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Growing food in cold climates can be difficult, but utilizing season-extension techniques, such as cold
frames, hoop houses, and greenhouses, can help overcome these challenges. This publication assesses sev-
eral greenhouse design elements and their effectiveness at extending the growing season in cold climates.

Introduction

rowing food in cold climates can

be difficult. Extreme temperature

fluctuations, short growing seasons, and
low humidity are among the challenges faced
by growers in these climates. However, utilizing
season-extension techniques, such as cold frames,
hoop houses, and greenhouses, can help over-
come these challenges. Season extension refers
to techniques or structures that allow crops to
be grown beyond their normal outdoor grow-
ing season. Season extension enables growers to
produce cash crops in cold climates, improving

Hoop house structure in Belgrade, Montana. Photo: Dave Ryan, NCAT
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the economics of small farming operations
and increasing consumer access to locally
grown produce.

This publication helps producers evaluate green-
house design elements for cold climates. The tech-
niques described here could apply to cold frames,
greenhouses, and hoop house structures—or to
any building, for that matter. Thus, the terms
“greenhouse” and “hoop house” are used inter-
changeably throughout this publication.

In small farm production—as in any other
industry—economics rule. High-cost com-
mercial greenhouses are used in every state to




Related ATTRA

Publications
www.attra.ncat.org

Solar Greenhouses

Specialty Crops for
Cold Climates

Season Extension
Techniques for Market
Gardeners

produce cash crops. Generally, these green-
houses are cooled and heated using electric fans
and evaporative coolers and natural gas- or oil-
fired heaters. The energy use in these buildings
can be 10 to 30% of the operating costs of the
greenhouse (Wisconsin Focus on Energy, 2008).
Hoop houses (also called “high tunnels”) are sim-
ple greenhouses that have little or no heating or
cooling systems other than natural solar heating
and natural ventilation. Hoop houses provide less
control of environmental conditions than full
greenhouses, but they also cost substantially less.
Hoop houses are constructed of pipes bent into
a hoop shape and typically have no foundation.
They usually are covered with a single layer of
plastic and are ventilated by rolling up the cover-
ing on the sides. A typical high tunnel is relatively
easily taken down and put up. In most areas, this
is an advantage because it does not have a founda-
tion and is considered a “non-taxable” structure.

This publication uses a common hoop house
design as a basis for design comparisons. The goal
is to determine the extent to which certain design
features can extend the growing season. As you
will see, the length of the growing season in a cold
climate can be significantly increased by using a
hoop house and improving coverings, decreasing
air leakage, and increasing insulation levels.

By

S

Hoop house. Source: NCAT
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Are you a cold-climate farmer?

The United States Department of Agriculture has designated specific
“zones” throughout the United States based on average first and last
frost-free dates and minimum and maximum temperatures. The USDA
Hardiness Zone Map divides North America into 11 separate zones;
each zone is 10° Fahrenheit warmer (or colder) in an average winter
than the adjacent zone (U.S. National Arboretum, 1990). If you see a
hardiness zone in a catalog or plant description, it likely refers to the
USDA map. Referring to the map helps establish a rough estimate of
what types of crops, trees, and shrubs grow in your area. To find your
zone, visit the National Arboretum website at www.usna.usda.gov/
Hardzone/index.html.

Methodology

This publication relies on Typical Meteorologi-
cal Year (TMY) data to help evaluate greenhouse
design in order to better predict the growing sea-
son, with an overall goal of extending the season
further into the fall and starting the season earlier
in the spring. The methods described could also
be used to evaluate the growing season for plants
that need to be kept at higher temperatures by
changing the desired indoor temperature in the
calculations. The examples are based on the freez-
ing temperature point (32°F).

Specifically, the evaluations in this publication are
based on TMY data for Butte, Montana (USDA
Zone 3). This evaluation will consider the impli-
cation of Butte’s harsh climate in three cases:

* An open garden with no greenhouse at all.

* A “base case” hoop house that is 4
meters by 8 meters (about 12 feet by
24 feet). This model hoop house is con-
structed using PVC pipe and is covered
with a single layer of 6-mil polyethyl-
ene. This model has a high air-infiltra-
tion rate (often referred to as “leaky”).

* A hoop house with Solexx™ covering
and built much tighter (less leaky),
including rigid foam insulation
around the perimeter. This “efficient
case” hoop house will demonstrate
that the additional cost and effort in
making the hoop house more energy-
efficient will result in a longer cold-
climate growing season.

Basic Design Principles

The two primary goals when designing a hoop
house for cold climates are efficient collection
of solar energy and prevention of heat loss.
(Heat storage also is important, but since it is
so dependent upon the individual greenhouse,
it is only discussed in broad terms.) These goals
can be accomplished with the following basic
design principles:

* Solar Orientation: The hoop house is
oriented to receive maximum solar heat
during the winter.

* Glazing: Glazing material is chosen
and installed in a manner that mini-
mizes heat loss.
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* Heat Loss: Large amounts of insulation
are installed where there is little or no
direct sunlight.

Solar Orientation

Since the sun’s energy is strongest on the south-
ern side of a building, glazing for solar green-
houses should ideally face true south. How-
ever, if trees, mountains, or buildings block
the path of the sun when the greenhouse is in
a true south orientation, an orientation within
15° to 20° of true south will provide about 90%
of the solar capture of a true-south orientation.
The latitude of your location and the location
of potential obstructions may also require that
you adjust the orientation of your greenhouse
slightly from true south to obtain optimal solar
energy gain (Mother Earth News, 1978). Some
growers recommend orienting the greenhouse
somewhat to the southeast to get the best solar
gain in the spring, especially if the greenhouse
is used primarily to grow transplants (Wang,
20006). To determine the proper solar orienta-
tion in your area, visit the sun chart program at
the University of Oregon Solar Radiation Moni-
toring Laboratory website at http://solardat.uore-
gon.edu/SunChartProgram.html. You need to
know your latitude, longitude, and time zone to
use this program.

Slope of Glazing Material

In addition to north-south orientation, green-
house glazing should be properly sloped to
absorb the greatest amount of the sun’s heat. A
good rule of thumb is to add 10° or 15° to the
site latitude to get the proper angle. For exam-
ple, if you are in northern California or central
Ilinois at latitude 40° north, then the glazing
should be sloped at a 50° to 55° angle (40° + 10°
or 15°) (Bellows, 2008).

Hoop houses are basically all glazing; the cover
is placed over the hoops and pulled tight down
to the ground or near to the ground. Different
references conflict on which orientation is the
best for hoop houses, with some indicating that
a north-south orientation is best in the sum-
mer and an east-west orientation is best in the

Figure 1. Solar Path at 40° North Latitude

SUMMER ALTITUE = 73149
@ SOLAR NOON —JUN 21

b o N
WINTER ALTITUDE = 261%4%) ¥
@ SOLAR NQON - DEC 21 "‘ T

wt )
» -‘Pﬁ“. A r
L ] \\

| SUNSET

SUNRISE

Source: Barbara Bellows. 2008. Solar Greenhouses. ATTRA National Sustainable

Agriculture Information Service

winter. This publication assumes a north-south
orientation.

Shading

The greenhouse should be sited to achieve the
greatest possible exposure to the sun. Trees and
other buildings shading the greenhouse will
have a dramatic negative effect on the plants
growing in the shaded area of the greenhouse.
In cold climates, the goal is to maximize the
solar resource with proper orientation. Cooler
air temperatures can help provide cooling to
the greenhouse.

Glazing

The percentage of available solar energy enter-
ing the greenhouse is called the Solar Heat
Gain Coefficient (SHGC). SHGC varies by
material and is determined by the transmis-
sion of light through the glazing and the
heat absorbed by the glazing and re-radiated
into the greenhouse. The heavier the glazing
materials and construction, the more SHGC
differs from light transmission, but SHGC is
generally larger than transmission—roughly
2%. Table 1 identifies light transmission for
common glazing products.
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Table 1. Glazing Characteristics

Glass—single layer

Light transmission*: 85-90%
R-value**:0.9

Advantages:

- Lifespan indefinite if not broken

- Tempered glass is stronger and requires fewer support
bars

Disadvantages:

- Fragile, easily broken

« May not withstand weight of snow
» Requires numerous supports

- Clear glass does not diffuse light

Factory-sealed double glass

Light transmission*: 70-75%
R-value**: 1.5-2.0 for double layer; 2.5 for low-emissivity
(low-e)

Advantages:
- Lifespan indefinite if not broken
- Can be used in areas with freezing temperatures

Disadvantages:

+ Heavy

- Clear glass does not diffuse light

« Difficult to install, requires precise framing

Polyethylene—single layer

Light transmission*: 80-90% for new material
R-value**: 0.87 for single film

Advantages:

« IR films have treatment to reduce heat loss

+ No-drop films are treated to resist condensation

- Treatment with ethyl vinyl acetate results in resistance to
cracking in the cold and tearing

- Easy to install; precise framing not required

- Lowest-cost glazing material

Disadvantages:

- Easily torn

« Cannot see through

« UV-resistant polyethylene lasts only 1 to 2 years

- Light transmission decreases over time

« Expands and sags in warm weather, then shrinks in
cold weather

Polyethylene—double layer

Light transmission*: 60-80%
R-value** double films: 1.5 for 5-mil film; 1.7 for 6-mil film

Advantages:

« Heat loss significantly reduced when a blower is used to
provide an air space between the two layers

« IR films have treatment to reduce heat loss

+ No-drop films are treated to resist condensation

- Treatment with ethyl vinyl acetate results in resistance to
cracking in the cold and tearing

« Easy to install; precise framing not required

« Lowest-cost glazing material

Disadvantages:

« Easily torn

« Cannot see through

« UV-resistant polyethylene lasts only 1 to 2 years

- Light transmission decreases over time

« Expand and sag in warm weather, then shrink in cold
weather

Polyethylene—corrugated high-density

Light transmission*: 70-75%
R-value**:2.5-3.0

Advantages:
« Mildew-, chemical-, and water-resistant
- Does not yellow

Disadvantages:
n/a

Laminated acrylic/polyester film—double layer

Light transmission*: 87%
R-value**: 1.8

Advantages:

« Combines weatherability of acrylic with high service
temperature of polyester

- Can last 10 years or more

Disadvantages:

+ Acrylic glazings expand and contract considerably;
framing must allow for this change in size

+ Not fire-resistant
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Table 1. Glazing Characteristics—continued

Impact modified acrylic—double layer
Light transmission*: 85%

Advantages:
+ Not degraded or discolored by UV light
« High impact strength; good for locations with hail

Disadvantages:

« Acrylic glazings expand and contract considerably;
framing must allow for this change in size

« Not fire-resistant

Fiber reinforced plastic (FRP)

Light transmission*: 85-90% for new material
R-value**: 0.83 for single layer

Advantages:

« The translucent nature of this material diffuses and
distributes light evenly

- Tedlar®-treated panels are resistant to weather, sunlight,
and acids

- Can last 5 to 20 years

Disadvantages:

« Light transmission decreases over time

« Poor weather-resistance

« Most flammable of rigid glazing materials

« Insulation ability does not allow snow to melt

Polycarbonate—double-wall rigid plastic

Light transmission*: 83%
R-value**: 1.6 for 6mm plastic; 1.7 for 8mm plastic

Advantages:

« Most fire-resistant of plastic glazing materials
« UV-resistant

- Very strong

- Lightweight

- Easy to cut and install

« Provides good performance for 7 to 10 years

Disadvantages:
- Can be expensive
- Not clear, translucent

Polycarbonate film—triple- and quad-wall rigid plastic

Light transmission*: 75%

R-value** triple walls: 2.0-2.1 for 8mm film;

2.5 for 16mm film

R-value** quad wall: 1.8 for 6mm film; 2.1 for 8mm film

Advantages:

« Most fire-resistant of plastic glazing materials
« UV-resistant

- Very strong

- Lightweight

- Easy to cut and install

« Provides good performance for 7 to 10 years

Disadvantages:
- Can be expensive
- Not clear, translucent

* Framing decreases the amount of light that can pass through and be available as solar energy.
** R-value is a common measure of insulation. The higher the R-value, the greater the material’s insulating ability.

Source: Bellows, 2008

A note on units of measure: Figure 2 (on page 6) shows average solar radiation available on an annual basis in kilowatt-
hours (kWh) per day. One kWh is equal to 3,413 British thermal Units (Btu). Most heating systems are rated in Btu per hour
of heating capacity—a typical home-heating furnace might be 100,000 Btu per hour of capacity. According to the NREL
map, Butte, Montana, gets an average of about 4.5 kWh per square meter of surface tilted at the degrees of latitude (in
Butte, that is about 45°F). This calculates to an average of 4.5 kWh per day per square meter of surface * 3,413 Btu per
KWh = 15,359 Btu per day per square meter of input. If the surface of the greenhouse glazing at the latitude angle of tilt
is 4 meters by 8 meters (about 12 feet by 24 feet), then the average annual solar input is 15,359*4*8 = 491,488 Btu per day.

The other calculations in this publication use the horizontal illuminance of a hoop house with a mostly clear covering.

www.attra.ncat.org
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Figure 2. Annual PV Solar Radiation by Location

(Flat Plate, Facing South, Latitude Tilt)
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The energy gain in a greenhouse due to solar
heating is a function of how much solar radi-
ation falls on the surface of the greenhouse
covering, both directly and indirectly. Most of
the energy is directly from the sun, but reflec-
tive light from surfaces such as buildings and
trees also can result in solar gain. While Figure
2 shows annual average solar input, daily aver-
age input is more useful because it helps iden-
tify the critical “ends” of the growing season.
The goal is to determine how much energy is
typically available in the spring and fall in order
to plan how much season extension is achiev-
able. TMY data provides a standard for hourly
data for solar radiation and other meteorological
elements that allows performance comparisons

of system types and configurations for one or
more locations.

About TMY Data

A Typical Meteorological Year is not necessar-
ily a good indicator of conditions over the next
year—or even the next five years. Rather, it rep-
resents conditions judged to be typical over a
long period of time, such as 30 years. Because
they represent typical rather than extreme
conditions, TMYs are not suited for design-
ing systems and their components to meet the
worst-case conditions occurring at a location.
However, TMY data indicates what can be
expected for typical weather conditions for a
location, such as the following:
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e Total amount of direct and diffuse
solar radiation received on a horizontal
surface during a period of time (to
calculate solar heat gain)

* “Dry bulb” air temperature (to
calculate heat loss from the greenhouse)

Other weather factors also come into play, such
as wind speed and cloud cover, but this publica-
tion analyzes solar gain and heat loss from the
greenhouse structure only.

The most current information can be found
in TMY3 data. TMY3 is based on data for 1,020
locations in the United States, including Guam,
Puerto Rico, and U.S. Virgin Islands, derived
from a 1976-2005 period of record where

available and a 1991-2005 period of record for
all other locations (Wilcox, 2008).

The user manual for TMY3 data can be found
at www.nrel.gov/docs/fy070sti/41364.pdf, and
the TMY3 data is located at http://rredc.nrel.
gov/solar/old_data/nsrdb/1991-2005/tmy3/by_
state_and_city.html.

TMY data is presented hourly. Daily solar heat
gain and heat loss can be calculated simply
by adding the 24 hours of data for each day.
Table 2 provides an example of TMY3 data for
January 1 for Butte, Montana. The last column,
GHI (Global Horizontal Illuminance), repre-
sents direct solar incidence plus diffuse radiation
coming onto the horizontal surface from objects
around the surface.

Table 2. Typical Meteorological Year Data for January 1 (Butte, Montana)

- /gaDt/?{YYY) Time (HH:MM)  ETR (W/mA2) ETRN W/mA2)  GHI (W/mA2)
1/1/2002 1:00 0 0 0
1/1/2002 2:00 0 0 0
1/1/2002 3:00 0 0 0
1/1/2002 4:00 0 0 0
1/1/2002 5:00 0 0 0
1/1/2002 6:00 0 0 0
1/1/2002 7:00 0 0 0
1/1/2002 8:00 0 0 0
1/1/2002 9:00 56 1097 6
1/1/2002 10:00 234 1415 35
1/1/2002 11:00 379 1415 69
1/1/2002 12:00 473 1415 89
1/1/2002 13:00 507 1415 116
1/1/2002 14:00 480 1415 181
1/1/2002 15:00 394 1415 155
1/1/2002 16:00 255 1415 186
1/1/2002 17:00 76 1262 25
1/1/2002 18:00 0 0 0
1/1/2002 19:00 0 0 0
1/1/2002 20:00 0 0 0
1/1/2002 21:00 0 0 0
1/1/2002 22:00 0 0 0
1/1/2002 23:00 0 0 0
1/1/2002 24:00 0 0 0

Source: NREL
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The sum of the day’s GHI is 862 watt-hours
per horizontal square meter. In January, 0.862
kWh per square meter, or 94,144 Btu per day,
for a 12-foot by 24-foot greenhouse will prob-
ably not keep the greenhouse from freezing
in the cold January weather. 7able 6 later in
this publication compares the heat loss for the
same day in January with the solar input on
that day.

A Note on Adding Up the Data

Day by Day

TMY data is stored in a computer format called
ASCII Text. The data can be used in its raw
form, but because there are 8,760 hours in a year
and data for each hour, doing so would require
considerable data entry using a calculator. It is
more efficient to use an Excel spreadsheet or,
even better, an Access database to analyze data.

Figure 3 uses Excel to show the typical solar
gain for Butte, Montana.

Heat Loss

ThC['C are thl‘CC rimary causes Of heat lOSS ina
y
gI'CCIlhOllSCZ

* Conduction heat loss from the covering
or glazing. This is caused by the tem-
perature difference between the inside
of the greenhouse and the outside air.

* Infiltration, or leakage of cold air into
the greenhouse. Cold air entering the
greenhouse forces warm air out, requir-
ing the cold incoming air to be heated.

e Perimeter heat loss, or heat loss around
the outside margins of the greenhouse
at ground level. Perimeter heat loss can
be reduced by insulating and sealing the
greenhouse to reduce air infiltration.

Figure 3. Typical Solar Gain for Butte, Montana
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Chart represents solar gain on the floor of the hoop house. Source: NCAT
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This publication analyzes two theoretical green-
houses of the same size and shape but with
different coverings, different air leakage rates,
and different perimeter losses.

Conduction Heat Loss

Conduction heat loss (Qc) is a function of the
heat-transfer characteristics of the greenhouse
covering, the area of the greenhouse covering,
and the temperature difference across the green-
house covering. It is calculated with the formula
Qc = UADT. The heat transfer coefhicient (U) is
the reciprocal of the additive resistances of the
covering(s), the air space between the coverings,
and the layers of air just on the inside and the
outside of the coverings. Air movement on the
inside and outside of the greenhouse covering
also contributes to conduction heat loss through
the cover. Figure 4 represents the transfer of heat
through a double-layer greenhouse covering.

Figure 4. Transfer of Heat through a
Double-Layer Greenhouse Covering

—_—— —_—
—e ——
—_— —_—

b % % f

Source: NCAT

Most flexible greenhouse coverings are 6 mils
thick. A mill is 1/1000 of an inch thick, so
6 mils is 0.006 inches thick. The air space in
between the coverings can be designed into a
greenhouse. The overall heat transfer coefficients
(U-values) for various glazing materials are listed
in Table 3. U-value assumes some air movement
and takes into account the thickness of the

glazing material, the thickness of the air space
in between, and, in some cases, whether the air
space is filled with some gas other than air (such
as argon). Glazing manufacturers also may put
a coating on the glazing material that decreases
the emissivity of the glass (called “low-e” coat-
ings). The units on the overall heat transfer coef-
ficient are Btu per square foot per degree F per
hour (BtuFt? F Hr).

Table 3. Types of Cover Materials

Product Light Transmission (%) | U- Value
3.5mm Solexx™ roll 75 0.476
6mm Polycarbonate clear 80 0.645
Bronze 42 0.645
Opal 44 0.645
Gray 42 0.645
8mm Polycarbonate clear 80 0.635
Bronze 42 0.635
Opal 44 0.635
Gray 42 0.635
16mm Polycarbonate clear 78 0.545
Bronze 42 0.545
Opal 44 0.545
Gray 42 0.545
Single clear glass 90 1.1
Single bronze glass 68 1.11
Single azurlite glass 77 1.1
Double clear glass 82 .55
Double bronze glass 62 .55
Double azurlite glass 70 .55
Double clear glass with low-e | 75 .35.
Double bronze with low-e 57 .35
Double SolarCool® with low-e | 24 35
Double azurlite with low-e 65 .35
Double clear with low-e & |76 33
argon gas

Double bronze with low-e & | 57 .33
argon gas

Double SolarCool® with low-e | 24 33

& argon gas

Double azurlite with low-e & | 65 .33
argon gas

Single polyethylene film 920 1.2

Source: University of Georgia, College of Agricultural and Environmental Sciences

www.attra.ncat.org

ATTRA &

Page 9



Table 4. Heat Loss and Insulating Ability of Greenhouse Coverings

Greenhouse Covering | R-Value U-Value

5mm Solexx™ Panels* |2.30 0.43

3.5mm Solexx™ 2.10 0.48

Panels*

8mm Triple-Wall 2.00 0.50
Polycarbonate

Double-Pane Storm 2.00 0.50

Windows

10mm Double-Wall 1.89 0.53
Polycarbonate

8mm Double-Wall 1.60 0.63
Polycarbonate

6mm Double-Wall 1.54 0.65
Polycarbonate

4mm Double-Wall 1.43 0.70
Polycarbonate

Single-Pane Glass, 0.95 1.05

3mm

Poly Film 0.83 1.20

R-value: the measurement of insulating ability of the material. The
higher the R-value, the greater the insulation value.

U-value: the measurement of heat loss through the material. The
lower the U-value, the less the amount of heat that is escaping.
*Independent testing,Solexx™ with caulked flutes.

Source: Adaptive Plastics, Inc.

Covering (Glazing) Losses

The area for heat transfer includes all of the sur-
faces of the greenhouse exposed to the outside
air. Our example analysis assumes ground tem-
perature to be no less than 32°F (since the goal
is freeze protection). The analysis is based on
a hoop house that is constructed with 2-inch-
diameter PVC pipe and measures 12 feet wide
by 24 feet long (about 4 meters by 8 meters). The
PVC pipe is 20 feet long, so calculating the area
of the covering is straightforward: 20 feet by 24
feet = 480 square feet. The area of the ends of
the greenhouse if the ends are semicircles is nr?,
where r = 6.37 feet. The area of the ends together
is 127.48 square feet. The total area exposed to
the weather is 607.5 square feet.

Our analysis compares two types of covering
material: single-layer polyethylene, with a heat
transfer coefficient of 1.2; and Solexx™ roll cov-
ering, which has a U-value of 0.48. The heat
transfer (Q ) is now 607.5 square feet * U in Btu

per square foot per degree F per hour* Tem-
perature difference, or 706 AT for the single-
roll covering, and 291.6 AT for the twin-wall
Solexx™. Temperature difference is required to
complete the calculation, which can be obtained
from TMY3 data for typical outdoor air tem-
peratures for our location. Again, for freeze
protection, greenhouse temperatures no lower
than 32°F must be maintained.

Infiltration Heat Loss

Cold air (less than 32°F) leaking into the green-
house must be heated up or it will cause freez-
ing damage to the plants in the greenhouse. The
heat loss (Q) is basically the mass of air (Vol-
ume * density of air) moving into the green-
house from the outside multiplied by the heat
capacity (C) of the air and then multiplied by
the temperature difference (AT) between the
outside air and the inside air (Qi = VGCAT).
Again, we are only interested in the hours of the
year when the outside air is below freezing. The
volume of air moving into the greenhouse due
to leakage is measured in the industry in typi-
cal air changes per hour (ACH). An air change
means the entire volume of air in the greenhouse
has been replaced by outside air due to leak-
age through the covering and around the base
of the greenhouse. A leaky greenhouse might
have two ACH, while a very tightly built green-
house might have half of an ACH. Our analysis
includes two cases: one in which the greenhouse

has one ACH and one in which the greenhouse
has two ACH.

For example, if a hoop house is 24 feet long and
semicircular in shape with a radius (r) of 6.37
feet, the volume of air in the greenhouse is (nr*/2)
*1 = 1,530 cubic feet of air. The density of air is
about 0.071 pounds per cubic foot at the temper-
atures we are concerned with, and the heat capac-
ity of air is about 0.17 Btu per pound degree F.
Thus, the heat loss from one air change per hour
is 486.9 cubic feet*0.071 pounds/cubic feet *
0.17 Btu/pounds F * AT = 18.46 AT. TMY3 data
identifies the hours where the air temperature is
less than 32°F to find the length of the season.

Perimeter and Ground Heat Loss

Perimeter Heat Loss

Heat loss around the perimeter of the green-
house can be calculated using Qp = F* P * AT

Page 10 w.és ATTRA
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where:

F = perimeter heat loss factor (Btu/hour per lin-
ear foot per °F): Uninsulated 0.8, Insulated 0.4

P = greenhouse perimeter (in feet)

For our example, the perimeter is the distance
around the outside of the greenhouse on the
ground or (2*12 feet) (the ends) + (2*24 feet)
(the sides) = 72 feet. The perimeter heat loss fac-
tor for uninsulated greenhouses is 0.8, so the
heat loss is Q_= 0.8 * 72 * AT or 57.6AT. Insu-
lating around the perimeter of the greenhouse
with two inches of rigid foam will reduce the
perimeter heat loss by half.

Total Estimated Heat Loss
as a Function of Temperature
Difference

Heat loss from all sources is added together, rep-
resenting a function of indoor air temperature
minus outdoor air temperature. 7able 5 shows total
heat loss estimates for two coverings, two levels of
perimeter insulation, and two levels of air infiltra-
tion, based on an indoor air temperature of 32° F.

Comparing these figures shows that the worst
heat loss from conduction occurs through
the hoop house covering. Even with double
glazing, the heat loss is
16 times the infiltration

Table 5. Total Heat Loss

Base Case (Inefficient)
Single-Wall Polyethylene
Q.= 729AT, SHGC = .90

No Perimeter Insulation

Q,=576 AT Q,=288 AT
Two air changes per hour
Q,=36.9AT Q,=18.5AT

Source: NCAT

than loss),
not freeze. By taking the daily solar gain and

then the greenhouse will

subtracting heat loss, we can estimate how many
days we can keep from freezing based on heat
balance. We then can evaluate different
measures to improve insulation, improve solar
transmittance, and decrease infiltration.

Weather in Butte, Montana
According to TMY data for Butte, Montana,

there are 3,229 hours when the outdoor air
temperature is lower than 32° F. As Figure 5
illustrates, it typically freezes in almost every
month in Butte.

Figure 5. Outdoor Air Temperature for Butte, Montana (°F)

Change Case (Efficient)
Twin-Wall Solexx™

Q,=291.6 AT, SHGC = .75

Perimeter Insulation

One air change per hour

heat loss, and five times

the perimeter heat loss.
100

Heat Balance

If we subtract the out-
door air temperature
every hour in the TMY
data from 32°F, we
can see the total heat
loss for that outdoor
air temperature from
the above relationships.
We are not concerned
with temperatures above
32°F because the green-
house will not freeze.

Degrees F

Hourly Outdoor Temperature - Butte MT

1y

&>

Growing Season

The key assumption is
that if the outdoor air
temperature is not too
far below 32°F and
there is a positive heat
balance in those hours

-40

(that is, gain is larger  Source: NCAT
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The growing season in Butte is when
the hourly temperature does not fall below 32°F—
typically July 1 through September 1, or about
eight weeks. When the weather forecast predicts
cold temperatures, gardeners in Butte often cover
their gardens overnight.

Constructing an inexpensive hoop house will
obviously extend the growing season in a cold

Figure 6. Base Case Solar Gains Minus Losses

climate such as Butte. If we look at TMY3
data and ignore all of the hours when the
outside temperature is greater than 32°F,
and then look at when the solar gain minus
the losses is positive, we can see that the
greenhouse has a better chance of protect-
ing the plants for a longer growing season

(see Figure 6).
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The growing season can

by building a more robust greenhouse by using

be further extended
reducing air leakage (see Figure 7).

Figure 7. Solar Gain Minus Heat Loss for Efficient Case Greenhouse

twin-wall glazing, insulating the perimeter, and
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Table 6. Heat Loss for January 1 in Butte, Montana

Time Dry-bulb  Dry-bulb
(HH:MM)  GHI (W/mA2) (C) (F) Qc Qp Qi

1:00 0 -17.2 1.0 9027.9 891,648
2:00 0 -18.3 -0.9 9605.3 948.672
3:00 0 -18.9 -2.0 9920.2 979.776
4:00 0 -20 -4.0 10497.6 1036.8
5:00 0 -20.6 -5.1 108125 1067.904
6:00 0 -20 -4.0 10497.6 1036.8
7:00 0 -20 -4.0 10497.6 1036.8
8:00 0 -20.6 -5.1 108125 1067.904
9:00 6 -21.7 -7.1 11389.9 1124.928
10:00 35 -17.8 0.0 93429 922752
11:00 69 -15 5.0 7873.2 7776
12:00 89 -12.8 9.0 67185 663,552
13:00 116 -10.6 129 5563.7 549,504
14:00 181 -8.3 17.1 4356.5 430.272
15:00 155 -8.9 16.0 4671.4 461.376
16:00 186 -10 14.0 5248.8 518.4
17:00 25 -133 8.1 6980.9 689.472
18:00 0 -17.2 1.0 9027.9 891.648
19:00 0 -18.9 -2.0 9920.2 979.776
20:00 0 -18.3 -0.9 9605.3 948.672
21:00 0 -20.6 -5.1 108125 1067.904
22:00 0 -19.4 -2.9 10182.7  1005.696
23:00 0 -20.6 -5.1 108125 1067.904
24:00:00 0 -21.1 -6.0 11075.0 1093.824

Source: NCAT

Heating balance for January 1
in Butte, Montana

The solar gain in Butte, Montana, on January 1
was charted above. 7zble 6 shows heat loss for the
greenhouse on the same day. As the table shows,
it would take two and a half times the solar heat
gain to keep the greenhouse from freezing.

Our analysis ignores the thermal storage capac-
ity of the soil, moisture, and tools and equipment
in the greenhouse. These materials will act as a
sort of thermal battery, helping to smooth out the
jagged temperature lines in the charts above.

Heat Storage (Thermal Mass)

Both the materials inside the greenhouse and
the soil have thermal mass. This thermal mass
gets warm when the sun shines on it and cools
off after the sun goes down. Thermal mass in
the greenhouse serves to moderate temperatures,
keeping the greenhouse cooler in the daytime and

total heat
loss Solar Gain
182.664 10102.2 0
194.346 10748.3 0
200.718 11100.7 0
2124 11746.8 0
218.772 12099.2 0
2124 117468 0
2124 11746.8 0
218.772 12099.2 0
230.454 12745.3 655.296
189.036 10454.7 3822.56
159.3 8810.1 7535904
135.936 7518.0 9720.224
112.572 6225.8 12669.056
88.146 48749 19768.096
94.518 52273 16928.48
106.2 58734 20314176
141.246 78116 27304
182.664 10102.2 0
200.718 11100.7 0
194.346 10748.3 0
218.772 12099.2 0
206.028 11394.4 0
218.772 12099.2 0
224.082 123929 0

240868.13 94144.192 146723.94

warmer at night. Daytime solar gain can create
overheating problems even in colder seasons, and
if this heat can be absorbed by thermal mass, the
mass can act as an energy “battery” and release
the heat to the greenhouse at night. Thermal
mass concepts have been understood and used in
buildings for centuries, but good mathematical
treatments of them do not exist. The process is
too complex with too many variables to treat sim-
ply with computer models. NCAT plans a future
study of passive heat storage in greenhouses to
determine whether a numerical model of how
to predict temperature timing changes in green-
houses could be developed.

Season-extending greenhouses in cold climates
cannot rely on water-based systems for heat stor-
age unless they are designed for freeze protection
in the winter months. Freeze protection can
be time consuming and expensive—water
for the greenhouse must be brought into the
greenhouse from below the frost line with a frost-
free hydrant.
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Conclusion

Growing in cold climates is challenging,
but season-extension techniques can help
overcome these challenges and allow a lon-
ger growing season. Typical Meteorological
Year data can help evaluate different green-
house designs and model solar heat gain and
heat loss from specific designs. By accurately
estimating the impact of a particular season

extension technique, growers can determine
which crops would be best suited to the result-
ing growing season. Although it is not feasi-
ble to extend the greenhouse season to year-
around operation without supplemental
heating, an inexpensive hoop house with addi-
tional insulation and infiltration control has
the potential to extend the typical growing
season by more than three times the typical
cold-climate growing season.
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