Wem ~-K
Radiative heat transfer coefficient

between absorber plate and

insulated back wall Wem “+K

Solar radiation incident on the

absorber plate Wem
Thermal conductivity of air | Wem = +K
Perimeter of the air flow space

of the solar collector = 2 (a+b) m



Symbol

Pr

Definition

Prandtl number for air

Monthly average daily solar
energy collected

Useful heat gain of the collector
Heat flux on the collector = aCIc
Reynolds number

Solar radiation ebsorbed by the
collector

Ambient temperature near the
collector

Average absorber plate temperature
of the collector |

Film temperature for convection
heat transfer

Mean fluid temperature for the
collector

Outlet fluid temperature

from the collector

Inlet fluid teﬁperature to the
collector

Greenhouse temperature

Greenhouse roof temperature
(inside surface)

Absorber plate temperature

(back surface)

Insulated back wall temperature

Uni

W-m

ts
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Symbol

456

Definition Units

Overall-heat loss coefficient

for the collector W-mmz'K—l
Average air velocity in the

collector m s—l
Distance from leading edge of

the absorber plate m
Volumetric coefficient of

expansion of air , K-1
Kinematic viscosity of air m?.s7t
Density of air kg-m_3
Stefan-Boltzmann Constant =

5.6697 x 107 ° wem 2.k 4

Absorptance of plate to solar
radiation

Emmittance of plate for infra-
red radiation

Emmittance of greenhouse roof for
infra-red radiation

Emmittance of back of plate for
infra-red radiation

Emmittance of insulated back wall

for infra-red radiation
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APPENDIX M

FORTRAN COMPUTER
PROGRAM
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PROGRAM GRLS ( TAPES s TAPE6 4 0QUTPUT )
DECLARE COMMON BLOCKS

THOUT /7 TDBO(Z2881 o+ TSKY(28E) » WIND(1Z2)
HSOQUT 7 TTILT(Z288+10)

STOUT /7 T1(288,410)

SPOUT /7 T8 o SV o FLOW(288)

COMHMON
COMMON
COMMON
COMMUN

NN NN

DIMENSION QSOL(L12s24) » COLUL29524)
INTEGER ANSYS , RUN

READ TYPE OF ANALYSIS
READ(5,%) ANSYS
RUN = ANSYS
IF ( ANSYS .EQ. 3 ) RUN = 1

5 CONTINUE

CALCULATE HOURLY TEMPERATURES
CALL WDATA

CALGULATE HOURLY RADIATION
CALL HSRP

CALCULATE SURFACE TEMPERATURES DF EXTERNAL WALLS
CALL SURTEMP

CALCULATE HEAT LOSSES OF A BUILDING WITHGUT ATTIC
GALL GCONPL ( ANSYS s RUN )

DO FURTHER ANALYSIS ACCORDING TO TYPE OF ANALYSIS.
IF ( ANSYS .EQ. 0 ) CALL GRNHSO ( QSOL )
[F ( RUN .EQ. 2 ) GO TO 10
IE ( ANSYS oNE. 2 ) CALL SUP ( ANSYS )
RUN = 2
GO TO 5

10 CONTINUE

CALCULATE HEAT LOSSES THROUGH GABLE
GALL GRNHSL ( QSOL » COL

CALCULATE TOTAL LOAD » SUPPLY AND FRACTION OF LOADS
CALL TOTALL ( QSOL o, COL s ANSYS )

STOP
END
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SUBROUTINE WDATA
c
C-=SUBROUTINE TO SIMULATE THE HOURLY DUTDOOR,DEWPOINT ANC
C~=~S5SKY TEMPERATURES FROM MONTHLY MEAN AND RANGE OF
C--0UTDOGOR AND OEWPOINT TEMPERATURES

C
C DECLARE COMMON BLUCKS
C
CoMmMUN +» THOUT / T08B0(288) 4 TSKY(288) o WINDMI{12) , TDPO(288)
c
DIMENSION TOBOM(L12)yTDBRMIU12)+TDPOM(12),TDPRM(12)
C
INTEGER HTREP
C

READ(S5y%) HTREP
READ(S9*)(TOBOMUJ) »TOBRMUJ) 2 TOPOMUJ) » TOPRM(I IS WINDM(J) 9d=1y912)
DO 40J=1412

C-—TO SIMULATE HOURLY UUTDOOR TEMPERATURES
CALL HTPUITDBOMIJ)I+TOBRMIJ)TOBO,J)

C==TO0U SIMULATE HOURLY DEWPOINT TEMPERATURES
CaLl HTP(TOPOM(J) »TOPRM(J)TLPO,J)

C-=T0 SIMULATE HOURLY SKY TEMPERATURES FROM HOURLY
C-~0UTDOOR TEMPERATURES

CALL TSKYP(TDBUOTSKY s d)

40 CONTINUE
IF - HTREP +LEs O ) RETURN
WRITE{(64+80)
g0 70 MM = 1 4, 12
DO 70 NN = 1 4 24
I = L MM = 1 ) % 24 ) + NN
WRITE(H+75) MM » NN o TOBOCI) » TDPOUL) o TSKY(I) s WINDM(MM)
70 CONTINUE
RETURN
75 FORMATU(I3»5X91344(5X4F10.2))
80 FORMATU(1HL//+15Xs*HOURLY OUTDOUOR 4 DEWPOINT AND SKY %,
1 *TEMPERATURES FROM SUBROUTINE -- WDATA== % ,//)
END
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SUBROUTINE HTP(TMeTR T J)

DIMENSION T(2881

P1=3.141593

00 20I=1+24

M@ = € J -1 1) % 24 ) + 1

HE=(2.%I-1.)%30,

TIMQI=(TR/24I*SIN(L{2%PI/({24.%60e )} ShE) =PI/ 1a412) +TH
20 COUNTINUE

RETURN

END

SUBROUTINE TSKYPU(TAsTSKYyd)
DIMENSION TALZ24)2TS5(24)4.T5KY(288)
D0 20I=1424
MG = ( ( J -1 1) % 24 } ¢ 1

T50I)=.0552%(TA(MQ)+273.16})%%1 .5
TSKY{MQ)=TS5(11-273.16

20 CGONTINUE
RETURN
END

SUBROUTINE HSRP
C
C—-SUBROUTINE TO EVYALUATE THE HOURLY RADITATION FUR ANY ANGLE
C--AND ORIENTATION FROM DAILY TOTALS AND ALBIDO
C--LAT: LATITUDE
C--0GAMA: URIENTATION OF THE SURFACE
C-=DS: TILT OF SURFACE
C-=SC:SOLAR CONSTANT

C
C DECLARE COMMON BLUOCKS
C
COMMON / HSOUT 7 TTILT(288,10)
c
DIMENSION DGAMA(L1014DS(10)
REAL LAT KT
INTEGER HRREP
C

READ{(5,y%*) HRREP + DLAT 4 N
PI=3.141593

SC=4871.
LAT=DLAT*PI/180.
nQd = 0

READ(S+%) (DGAMA(T ) »DS(I)sI=1sN)

D0 12 NCD = 1 4 12
READ{S5»*)DAYsHBAR»ALSB
CORFACL=1,+0.,033%COS(PI*2.%DAY/365,.)
DEC=23.45%SINC{(284.+DAY)/365.)1%6.28132)
DEC=DEC*PI[/180.,
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WS=ACOS(-TANILAT)*TAN(DEC)H)
DAYL=2./15.%WS*18B0./P[
EXTRAD=244/P[*¥SC*CORFAC*(COS(LATI*COS(DECI*SININWS)
1+WSFSIN(LAT)I*SINIDEC))
KT=HBAR/J/EXTRAD
RATIN=0.958-0.982%KT
DBAR=RATIO#*HBAR
DW=172.5
30 W=DW*PI/180.
MQ = MQ + 1
DO 251=1,yN
GAMA=DGAMA(I)I*PI/180.,
S=0StI)*P1/180.
SKY=0.5%(1.+C0S{35))
GROUND=C«5%ALB*(1.-CO5(51i)
HCIA=COS{LAT)I#*COS(DEC)}*COSUWI+SINILATI*SINIDEC)
IE{HCIALE.O.) GO TO 94
RT1=0440G+0.5016%SIN(WS-1.047)
RT2=0.6609-0.4767%SIN(WS-1.047)
RT=(PI/24.)%(RTL+RT2%COS(W)II*(COSCAI-COSIWS I DI/ (SINIWS)I=WS*COS(WS))
TIBAR=RT*HBAR
RATH=PI1/24« % (LCOSUINW)I=COSIHS)I I/ (SINCKSI-WS*COS(WS)))
UIBAR=RATH#*DBAR
TCIA=COS(S)*SINIBDEC)I#*SIN(LAT)=-SIN(DECI*COSILATI*SIN(S)
1#COS(GAMA) +COS(DECI*COSILATI*COS(S)I*COStWI+CAS(W)*CASIDEC)
2*SINUS)I*COSCGAMAI*SIN(LATI+COS(DECI*SIN(S)I*SIN{GANMA)
3%#SIN(HW)
IF{TCIA.GT.0.) GG TO 70
8TILT=0.
GO TO 80
70 RB=TCIA/HCIA
IFI{TIBARLLTLOIBAR) TIBAR=DIBAR
BTILT={TIBAR-DIBAR)*RSB
80 OTILT=SKY*DIBAR+GROUND*TIBAR
TTILT(HMQ[)=8TILT+DTILT
GO 10 91
94 BTILT=0.
DTILT=0.
TTILT(MG,12=0,
91 J=0S{D)
25 CONTINUE
DWw=DKH=-15.
IF{DW«GT.-180.1G8 TO 30
12 CONTINUE
If ( HRREP +LE. U ) RETURN
ARITE (6421)
D0 100 MG =1 4 288
WRITE(OL931) (TTILT(MAsIdsI=14N)
100 CONTINUE

21 FORMAT(1HL.//+10Xs*HOURLY RADIATION FROM SUBROUTINE == HIRP =—=%,
1 // )
31 FORMAT(10F10.1)
RETURN

END
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SUBROUTINE SURTEMP
C
C-—T0 EVALUATE THE SURFACE TEMPERATURE OF THE EXTERNAL
C—-WALLS TO 8E USED IN THE EVALUATION OF TRANSMISSION
C--LOSSES FROM THE BUILDING
C—-TTILT:RADIATION AVALIABLE ON THAT SURFACE HOURLY
C--RIZRESISTANCE OF THE #WALL
C-—TOBO:OUTDOOR TEMPERATURE
C-—-ABYZABSORPTIVITY
C—~EMYIEMISSIVITY
C—=-N:NUMBER OF SURFACES
C--TB:INDOOR TEMPERATURE GF THE HOUSE IN ABSOLUTE SCALE

C
C
C OEeCLARE COMMON BLOCKS
C
COMMON / THOUT /7 TDBO(288) 4 TSKY(Z288) » WIND(12)
COMMON / HSOUT 7 TTILT(Z2884510)
COMMON /7 STOUT /7 T1(288,10)
C
DIEMENSION O0SC10)sTIC(10)+RIC10)
C
C
ENTEGER STREP
C

READ (5 4%) STREP o+ N 5 ABY s EMY o, TE&
READIS» %) ((DS(K) 9 K=L g NI} gl RI(K) sK=1yN)}
SIGMA=2,04E-7

IF ( STRE?P JLE. 0O ) GO 70 5
WRITE(H+55)

5 GONTINUE
B3 50 MJ = 1 4 12
CO 50 NJ =1 » 24

I = ( ( M - 1 ) ¥ 24 ) + NJ
TOBOK=TDBO(I)+273.16
TSKYK=TSKY([1+273.16
WINDC = WIND(MJ)
D0 40K=1,4N
TI(IsK)=333.16 ,
10 GALL SURFACE(SUTSEMYsSIGMAyDSs TSKYKTLBOK
LAINDCaHW 9 TBoRIsABY o[ 4K)
IF(SUT.EQ.0.0) GO TO 34
IF{SUT.LTL0.)GO TO 20
TICI»K)=TI{IsK)-10,
GO0 T0 10
20 TLI{L+K)=TI(I,K)+10.
24 TI(LoKI=TI(IK)—-1,
25 CALL SURFACE(SUTEMYsSIGMADSy TSKYK»TOBOK
IWINDCyHW s TB9RIsABY s 1K)}
IFISUTWEQ.040) GO TO 34«
IF(SUT L TL0.3G0 TO 30
GO0 TO 24
30 TICISsK)I=TI(IsK)+1,
32 TICI+k)ISTIUTIWK)=0Wl
CALL SURFACE(SUT+EMYsSIGMA+DS+TSKYKsTOBOK
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OGO

LWINDCyHWs TEIRISABY 91 4K}
IF{SUT.LELQL.01G0 TO 34
GO0 TO 32
34 TI{IHK)I=TIC(IsKi=273.16

40 CONTINUE
IF ( STREP .LE. O ) GO TO 50
WARITEL{S»45) (MUsNJ9{TI(I9K)sK=1aN))

50 LCONTINUE

45 FORMAT(I343Xs13410F12.2)

55 FORMAT(LHL,//+10X»*SURFACE TEMPERATURES OF EXTERNAL WALLS#,

L *FROM SUBROUTINE —— SURTEMP —-=- *,4//
RETURN
END

SUBROUTINE SURFACE(SUT sEMYsSIGMASDSsTSKYKsTDOBOKSWINDC,
LEWs TBaRIVABY 4 I4K)

~=THIS SUBROUTINE EVALUATES THE SURFACE TEMPERATURE

DECLARE COMMON BLOCKS

COMMON / HSOUT /7 TTILT(288,10)
COMMON 7 STOUT 7 Ti(288+10)

DIMENSION DS(10)4RIC10)

HW=20.52+13.68%WINDC
SUT=EMY*SIGMAR(TI(I+sK)*%4=((Lo+COSCUEOSIKIII/2.1¥TSKYK*%4
1-C(L.~COSDUIDS(KIIDI/24.)*TOBOK**4)+HW*{TI(I,K)-TDBOK)
2= ATB~TI{TI+»KII/RTIUKII=ABYXTTILT(I4K)

RE TURN

END

SUBROUTINE QCONPL1 ( ANSYS 4 RUN )

TO EVALUATE THE TOTAL HEAT LOSSES FROM A BUILODING
WITHOUT AN ATTIC

T8O EVALUATE THE TOTAL TRANSMISSION LCSS

TUO EVALUATE THE INFILTRATION LOSSESAND THE

TOTAL HEAT LOSSES FROM THE BUILDING
UF=HEAT LOSS CONDUCTANCE FROM FOUNDATION

AF=AREA OF FOUNDATION
UP=HEAT (0SS CONDUCTANCE FROM PERIMETER IN KJ/HReSCM.K.
P=PERIMETER
Uv=HEAT LUSS CONDUCTANCE FROM THESIDE WALLS
A¥v=AREA OF THE SIDE wWALLS

T8=INDOOR TEMPERATURE

ACH=NUMBER OF AIR EXCHANGES PER HOUR
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VG=VULUME OF THE HOUSE

DECLARE COMMON BLOCKS

COMMON 7/ THOUT / TDBUO(Z288)

GOMMON / HSOUT /s QINF(288) , QC(288) s QTOT(288)
COMMON 7/ STOUT /7 5AT (288,10}

COMMUN / SPOUT / T8 » SV » FLOW(288)

DIMENSION UV(10)+.AVL(10)
INTEGER INFREP 5 ANSYS s RUN

READ(S5+%) INFREP o N 9 UF o AF o TG 4 UP 4 P
IF { (ANSYS JEW. 2) +0Re (ANSYS +EQ. Q) ) READ(54%) ACH
IF t RUN «EQ. 1 3 TB = TG
CONF=UF *AF
CONP=UP=P
C-~TDBOsHOURLY QUTDOOR TEMPERATURE FRUM PROGRAM WOATA
C—--TO EVALUATE INFILTRATION LOSSES

C

IF ( RUN oNEe« 1 ) CAtL QINFP(YGsACHe TG9ANSYS)
C

READ(S5 9% ) (LUVIK) 9K=1 s NI 9 {AV(K)» K=1y N}
C

C--SAT:SURFACE TEMPERATURE FROM PROGRAM SURTEMP
C

[F { INFREP JLE. C ) GO TO 5

ARITE(6935)

5 CONTINUE
00 20 MJ = 1 » 12
CO 20 NJ = 1. 24
I = ¢ (M3 - 1) % 24 ) « NJ
COND=0.0
D0 10K=1lsN

C~--T0 EVALUATE TRANSMISSION LOSSES
COND=COND+UVIK}IFAVIKI*(TG-SAT(1+K))
10 CONTINUE
QC(I)=CONF*(TG-TOBOU(IL) ) +CONP*{TG-TDBC (1)) +COND
If ( INFREP «LE. O ) GO T0 20
WRITE (6916) MJIaNJISTDBOUIL)sQCUII»QINF(I)LQTOT(I)
16 FORMATU1393Xa1395X9FT7e295X9F124295X9F124295X9F20.2)
20 CONTINUE
30 CONTINUE
RETURN

35 FORMAT(L1HL//910Xe*INFILTRATION AND TRANSMISSION LUSSES FROM=,

1 #SUBROUTINE —— QCONPL —= % 4/
END
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SUBROUTINE QINFPIVGsACHTGyANSYS)

C
C-—THIS SUBROUTINE EVALUATES THE INFILTRATION LOSSES
C
C
C DECLARE COMMON BLOCKS
C
COMMON /7 THOUT /s TDBGO(288)
COMMON / HSOUT / QINF(288)
COMMON 7 SPOUT 7 T8 s SV 4, FLOW(Z288)
C
INTEGER ANSYS
C
C

DO 10i=1,288

IF ( ANSYS oJNE, 3 ) QINFUI)=1.218*VG*ACH*{(TG-TDBOC(L))

IF ( ANSYS LEQ. 3 ) QINF(I) = ( FLOW(I)/SV*3600. ) * ( TB~TG )
10 GONTINUE
20 CONTINUE

RETURN

END

SUBROUTINE GRNHS1 ( GRE o COL )

DECLARE COMMUON BLOCK

oo

COMMON / GABLE / GBLREP 4 FRP » FRC 4 FPR 4 FPC

[N 9]

DIMENSION DGAMALL10)+GAMALLG)»OS(10)9S5S(10)s4N(103,AREALLIO)
1AC10)»8B{10)9TRANDUL0) 4 TAD(L0) s TTDUL0)sSKY(L101+GROUNC{10),
CTCTACLO) o BTILTCLO)I9RB(LO)SDTILT(LIO)sTTIL0)»TIA(LIO)A0FI(10),
3A0FR(10) o XXC10)yYYLLO)PERE(LO)»PARE(LD)yAALLO)BB(1C),
4TRANS(L10)sTALLO)

5 ISTL12) » GRE{1Z2+24) s COL(L2+24)

INTEGER GBLREP
REAL LAT KT

INTIALIZE DAT

sNeNe]

DO 65 MG = 1 » 12
IST(MQ) = O
DO 60 NQ = 1 4 24
GRE(MQWNOI) = 0.
COL(MQsNQ) = 0.
60 CONTINUE

65 GUNTINUE

OQ
0

C
C—--CALCULATION OF TRANSMITTANCE THROUGH GLASS COVER
C



C~—READ REQUIRED CONSTANTS AND OATA

C
READ(H59%) GBLREP o DLAT 9 NW 9 AF 4 ALP o RINDEX » AK
READ(S5+%) FRP 4 FRC 3y FPR 4 FPC
READUIS %) ( DGAMA(CI) o DSCOI) o NUOI) o+ AREA(I)Y) o 1 =1 »
C

IF { GBLREP LE. O 4 GO TO 1000
WRITE(SE,1)
WRITE{(6+1081
1000 CUNTINUE
PI=3.141593
SC=4871.
LAT=DLAT#*PI/180.
C
C~—-CHARACTYERISTICS OF GLASS COVER
C
C—-~CALCULATION OF TRANSMITTANCE FOR ODIFFUSE RADIATION
AODI=1.01¢23
AUCR=ASIN{ISINI(AOCI)/RINDEX}
X=A0DR~-A0DI
Y=AUDI+AQDR
PEREF=(SIN(XI/SINCY))*x=x2
PAREF=(TANIX)/TAN{Y))*%2
M=0
00 12 MCD = 1 4 12
READ(S5+s¥%) DAYsHBARSALSB
=M+l
GORFAC=14+0,033*CUS{PI*2.*DAY/365.)
DEC=23.45%SIN{{(284.+DAY)/36D4)%2.0%P1)
BEC=DEC*P1/180.
AS5=ACOSH{-TAN(LAT)I*TAN(DEC))
EXTRAD=24.,/P[*SC*CORFAC*(COS(LAT)I*COS(DECI*SINIWS)
L+WS*SIN(LAT)I*SINIDEC)H)
KT=HBAR/EXTRAD
RATIO=0.958-0.982%KT
DBAR=RATIO*HBAR
[F ( GBLREP .LE. O ) GO TO 1001
[F(HM.EQUsL) WRITE(G64110)
IF(M.EQ.2) WRITE(Hs111)
IF(M.EQ.3) WRITE(64112)
IFIM.EQe4a) WRITE(H9L113)
IF(M.EQ.5) WRITE(S69114)
IF(M.EQ.6) WRITE(G64115)
[F{MeEQ.7) WRITE(E4116)
[FIM.EQ.8) WRITE(Hs117)
IF(MEQa9) WRITE(E4118)
IFIMJEQ.L1O) WRITE(64119)
IF(M.EQ.11l) WRITE(64+120)
[IF(M.EQ.12) WRITE(H91211
1001 CONTINUE
00 20 I =1sNHW
A(I)=(2.%N(I1)-1.)%PEREF
BUI)=(2.*N(1)-1.)*PAREF
C¥%*%x#CALCULATION OF TRANSMITTANCE DUE TO REFLECTION ONLY
JRAND(IN=0e3%{(1Le=PEREFI/{Lle+A(L))+{1s-PAREF)/(1a+E8(])))

L6k

AL

NW )
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Cx*#%¥CALCULATION OF TRANSMITTANCE DUE TO ABSORPTIOM ONLY
TADULII=EXP {~-N(1)%AK*AL/CUS (ACODR) )
C*xx3CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION & REF
TTOUI)=TRAND(II*TAD(I)
GaMA(I)=0GAMA(L)*P]I/180,
S5¢I)=0S(1)*P[/180.
SKY(I)=0a5%(1.+COS(SLII))
GROUND(I)=0.5%ALB*(L.~COSIS(1) )
20 CONTINUE
DW=127.5
30 W=0W*P1/180.
HCIA=COS{LAT)I®*CUS(DEC) *COS(W)+SIN(LATI*SIN(DEC)
IFLHCIALESO.) GO TO 94
RT1=0+409+0.5016%SIN(WS—-1.047)
RT2=0.6609-0.,4767%*SIN(NS=1.047)
RT=(PI/244 )*(RTL+RT2#COS(WIIF(COSIUWI-COSCHS)IIZUSIN(HS)I=WSELOAS{HS))
TIBAR=RT#HBAR
RATH=PI/24.%{(COSIWI=COSCWSII/(SIN(NS)I=-WSECOS(HWS)) )
DIBAR=RATH®DBAR
GO 40 I=19NW
TCLALII=COS(S L) I*SINCDEC)#*SINILAT)I=-SIN(DECI*COSILATI*SIN(SLI))*
1CGUS(GAMACI ) )+CUS(DBECI*COSILAT)I*COS(S(I))I=COS(W)I+CAS(W)IFCOS(DEC)*
2SINCSUINI*COS(GAMALTII V&SINCGLAT)I+COSCCECI#SIN(SUI))#SIN(GAMA(]L) )%
3SINCUW}
IR(TCIA(ID).GT.0.) GO TO 70
BTILT(I)=0.
RB(I)I=0.
GO0 TO 380
70 RBOLI=TCILIA(I)/HCIA
IF(TIBAR.LT.DIBAR) TIBAR=DIBAR
BTILT(I)=(TIBAR-DIBAR)*RB(I)
B0 OTILTII)=SKY{I)*DIBAR+GROUND(I)I*TIBAR
ITF(TCIAC])GT«04) GO TO 930
IT(11=0.
GO TO 40
90 TIACLI)=ACOSU(TCIACL))
C—=CALCULATION UF TRANSMITTANCE FOR BEAM RADIATION
AQFTCL)=TIACL)
AOQFRUTII=ASIN(SINCAOFICI)I/RINDEX)
XXCLi=AOFRUL)=ADFIC(T)
YY{I=AOQFI(I)+AOFR(I)
PERECII=(SINIXXTLI)I/SINIYY(I)))R%2
PAREL{TI)=(TANIXXLIV)/ZTANCYY(I)) )%%2
AALT )= 2. 3N([)=1)*PERELI)
BB(I)=(24%#N(1)=1.)%PARE(])
C**x9CALCULATION OF TRANSMITTANCE DUE TO REFLECTIUN ONLY
TRANS(I1=0.5%({1e=PERE(L)I/(Lo+AACI))+(La=PARE(I))Z(1.48B8(1)))}
C**+¥CALCULATION OF TRANSMITTANCE DUE TO ABSORPTION ONLY
TAULD)=EXPA{-NLI)*AK®AL/CUS(AQFR(I I ))
C*#=%CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION & REF
TTUL)=TRANS(I)*TA(L)
40 CONTINUE
CALL CAPFACL (BTILTsDTILT9TTyTTD2AREAYTIBARSDIBARyNWoAF9ALP 9DW o
O
¢ GRE » COL 4 IST )
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ﬁ‘;l:UN-lS.

[F(DW«GT.04) GO TG 30

CONTINUE

IF ( GBLREP JLE. O ) GO TO 700

WRITE(b6s21

£0 600 MG = 1 » 12
KG = IST{MG)
D0 550 NG = 1 » KOG
WRITE(H64105) COLIMGING) » GREIMGsNG) o+ MG
CONTINUE

CUNTINUE

CONTINUE

ARRANGE L.OSSES
CALL PRGL ( COL » GRE » IST )

RETURN

FORMAT(LHL9/ /710X s*VALUES OF == COL =-- AND —- GRE =-- FROM #,
1 *SUBROUTINE == GRNHS1 ==~ %47/ )

FORMAT(2F6.19119F6.0)

FURMATI5X92F15.5915])

FORMAT(#1%////7/+29XK9 %410 HECTARE*//+25Xe*SINGLE GLASS RUOF */7,
126X 9% SHED GREENHOUSE*//926Xy*E-W ORIENTATION%*//42GX,y
2HRLENGTH=100M%/ 429X 3% WIDTH = 10M¥/929X+*HEIGHT=2 M* /429X,
3%SLOPE =30DEG#//+24Xs%CLASS CHARACTERISTICS:*// 4242,

43 THICKNESS=04.30 CHM%//2249K9%K = 0,252 CM-1 ; IR=1.52€%///)

FORMATURL®///+35Xs%JANUARY®//)
FORMATU®1%//7/ 435X+ *FEBRUARY*/ /)

FORMATI L%/ //+35KsFMARCH*/ /)

FORMATU*L*//7 /935X %APRIL%/ /)

FORMATU®1%///7435Xy%¥MAYR//)

FORMAT(*12///+35 K4 %JUNEX//)

FORMAT (#1%//7/7935Xs¥JULY¥//)

FORMAT(#L1%///7+35Xs¥AUGUST*/ /)
FORMAT(*1%/7/+35X+*SEPTEMBER*//)
FORMAT(%1%///+35X+%0CTOBER*//)
FORMAT(*1%//7/+35X+¥NOVEMBER®//)
FORMATIL*1%///7 935K s*DECEMBER®/ /)

FORMAT (29X 9¥S1 = SOUTH WALL*/429X+%52= SOUTH ROOF%*/4+29X,
1#S3 = EAST WALL#*/+29X9%S4 = WEST WALL¥/929X»*55 = COLLECTOR=*/)

END



469

SUBROUTINE CAPFACL (B+DsBTRIDTRIAREAWHBARSDBARyNWy AF9ALByHR 9 My

1 GRE o COL » IST )
C
C DECLARE COMMON BLOCKS
C
COMMON / GABLE / GBLREP » FRP 4 FRC 4 FPR oy FPC
C
DIMENSION BU1029sD(10)sT(101sTBLLO)TL(LI0)sTTL10)4BTIR(10)
IDTROLOV+AREA(LO) +RBULIODIIRD(LO) $RT{L10) H»TBB(LC)TODL1IG)
2 GRE{L12+24) » COLCL12424) » IST(12)
¢
INTEGER GBLREP
C

C--CAPTURE FACTORS FOR SHED GREENHOUSES,,LCSS FROM ROOF INCLUDED.
C-=-ALSC REFLECTION LOSSES
C
88AR=HBAR-DBAR
ifF ( GBLREP J.LE. O ) GO TO 100
WRITE(64,105) HR
100 CONTINUE
00 10 1=14NNW
C—-REFECTION LCSSES
[F{I.EQ.2) GO TO 50
IF(I.EQ.5) GO TO 60
C—-FACTOR (TRANSO#*F )YALID ONLY FOR GABLE WITH SLOPES OF SAME MATERI
TBLII=BLI)*BTRULI*AREA(I) #(1l.—-ALB*DIR(I})
TOLI)=D(II*OTRULI*AREA(I) *(l.—ALB=DTIRIIN
40 70 40
50 TBB(I)I=B{II*AREA{I)I*BTR(I)=-B(1)*AREA(5)*BTR(])
TBUII=TBEUII* (L ~ALB*(FPR¥DTIR(I}+FPCH)
TO0LTII=D(1)*AREA(L)*DTRUL)*FRP
TOCI)I=TOD(I ) *(Le—ALBX(FPR*¥DTR(I)+FPC}H)
GO TO 40
60 TB{I)=BL1)*AREA{I)*BTR(2)
TOCII=D(2)*AREA(2I¥DTRUZ)I*FRC+ALB*FPC*(TBB(21+TDD(2)])
40 TT(L)=TBLI)+TOL(I)
10 CONTINUE
BEAM=0.
DIFF=0.
T0TA=0.
00 20 J=1sNN
BEAM=BEAM+TB(J)
DIFF=DIFF+TD(JI
TOTA=TOTA«TT L)
20 CONTINUE
00 30 K=1lsNW
{FUBEAM.EQ.O0.) GO TO 17
R8{K)=TB(K)/BEAM
GO0 TO0 18
17 RBI(KI=0.
18 RDIKI=TOU(K)/DIFF
RTLKI=TT{K3I/TOTA
{F | GBLREP JLE. 0 ) GO TO 30
WRITE(O6+101) KyAREA(K) 9TBIK) s TO(K )9 TTUKIIRBIK) sRDIK)4RT(K)
30  CONTINUE
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HOR=AF*HBAR

EFF=TOTA/HUR

DHOR=AF*DB AR

BHOR=AF*BBAR

CEFF=01FF/DHOR

IF{BHOR.EQ.O.) GO TO 19
BEFF=BEAM/BHOR

GO0 TO 21

BEFF=0.

IF ( GBLREP .LE. O ) GO TO 500
WRITE(b6+106)

WRITE(69102) BEAMIDIFF.TOTAYBEFFSDEFFLEFF

IST(MY = ISTIMY) + 1
GRE ( M » IST(M) ) = TOTA
coL ¢ M IST(MY ) = TTULS)

RETURN

FORMAT(OX yI1 192X sF6.093F10.093X+3F7.3/)
FORMAT(9X93F10.0+3F7.377)

FORMAT(OX s #S¥ 4 X9y *AREA®,4X + #*SOLAR ENERGY CAPTURED 29FB8ale3Xy
LXCONTRIBUTION®/ g 14X #M# #2593 L1 X 9% (KJ/HR 1%922X9*TO TOTAL®//

223K s ¥BEAMT 43Xy *¥DIFFUSE# 35Xy % TOTAL* 90X+ *BEAM¥ 93 X9 *DIF+® 93Xy
32TO0TAL®/)

FORMAT(15X,*TOTAL CAPTURED /913Xy ¥BEAMT 44 X9 *DIFFUSEF94X,
L¥TOTAL* 94Xy %BCF # 93X %¥DCF#*94X,*TCF%/)
END

SUBROUTINE PRGL ( COL s GRE » IST )

DECLARE COMMON 8LOCK

500

500
400

COMMON 7/ GABLE 7/ GBLREP

DIMENSION IST(12)2COL(12+24)»GRE(L2y24)
INTEGER GBLREP

00 400 1I8=1412

00 500 JB=1,23

IF(COLLIBs JB+1).NELOL) GO TO 500
KB=I5T(I8)

B0 600 K=1:KB

L=13-K

M=12+¥

N=K8-K+1
COLC{IB,L)I=COLUIBsM)I=COLTIBAN)
GREU(IByL)=GRE(IBsMI=GRE(IBsNI.
COLCIBaNI=GRE(IBINI=0,

GO0 TO 400

CONTINUE

CONTINUE

IF { GBLREP JLE. 0 ) GO TO 800
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WRITE(6+650)
00 700 IC=1.12
DO 700 JC=1424
WRITE(DO9900) ICsJCHyCOLLICH»JICIIGRE(ICHUC)H
700 CGONTINUE
800 RETURN
900 FORMATI(5X9215+2F15.61)
350 FORMAT(LH1+10Xs*VALUES UOF == QSOL == FROM SUBROUTINE =-~PRGl-=%*4//)
END

SUBROUTINE TOTAL1 ( GRES o COLS + ANSYS )

C
C
C DECLARE COMMON BLOCKS
C
C
COMMUON 7 HSOUT / QINFI(2Z2BB) o QTR(288) o+ QLDAD(Z288)
COMMON 7 STOUT 7 TI(288+10)
COMMON 7 DPTCS / ABCyACIARSIELIEZ29ECHERIFRLsH L 9S9yTCOsTCCyUM
C
DIMENSION COLS(12524) 9 GRES(12+424)
C
INTEGER ANSYS
C

SIG=2.04E~7
C READ IN CONSTANTS
READ{S5+*) AC 5 ABC » EC » ER » AR 4 FRC y» TC
C READ IN CONSTANTS FUR SUBROUTINE OPTTC
READISy*) E1 o+ EZ2 9 H o S 9o L » UM 4 TGD s TCC
TC = TC + 273.16

B0 20 I=1+12
SINF=0.
SQTR=0.
550L=0.
SSuP=0,
5L0AD=0.,
5QC0L=0.

FOLLOWING STATEMENTS ARE FOR SUBROUTINE OPTTC -- MAR. 83

e Rw Ny

WRITEL64177) |

177 FORMATULHL 10X s"MONTH NUOe = 531347
MON = I
CALL OPTTCU(MONSSIGsCOLS)

o Y

END OF NEW STATEMENTS —====- MAR. 83
IF ( ANSYS LEQ. 2 ) HWRITE(64+25)
LF ( ANSYS EQ. 3 ) WRITE(6+26)
DO 30 J=1,24



C
C
C

C
C
C
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CoOL = COLS(I+d)
GR = GRES{(IyJ)
MQ {1 -1 % ¢4 ) +J

TR = TI(MQ42)
IF{COL.EQL.O04) GO TO 50
TR=TR+273.16
COLOSS={SIG*{TC*%4=TR¥%4) )/ {{(1.~EC)/LEC*AC))
1+(1/7CARFFRCIIC{LLI-ERI/JLERFAR) })
CCOL=ABC*COL-COLBSS
IF(QCOL .LT«04) QCOL=0.
G0 1O 51
50 C€0LOSS=0.
GCOL=0.
51 QS0L=GR-COL
IF ( QINF(MU) JLE. 0.0 ) QINF{(MQ) =
IF ( QTR{MQ) LLE. 0.0 ) QTRI(NMQ) = Q.
F = 0.0

C.0
C

ANALYSIS TYPE 2

IF ( ANSYS .EQ. 3 ) GO TO 100

QLOADI(MQY = QINF(MQ) + QTR(MQ)

[F ( GLOAD(MQ) +LE. 0.0 ) QLOAD(MQ) = 0.0
QSUP = QSOL - QINF{NMQ) - QTR(MQ)

IF ( QSUP «GT. 0.0 ) Q5uP = 0.0

IF ( QLOAD(MU) oNE. 0.0 ) F = ( QLOADIMQ) + QSUP ) /7 CQLOAD(IMC)

WRITE(6940) T9J9GSOLSQINF(MQ) QTRIMQ)I»QLUOAD(MQ) SQSUP,F,LQCOL
G4 TO 105
100 CONTINUE

ANALYSIS TYPE 3

QLOAD(MQ) = QTRIMQ) - QsSOL

[F ( QLOAD(MQ) +LE. 0.0 ) GLOAD(MQ) = 0.0
GSUP = QLOADIMQ) - QINFINMQ)

IF( QSUP LLT. 0.0 ) QSUP = 0.0

IF { QTR(MQ) NE. 0.0 ) F = ( QTR{MQ) - QLOAD(MQ) ) / QTR(MQ)

4fCT = 0.0

IF { QLOAD(MQ) JNE.0.0 ) QFCT = ( QLUOAD(MQ) - QSUP ) 7 QLOADIMQ)
WRITE(6942) L9J9QSOLIQINFIMU) s QTRIMQ)»QLOADIMQA) »QSLP4F9QCOLLQFCT

IF ( QTR(MQ) EQ. 0.0 ) QINF(MQ) = 0.C

105 CONTINUE
SINF=SINF+QINF(NG)
SATR=SQTR+QTR{MQ)
SSOL=550L+050L
SSUP=S5SUP+QSUP
SLOAD=SLOAD+ULOAD(MG)
5AC0L=SQCOL+QCOL

30 GUNTINUE

DAYF = 0.0
[F ( ( SLOAD «EQe 0.0 ) <AND. ( ANSYS .€Qs 2 ) ) GG TG 115
IF ( ( SQTR +EU. 0.0 ) <AND. { ANSYS EQ. 3 ) ) GO TG 115
IF { ANSYS JEQ. 2 ) DAYF { SLOAD + SSUP )} 7 SLOAG
IF ( ANSYS .EQ. 3 ) DAYF { SQTR - SLOAD ¥ /7 SQTR

115 COLF = 0.0
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IF { SSUP «NE. 0.0 } COLF
S5FCT = 0.0
IF { SQTR «NEs 0.0 ) SFCT
IF  ANSYS .EQ. 2 )
+MRITE(H6y41) SSOLYSINF+SQTRSLOADSSUPHLDAYF,SQCOLSCOLF
EF ( ANSYS .EQ. 3 )
SWRITE(H543) SSOLSINF,SQTReSLOADSSSUPZDAYF»SQCUL»SFCTLCOLF
GONTINUE

25 FORMAT(5(/) 415X,

1}

SQCoL /7 SsSup

]

SINF 7 SCTR

1 #¥MONTH HOUR PASSIVE INFILT TRANSMIN TOTAL *,
2 #*SUPLMENTL FRACTN SOLAR ®9/ 915Ky

3 ¥ SOLAR -RATION LOSSES LOSSES x,
4 *HEAT REWQD LOAD COLECTED ¥9/15%+81{1H=)4/)

40 FORMATA(L7X 912+3X91291X32F10s093F11404F843942F10.0)
41 FORMATU/915X9B8LUlH=) s /s 17X *TOTAL¥*9/ 919X e %0F *94X92F1Ce093F11.00

1 FBa39FLl0eCo/917Xa% DAY %43/43152481{1H=) )

Z /7 962Xy ¥FRACTION SUPPLIED B8Y SUOLAR=Z,F8.3 )
26 FORMATIS(/14+415X,

1 *MONTH HOUR PASSIVE INFILT TRANSMTN TOTAL *#,

Z *SUPLMENTL FRACTN SOLAR FRACTN 9/ 915X,

3 = SOLAR -RATION LOSSES LOSSES #,

4 *HEAT REQO LOAD COLECTED EBY VETLN %9 /15X%X991(1H=)4/)

42 FURMAT(L7X91293K91291X92F104093F11.09F8439F1C.09FLCe3)

43 FORMATHL/ 919XKs 9L (1ltd=) s /217Xy ¥TOTAL* 9/ 019X 9 %¥UF % 44X992F1Ce093F1140,
1 FB8a39FLl0eC9Fl0e39/917Xs% DAY %4/4315X9G1{1H=) ’
2 I/ 972Xy *FRACTION SUPPLIED BY SOLAR*y,F8.3 )
END

SUBRDUTINE SUP ( ANSYS )
DECLARE COMMON BLOCKS

COMMON / THOUT /7 TO(288) » TSKY(288) o+ WIND(12) » TCP0O(288)
COMMON / HSOUT 7 UQVENT(288) » QTRANS{288) » QSUP(2868) s KWHL288)
1 sUFLOW(288) » UQVENT(288) + UQTR{288) » UWH(288)
2 »UQSUP(288)

COMMON ¢/ SPOUT / T8 » 2417 4 FLOW(288)

REAL KWH
INTEGER SUPREP + ANSYS
READ IN REGQUIRED CONSTANTS
READ(S5 4%) SUPREP o9 N o VER 9 VYENT 4 WT 4 TB o RHB s PAT 4, PMAX
FMAX = VENT #% N
CALL HMPRO ( WT o TB 9 WVP 4 HL o9 CSENS o TH )
A MW N % Wvp

S¥p vP{TB)
CALL DBRH ( TByRHBIPATsSYPSAVP sSURIWEsSVySPHLDPT )

[
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ASSIGN VALUE OF SV TQ ZZZ7Z OF COMMON BLOCK.
THIS IS DONE TO VALUE OF SV IN SUBROUTINE 'UCONPLl‘.
VALUE OF ZZZ7Z 15 TRANSFERED B8Y COMMON BLOCK 'SPOUT®.

2117 = SV

fG 20 4 = 1 » 12
IF ( SUPREP .NEe. O ) WRITE(6430)
DO 20 K = 1 s 24
I = ¢ CJ -1 ) % 24 ) +« K
SYPO = VPITO(I))
AVPO = VPLTOPOLIN)
CALL OBDP ( TOU1)syRHUSPATISVPO+AVPUsSURO WD sSVOLENTOLTDPOLI))
AMA = AMW / ( W8 - WO )
CALL DBDP 1 TBsRHXsPATsSVP I AVPOySURX WX SYXIENTELTDPO(I))
QVENTI(I) = AMA % (ENTB - ENTO )
QSUPLI)} = N % QSENS — QTRANS(I) - QVENT(I)
IiF ( QSuP(I) .LE. 0.0 ) GO TO 10
QVENTI(I) = N % QSENS - QTRANS(I}
AMA = QVENT{(I) /7 ( ENTB -~ ENTO )
QASUP(I) = 0.0

1¢ FLOW(TL) = ( AMA % SV ) / 3600.0
IF { ( FLOW(I) +LTe 040 ) «ORs ( FLOWULI) «GTe FMAX ) )
. FLOKC(I) = FMAX
KWHI) FLOWCI) 7 VER

Hon

UWHIET) { KWH{I) % 1000.0 ) /7 N

UFLOWI{I) = FLOW(IL) /7 N

UGVENT(I) = QVENT(I} / N

UGTR(I) = QTRANS(I) 7/ W

UQSUP({I)» = QSUP(I)Y / N

[F { SUPREP .NE. O
1 WRITE(6140) JoKsTOCL)»TOPOCI) 9QGTRANSCI)SQVENT(I )2CSUPCI )y
Z FLOWOI) o KWHU T ) yUFLOW(T ) yUQYENT (L) oUQTREI) 9 UQSUPLI) sUWHI(T)
20 CONTINUE

IF TYPE OF ANALYSIS EUUAL TO THEN PROCOUCE TABLE,
OTHERWISE RETURN TO CALLING SUBPRUOGRAM FCOR FURTHER
ANALYSIS. STUOP PROGRAM IF NO ANALYSIS NEEDED.

IF ( ANSYS JEQ. 3 } RETURN

CALL NEWMON ( N » VENT o, PMAX )
STQP

30 FORMAT(LO(/ ) s1HY 9#MON* 33 Xs ¥HOR X9 4 Xy #TO* 94Xy *TDPU# 94X s ¥QTRANS*48X s
1 FQVENT¥ 96X %QSUP*9BX o FFLOWF 93X s ¥KWHE 93X 9 %¥UFLOW®9 IXy ¥ UQVENT® 42Xy
2 FUQTR% 34X 9% UQSUP* 94X g *UWH%* 9/

40 FORMAT ( 1393X901392F7e193F124192F8429F74593F864293X9F6e3 1)

END
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SUBRUOUTINE HMPRO ( WT o TB » MW & LH o SH » TH )

REAL LH o MW

A

+

0.000446%TB*%2 ~ 1l.4147
MW = 10.0 *% A

475

0.00539%WT + 0,00171%T8 - 0.0000579*WT#TB - 0.CCC0L41%wWT%%2

B = 14761 + 0.035%AL0GLO(WT) = 0.00414%T8B + Q0.148%(ALUGLO(WT))*%2

s * 0.00023%TH*%2 — 0.,00563*TB*ALOGLO0IWT)

TH = 4,186 * 10.0 #% B

LH = MW = ( 2504.44 = 2.4%T8B )
SH = TH - LH

RETURN

END

SUBROUTINE DBDP ( DBTsRHUsPATYSVP+AVPsSURsAURI ISPV SPHLDPT

THIS SUBROUTINE CALCULATES MOIST AIR PROPERTIES
WHEN 0B TEMPERATURE AND DB ARE KNOWN

INPUT:

DBT — DRY-BULB TEMP.{DEG.CELCIUS) FROM THHFX

DPT - DEW POINT TEMPERATURE FROM THHFX

PAT - ATMOSPHERIC PRESSURE(KPA)

SVP - SATURATION WATER VAPUUR PRESSURE (KPA) FROM FUNCT.
AVP - ACTUAL WATER VAPOUR PRESSURE (KPA) FROM FUNCTIGN VP

OUTRUT:

SUR = SATURATION HUMIDITY RATIO (KG.WATER/KG.CRY=-AIK)
AUR = ACTUAL HUMIDITY RATIO (KG.WATER/KGLORY=-AIR)

SPV = SPECIFIC VOLUME (CUJMETRE/KG.ORY-AIR)

SPH = SPECIFIC ENTHAPLY (KJ/KGsDRY-AIR)

RHU = RELATIVE HUNMIDITY (DEG.CELCIUS)

PAT
RAR

101.325
0.28705

CALCULATION OF RELATIVE HUMIDITY

RHU = AVP /7 Svp

)

VP

- - -
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CALCULATION OF SATURATION HUMIDITY RATIC
SUR = 0.62198 % SVP / ( PAT = SVP
CALCULATION OF ACTUAL HUMIDITY RATIO
AUR = 0.62198 % AVP / ( PAT = AVP )
CALCULATION OF DEGREE OF SATURATION
DES = AUR / SUR |
CALCULATION OF SPECIFIC VOLUME
ADB = DBT + 273.16
SPV = RAR % ADB / PAT # ( 1.0 + 1.6078 # AUR )
CALCULATION OF SPECIFIC ENTHAPLY
FOLOWING EQUATION IS VALID FOR OBT IN THE RANGE OF =5C TO 110 ONLY
SPH = 1.006 * DBT + AUR % ( 2501 ¢ 1.775 # DBT )
RETURN
END

SUBRUUTINE DBRH ( OBTyRHUsPAT9SVPyAVP4SUR9YAURySPV9SPHHDPT )

. O W " WOB - " N WD e D W S - S W D WO - —— T . W O S i W N W MmN S MR A G A D W A WD A S = - —

SUBROUTINE TO CALCULATE MOIST AIR PROPERTIES
WHEN 0B TEMPERATURE AND RH ARE KNOWN

[NPUT:

DBT — DRY-BULB TEMPERATURE ( DEG.CELCIUS 1) FROM SUBFROUTINE -SufP-
RHU = RELATIVE HINMUDITY (DECIMAL) FROM SUBROUTINE -SuP-

PAT ~ ATMOSPHERIC PRESSURE (KPA) FROM SUBROUTINE -SuLP-

SVP - SATURATIUN WATER VAPOUR PRESSURE (KPA) FROM FUNCTION =-VP=-

guteuTt

AvP - ACTUAL WATER VAPOUR PRESSURE (KP2)

SUR = SATURARTION HUMIDITY RATIOD (KG.WATER/KG.DRY-AIR]
AUR = ACTUAL HUMIDITY RATIO (KG.WATER/KG.DRY=-AIR)

SPY = SPECIFIC VOLUME (CU.METRE/KG.DRY=-AIR)

SPH = SPECIFIC ENTHAPLY (KJ/KG.DRY-AILR)

OPT - DEW-POINT TEMPERATURE (DEG.CELCIUS)
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RAR = 0.28705
CALCULATE ACTUAL WATER VAPOUR PRESSURE
AVP = RHU #*35VP
CALGULATE SATURATION HUMIDITY RATIO
SUR =0.62198 % SvP / ( PAT - SvP )
CALCULATE ACTUAL HUMIDITY RATIO
AUR = Q.62198 % AVP / ( PAT - AVP )
CALGULATE DEGREE OF SATURATION
DES = AUR / SUR
CALCULATE SPECIFIC VOLUME

ADB
SPV

DBT + 273.16
RAR * ADB /7 PAT #* ( 1.0 + 1.6078 * AUR )

WoH

CALCULATE SPECIFIC ENTHAPLY
FOLLOWING EQUATION IS VALID FOR DBT IN RANGE OF -50 TQ 110 ONLY

SPH = 1.006 #* DBT + AUR * ( 2501 + 1.775 % DBT )

CALCULATE DEW POINT TEMPERATURE
ALP = ALOG(AVP)
[F { ( DBT .GE. -50.0 ) OR. ( DBT .LE. 0.0 ) ) GG 10 20
IF t ( DBT 4GTe Ca0 ) +ORs ( DBT JLE. 50.0 ) ) GO 70 10

DRY BULB TEMPERATURE IN THE THE RANGE ( 50 TO 110 )

OPT = 13.8 + 9,478%ALP + 1.991L%ALP¥=2
RETURN

DRY BulLB TEMPERATURE IN THE RANGE ( O TG 50 )

10 OPT = 64983 + 14.38%ALP + 1.079%ALP*#¢2
RETURN

FOR DRY BULB TEMPERATURE IN THE RANGE ( =50 TO 0 )
20 DPT = 5,994 + 12.41%ALP + 0.,4273%ALP#%2

RETURN
END
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FUNCTION VPA(TC)
FUNCTION TO CALCULATE VAPOUR PRESSURE -
SUOURCE:~- :
L.RJWILHELM "NUMERICAL CALCULATION OF PSYCHROMETRIC
PROPERTY52 IN SI UNITS"™ ASAE TRANS. 1676
TK - TEMPERATURE IN DEGREE KELVIN
VP - VAPDUR PRESSURE ( KILO-PASCLE)
TC - DUMMY VARIABLE FOR TEMPERATURE IN DEGREE CELCIUS
[F (TC +EQe DRY = BULB ) OUTPUT IS SATURATION VAPOUR FRESSURE
IF ¢TC +EQ. DEW POINT ) OUTPUT IS ACTUAL VAPOUR PRESSURE
TK = .TC + 273.16

IF { TC .GT. 0.0 ) GO TO 10
EXPO = 2442779 — 6238.64/TK = 0.344438%AL0OGUTK)

GO 170 15 :
L0 EXPO = 89.63121 = 7511.52/TK + 0402369897#%TK = 1.1€5455E-05%TK**2
. - 1.281034E-08%TK#%3 + 2.09984E-11%TK%%4 ~ 12.1508*%ALOGITK)
15 vP = EXPLEXPO)
RETURN
END

SUBROUTINE NEWMON € N o VENT 5 PMAX )
DECLARE COMMON BLUOCKS

COMMON 7/ THOUT / TO(288) o+ TSKYL(288) » WIND(12) » T0P0O(288)
COMMON / HSOUT / QVENT(288) 5 QTRANS(288) 4 CSUP(2E8B) » KWH(Z28B8)
1 JUFLOW(Z288) » UQVENT(288) » UQTR{2EB) » UWH(Z288)
Z s UGS UP (288)

COMMON / SPOUT / T8 o ZZZ1 » FLOW(ZBE)

REAL KWH

FMAX=VENT=®N
D0 20 I=1412
WRITE(64+30)
STRANS=0.
SVENT=0.
SSUP=0.
SKWH=0,
UsT=0,.
UvT=0.
USUP=0.
UWAT=0.
FKaH=0.
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DO 10 J=1l+24

MO = L (1 -1 )% 24 ) + J
IF(QTRANS{(MQ).LT.0.) QTRANS(MQI=0,
[IFIQVENT(MQ)LT.0.) QVENT(MQ)=0,
IFLOSUPIMQ) +LT.0e) QGSUP(MA)=0,
IF(UQTRIMQ)LTL06) UQTR(MQ)=0.
IFLUQVENTIMO) JLT.04) UQVENTIMG)=C,
IF(UQSUP(MQ)LT.0.) UQSUP(MG)=0,
UFLOWIMO)=UFLOW(MQ)*100C0C.
PLR=FLOW(MQ)/FMAX
FFLP=0,00153+0,005208%*PLR+1.1086%PLR¥¥2~-0,11635563 #PLR*%*3
FANE=PMAX*FFLP
STRANS=STRANS+QTRANS{MQ)
SVENT=SVENT+QVENTI(MQ)
SSUP=SSUP+QASUPLNMQY

SKWH=SKWH+KWH{MQ)

UST=UST+UQTR(MQ)

UVTI=UVT+UQVENTIMQ)
USUP=USUP+UQSUPIMQ)
UNAT=UNAT+UWH({MQ)

FKAH=FKWH+FANE :
WRITE(6940) I9JaTOU(MU)HTOPOIMQIHUQTRIMQISUQVENT(MA I HUQSUP(MA),
1 UFLOWIMQ) sFLOW(MQ) »FANE

10 CONTINUE
WRITE(6+50) USTUVT, USUP yFKHWH
20 CONTINUE

RETURN

30 FORMATOLH1,10(/) 915X,

1 *MONTH HOUR <OUTDUOR TEMP WD TRANS. VENTLTN, SUPL
Fa o SKVENTLTN RATED FAN® 43/ 915X,

3 ¥ DRY DEW LOSSES LOSSES HEAT
4 » ¥  JANIMAL TOTAL POWER*s /915Xy 82(1H=) s/ )

40 FURMATUL7XyI293X 9 1292X s2FB8el92XsF7a1l92XeF9e1l92XeFb6ely2X93F8.2)
50 FORMATU(/ s15X+82(1H=34/715Xy*TOTAL OF DAY #%415X,

1 F7192X9F9al9FB8alsl9XeFr7e29/77/915Xe8211H=) )

END

SUBROUTINE GRNHSO ( GRE )

DIMENSION DGAMA(L10)+GAMACL0)9DS{10)sS(LO9N(1Q)HAREA(LO),
1A010)+BL10)+TRAND(LO) s TAD(LIO)» TTD{10 ) +SKYUL10) s GROUND(10)
2TCIACLO) 9BTILTCLO0)+RBILO)SDTILT(L1O0) s TT(L0)»TIACLO0)9A0FI(10),
3AOFR(LO0) oXXU10)eYY(10) 4PERE(LO)SPARE(LO)+AA(10)»8B(10),
4TRANS{L0)TACL0) » ISTULLI2) 9 GRE(LZH24)

REAL LATWKT
INTEGER GBLRE?P

C~—~CALLULATION OF TRANSMITTANCE THROUGH GLASS COVER
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READ(S59%) GBLREP 5 DLAT 4 NW 9 AF 9 2LP 9 F 9 RINDEX o AK 9 AL
READ(S4#) (DGAMAULI)sDSCIN sy N(L)sAREA(I)9sI=149NHK)
IF ( GBLREP +LE. O ) GO TO 1000
WRITE(641)
WRITE(6,108)
1000 CONTINUE
PI=3.,141593
SC=44871.
LAT=DLAT*P[/180.
C==CHARACTERISTICS OF GLASS COVER
C--CALCULATION OF TRANSMITTANCE FOR DIFFUSE RADIATION
AQ0O0I=1.0123
AVQDR=ASIN(SIN(AODI)I/RINDEX)
X=A0DR~-A0DI
Y=A0D[+A0DR
PEREF=(SINIX)/SIN{Y ) P&x2
PAREF=(TANIX)/TAN{Y))*%2
M=Q
O 65 MQ = 1 »
ISTI(MQ) = O
DO 60 NQ = 1 4 24
GRE(MQWNG) = 0.0
60 CUNT INUE
65 CONTINUE
DO 12 NCD = 1 ,12
READ(54+%) DAY HBARSALSB
M=M+1
CORFAC=14+Ca033%CUS(PI*2.%DAY/365,.)
DEC=23e45*SIN(I(284.+DAY)I/365.1%2.,0%FP1)
UEC=DEC*P1/7180,
WS=ACOS(-TANILATI*TAN(DEC) )
EXTRAD=24.,/PI*SC*CORFAC*(COS(LATI*COSIDEC)I*SINLIKWS)
LeWS*SIN(LAT)I*SINIDEC))
KT=HBAR/EXTRAD
RATIU=0.958=-0.982%KT
DBAR=RATIO*HBAR
IF  GBLREP JLE. O ) GU TO 1001
IF(MJEQLL) WRITE(H69110)
IF{M.EQe2) WRITE(64111)
IFIMJEQL.3) WRITELGE9112)
IF(M.EQea) WRITE(E9113)
IF{M.EQ.5) WRITE{6s114)
IF{M.EQ.6) WRITELGEY1151)
[F(M.EQ.7) WRITE(Es116)
IF(M.EC.8) WRITE(E»117)
IF{M.EQ.9) WRITE(64118}
[IFIM.EQ.10) WRITE(H,119)
IF(M.EQell) WRITE(H64120)
[IF{M.EQe12) HWRITE{6.121)
1001 CONTINUE
CO 20 I =1sNW
ACI)=(2.*N{I)—1.)*PEREF
BUI)=(2.%N(1)-1.)*PAREF
Cx%%%*CALCULATION OF TRANSMITTANCE DUE TO REFLECTION ONLY

12
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TRAND(I)}=0e5%({1e=PEREFI/(Le+A(IL)+{1-PAREFI/(1.+B3(]}))
C#**%3CALCULATION OF TRANSMITTANCE DUE TO ABSORPTION ONLY
TAD(LI=EXPUI-N(I)*AK*AL/COS(AQDR]))
C**x%CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION & REF
TTOCII=TRAND(IL)*TAD(I}
GAMA(I)=DGAMA(]1)*P1/180.
S{I)=0S(11*P1/180.
SKY I)=0e5%(1+CUS(SLIN))
GRUOUND(I)=0.5%ALB®(1.,-COS(SLII NI
20 CONTINUE
BW=127.5
30 Wz0W*PI1/180.
"HCIA=COS(LAT)I®*COS(DEC)*COS(WI+SIN(LATI*SINIDEC)
IF{HCIA«LELO.) GO TO 94
RT1=0.409+0.5016%SIN(WS-1.,047)
RT2=0.6609-0.4767%SINIWS-1.047)
RT=(PI1/24 )% (RTI+RTZ*COASIUWI »*¥(COS(WI=COSUWSI I/ (SINCAS)I-WS*COAS(NHS))
TIBAR=RT#HBAR
RATH=PI/24.*#((COS(WI=COSCWS)II/ (SINIRWS)I=-WS*COS(HSI))
LIBAR=RATH#*DBAR
DO 40 I=14NW
TCIACII=COSUSUII)*SINIDECI*SINILAT)I-SIN(DEC)*COSILATI*SIN(S(I))*
LCOS(GAMACI) ) +COS(DEC)*COS(LAT ) #COS(S U1 )*COS(NI+COS({W)*COS(DEC)*
2SINASCIII*COS(GAMALI) }*SIN(LAT)I+COSCLCECI*SINCSCINI3SIN(GAMAL(L)) *
35INIW)
IF(TCIALI)«GT.04) GO TO 70
BTILT(I}=0,
RB(I)=0.
GO TG 80
70 RBUIDV=TCIA{I)I/HCIA
IF(TIBAR.LT.DIBARY) TIBAR=DIBAR
BTILT(I)={(TIBAR~-DIBARI*RB(I}
80 OTILT(I)=SKY(L)*DIBAR+GROUND(I)I*TIBAR
IFR(TCTIACL)LGTL0.) GO TU 90
TT(1)=0. :
G0 TO 40
90 TIA(TI=ACOSACTCIACIN
C--CALCULATION OF TRANSMITTANCE FOR BEAM RADIATION
AQFICL)=TIA(]L)
AOFRCII=ASIN(SINCAGFICI))I/RINDEKX)
XX(I)=A0FR(IJ}-AOFI(I)
YY{I)=A0FI(II+AQFR{I)
PERELTI)I=(SINAXXLLII/SINCYY(L))DI*H2
PARECI)I=(TAN(XXC(II)I/TANCYY (L)) )*%2
ABLT)=(2.%N(1)-1.)%PEREL(I)
BBUIN=(2.*NTUI}1=1.)%PARELI)
Ce¥#*CALCULATION OF TRANSMITTANCE DUE TO REFLECTION ONLY
TRANS{II1=05%{{1La=PERE(LII/{Le+AACI) I+ (La=PARELI})I/(1a+¢8B(I)))
Cx#x*CALCULATION OF TRANSMITTANCE DUE TO ABSORPTIOM ONLY
TA{L)I=EXP{-N{I1)*aK*AL/COS(AGFR{I}))
Cx¥## = CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION & REF
TTCI)=TRANS(I)*TALL)
40 CGONTINUE
CALL CAPFACO (BTILT9DTILTsTTyTTDIAREASTIBARSDIBARINUWSAF+ALP DN,
LMaF,y GRE 4 IST » GBLREP )
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94 DW=0H=-15.
[F(DW.GT.0.) GO TO 30
12 CONTINUE
IF ( GBLREP JLE. O ) GO TO 700
D0 600 MG = 1 » 12
KG = ISTIMG)
DO 550 NG = 1 5 KG
WRITE(H+107) GRE{MGING) » MG
550 CONTINUE
600 GONTINUE
700 CALL PRGO ( IST s GRE » GBLREP )
CALL TOTALO ( GRE
1 FORMATURL%/ 777/ +29X9% 410 HECTARE®/ /4 925X+ *SINGLE GLASS COVER *//.
126Xs% GABLE GREENHOUSEX//+26X9*E-W ORIENTATION*//42G9X
C¥LENGTH=100M*/ 429X s *WIDTH = LOM%/ 429X +¢HEIGHT=2 M*/ 429X,
3¥SLUPE =1BDEG*//+24Xx+%GLASS CHARACTERISTICS:#//424X,
4%THICKNESS=0.30 CM*//324X9¥K = 04252 (M=1 ; IR=1.52€%///)
107 FORMATIF10.04+15)
110 FORMATU(*1*///+35X9*%JANUARY*//)
111 FORMAT(*L%¥///+35Xs*FEBRUARY*/ /)
112 FURMATU®1%///+935Xs*MARCH%®//)
113 FORMATU®RL%//7/7+35X%APRIL%//)
114 FORMAT(RL*///935Xy%MAYR//)
115 FORMATUO#L%//77+35X 3% JUNE*/7/)
1ib FORMAT(*1¥//7/935XK+%JULYS//)
117 FUORMATU(*1%///+35Xs#AUGUST®//)
118 FURMATU(®1%/// 435K y*SEPTEMBER*/7)
119 FURMAT(*1%///+35X+%0CTOBER®//)
120 FORMAT(X1%//77+35Xy*NOVEMBER®/ /)
121 FORMATU*1%///+35Xy¥DECEMBER®/ /)
108 FUORMATI(29Xs%S1 = SOUTH WALL®/ 29X y%¥52= SOUTH ROOF*/42GX,

1#53 = NORTH ROOGF®/,29Xs%54 = WEST WALL#*/929X9%55 = EASTWALL*/
225X 9%S5S6=NORTH WALL*)

STOP

END

SUBROUTINE CAPFACO (BsDyBTRIDTRYAREAGHBARIDBAR G NUy AF9ALBIHR My F

1 GRE 9 IST + GBLREP )
C
C
DIMENSION BU1lO)sDC10)sTUL10h+TBLLO) +»TC(L10)+TT(LO0)+BTIR(LO),
10TR(10) +yAREA(LO0) 9yRB(ELO) yRD(10)4RT(1C) »TBB(10O)TOD(1Q) »
2 GRE(12424) » IST(12)
C
C
INTEGER GBLREP
C

C--CAPTURE FACTORS FOR GABLE GREENHOUSES,LOSS FROM ROOF INCLUDED.
c

BBAR=HBAR-DBAR

IF { GBLREP «iEe. O 3 GO TO 100

WRITE(H65105) HR
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100 CONTINUE
DO 10 I=1sNW
TCI)I=(8(1)+D (L)) *AREAL])
C--REFECTION LOSSES :
C==FACTOR (TRANSD®F JVALID ONLY FOR GABLE WwWITH SLOPES OF SAME MATERI
TBAL)=B(II*BTRIII*AREA(T) #{1l.-ALB*DTIR(I))
TOCI)=DCI)#DTRUTI)I*AREA(T) #{1l.-ALB*DTRLI))
[F{l.EQ.2)60 TO 50
IF(I.EQ.3)G60 TO 50
GO TO 40
50 TD(II=TDCLII*{1.0-DTR(I)*F)
40 TTCI)=TBLI)+TD(I)
10 CGUNTINUE
dEAM=0.
CIFF=0.
T10TA=0,
BINC=0,
DINC=0.
TINC=0.
00 20 J=1aNW
BEAM=BEAM+TB(J)
DIFF=DIFF+TOC(J)
TOTA=TOTA+TT ()
BINC=BINC+«B(JI®AREA(J) -
DINC=DINC+D{J)*AREAL(J)
TINC=TINC+T(J)
20 CONTINUE
IF(BINCJEQ.0.3)GATE 15
B0F=BEAM/BINC
GO TO 16
15 BCF=0.
16 CCF=DIFF/DINC
TCF=TOTA/TINC
00 30 K=1sNW
IF(BEAM.EQ.0.) GO TO 17
RB(K)=TB(K)/BEAM
G0 TO 18
17 RBIKI=0.
18 ROU(K)I=TDA(K)/DIFF
RTIKI=TT(K}I/TOTA
IF ( GBLREP LE. G ) GO 71O 30
WRITE(H+9101) K AREALKI »TBIK)IyTOUK) 9 TTUK)9RBIK) 9ROUK D) 4RTIKI
30 CONTINUE
HOR=AF*HBAR
EFF=TOTA/HOR
DHOR=AF%DB AR
8HUR=AF*BBAR
DEFF=0IFF/0HOR
IFI{BHOR.EQ.Q.) GO TO 19
BEFF=BEAM/BHOR
GO 10 21
19 BEFF=0.
21 IF ( GBLREP «LE. O ) GO TO 500
WARITE(64106)
WRITE(6+102) BEAMSOIFFsTUTAWBEFFSDEFFAEFF



500

101
102
105

106

600

500
400

700
800

300
950

Ly

[ST(M) = IST(M) + 1

GREU ™M o IST(MI ) = TOTA

RETURN

FORMATU(OIX 9 [192KyF6e093F10.0+3X93F7.37)
FORMATI9Xy3F10.043F743//) ,
FORMATI(IX y%S5% 44X 9 ¥AREAF 94X *SOLAR ENERGY CAPTURED ¥9FB8a193Xy
L#CONTRIBUTION®/ 9 L4X 9y ¥Mx#2% 311X 93 (KJ/HR ) #922X+9%T0 TOTALR//,
223X *BEAM* 93X ¥DIFFUSE#* 95X s *TUTAL* 9O X s ¥BEAM® 33X 9 ¥D IF L% 43X
3#TOTAL*/) .

FORMAT (15X y*TUTAL CAPTURED /913Xy *BEAMF 34 X9 ¥DIF FUSE 4 4X
1*TOTAL* 94 X9 #*BCF # 93X+ ¥DCF %y 4X 9 #TCF2/)

END

SUBROUTINE PRGO ( IST s GRE y GBLREP )

DIMENSION IST(12)4+GRE(L2424)
INTEGER GBLREP

DO 400 I8 = 1 4 12
00 500 J8B = 1 » 23
IF(GRE(IByJB+1l)4NELOL.) GO TO 500
KB=IST(IB)
D0 600 K=1.KB
L=x13~K
M=12+K
NFEKB~K+1
GRE(IBLI=GRE(IB+M)=GRE(IB4N)
GRE(IByNI=0.
G0 TO 400
CONTINUE
CONTINUE
IF ( GBLREP LLE. O ) GU TO 800
WRITE{H64G50)
DO 700 IC = 1 412
00 700 J4C = 1 424

WRITE(H65900) IC o JC 4 GRE(CICHJCH
CONTINUE
CONTINUE
RETURN
FORMAT(5X+2159F15.061
FORMATCLIHL10Xs* VALUES OF -QSOL~- FRUOFM SUBROUTINE =PRGO=%,//)
END
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SUBRUUTINE TOTALGC ( GRE )
DECLARE CUMMON BLOCKS

COMMON / HSOUT / QINF(288) » QTR(288) o QLOAD(288)
CIMENSION GRE(LZ2y24%)

00 25 1 =1 4 12
SSOL = 0.0
SINF = 0.0
SATR = 0.0
SLOD = 0.0
SS5uUfP = 0.0
WRITE(64+30%
B0 20 4 = 1 4 24
MQ = ¢ I - 1 ) % 24 ) + J
IF ( QINF(MQ) JLE. 0.0 ) QINF(MQ) = 0.C
If { QTRIMQ) .LE. Q0.0 ) QTR(MU) = 0.0
QLOAD(MQ) = QINF(MQ) + QTR(MQ)
IF ( QLOAD(MQ) JLE. 0,0 ) GLOADC(MQ) = C.O
QSOL = GRE(I,J)
QSUP = QSOL - QINF(MQ) - QTRIMGC)
F = 0.0
IF ( QLOAD(MG) LEQ. 0.0 ) GO TC 10
F = { QLDAD(MQ) + QSUP ) / QLOAD(MQ)
10 CONTINUE
SINF = SINF + QINF(MQ)
SQTR = SQTR + QTR{MQ)
SSOL = SSOL + QS0L
SSuUP = SSUP + 4QSUP
SLOD = SLOD + QLOAD(MQ)
DAYF = 0.0
IF ( SLOD .EQ. 0.0 ) GO TO 15
DAYF = ( SLOD + SSUP ) /7 SLOD
15 CONT INUE :
WRITE(H435) I o+ J 9 QS0L » QINF(MQ) » QTR(MQ) »
1 QLOAD(MGQ) » QSUP 4 F
20 CONTINUE.

WRITE(6+40) SSOL » SINF » SQTR » SLOD » SSUP » DAYF
25 CONTINUE

RETURN

30 FORMAT(IHL15(/) 15X,
1 #MONTH HOUR SOLAR INFILTRATION TRANSMISSION=,
é * TOTAL SUPPLEMENTAL FRACTION®¥,4./415X,
3 * RADIATION LCGSSES *y
4 ¥ LOSSES HEAT REQUIRD OF LOAD®4+/91CXs100(1H=-)
5 s/ )

35 FORMATIL7X9I1293X91291X945F14.0,F10.3)

40 FORMAT(/4s10Xs100(1H=)9/7+s10Xs*TOTAL CF MONTH *45F14.0sF10e39/7

1 10X+100(1H=) )
45 FORMATILIZ93XsI395XsF7e295X9F124295K9F12.295X9F2042)
END
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SUBROUTINE OPTTCUILSSIGHCOLS)

C
GCOMMON s STOUT v TI{(288410)
COMMON / OPTCS / ABCyACIARGIELJE2+ECIERWFRCoH L oS+TGODsTCLCHUM
C
DIMENSION COLS(12+24)
C
C E1=0.,9
C E2=0.1
C H=5.77
C S=Gol
C =100
C UM=0.014%
C T1G0=25.0
TIGD = TGOD
WRITE(64100) E1l » E2 9» H » S o L o+ UK o TGD s TCC
100 FORMAT (6Xs"EL E2 H ) L U TGD JCCn
$ 2/ 94F 8439 14+43F843477)

WURITE(B,178)
178 FORMAT(2X e "HR" yB X+ "RED ™21 IX 2" GRL" 94 X9 "HRAM 95Xy "HL1"y SEXy"H2",
LTA4X 9 "HR 95 X9 "QU2 M9 5 Xy " FP 35X 9" FRY 34X o " TE I 04X s " TFM" » 4X 4" TF 0",
24K 9" TPM" g4 Xy "DELT" 38Xy "QCOL 94 Xy MEFF "4/ 92X 9130(1H=)4/)

TGD=TGD+273. 16
00 30 JJ =1 4 24
COL = COLS(IL,dd

IF { COL .LE. Ge0O ) GO TO 30
MQ = ( ( II-1 ) = 24 ) + JJ
TR = TI{NMQs2)

TC = TCC

TR=TR+273.16
TC=TC+273.16
QW=ABC*COL/(AC*3.,6)
DE=2.%5

AX=S*L

STEP=10.

ITER=0Q

5 ' ITER=ITER¢1
TFP=(TC*TGDI} /2.
DUML=TFP-300,.
DEN=1.1774-0.003588%DUMl
CK=0.02624+0.C000758%DUMl
VIS=(16+.84+0.0784%DUMLI*(1L,0E~-06)
CP=1.0057+0.000066%0DUML
PR=0.,708-0.00022%DuUMN1
COLOSS=C(SIG*(TC**4~-TR¥%#4)) /({{L.~-EC)/LEC*AC))

1 +(1/(AR¥FRCII+(LL-ERI/LER*AR)} I/ 3.0

DUM3=TC~-TGD
IF{DUM3 .LE. 0.0 )} GO TO 30
HRA=COLOSS/(AC*DUM3)
BETA=1./TFP
GRL=9,8*BETA®UNFIH*¥*4 )/ (CK=(VIS*22))
HI=(CK/H)*(0 1 7% (GRL*PR}I*%*0.25))



10

20

25

30
200

1

487

VER=UM*AC/DEN

VEL=VFR/ AKX

RED=VEL#*DE/VIS

HZ=(CK/DE)*{0.0158%(RED¥%0.8))

DUM2=UM*CP*1000.

TFI=TGD+{HL/DUMZ) *DUM3

UL=HRA+H1
HR=(SIG*(TC**2+TF[##2 )% (TC+TF1))/(1.0/E1+1.0/E2-1.0)
HR = HR / 3.6

FD=1.0/(1.0/H2+1.0/HR)

FP=1.0/(1.0+UL/(H2+FD))
FR=(DUM2/ULI*(1e=(EXP(=(UL®FP/DUMZI)I )
QUZ2=FR*#¥(QW-UL*(TFI-TGD))
TEM=TFI+{QU2/UL*FRI*(1.0-FR/FP)

TPM=TFM+QU2/H2

DELT=TC-TPM

IF(ITER.EQ.1)G0 TO 10
[FUG{DELY#DELTOLD) oL EWUa0) e ANDS(STEPLLELOLL)IGE TC 25
IF((DELT*DELTOLD) «LEQ.O0)STEP=STEFP/10.
IFIDELT)I15+25420

TC=TC+STEP

DELTOLD=DELT

GO T0 5

TC=TC-STEP

DELTOLD=DELT

GO T4 5

CONTINUE

TFrO=TFI+QU2/0UM2
QCOL=DUMZ2*(TFU-TGD)*AC*3 .6
EFF=QCOL/COL*100.

CHWRITE(H9200) JJIRED 9 GRLIHRAZHLWH2 sHRyQUZ29FP oFRTFLsTFMsTFOLTPM

yDELT yGCOL SEFF

CONTINUE
FORMATULX I3 92XsELO0e492K9EL0e493(2X9F5.2)92(F64242X%)92(F543452X)»

LalF54192X)9F6e292X9F10e192X9F5.1)

RETURN



