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Abstract

In the past decade, livestock greenhouses have become increasingly popular for use by dairy farmers and other growers due to their low cost, ease of operation, versatility, and proposed health benefits.  However the potential of these greenhouses for integrated, diversified farm production has been overlooked until the present date.  Due to their ability to transmit light and retain limited stores of heat, water vapor, and carbon dioxide, these structures have the capability of growing horticultural crops in unison with conventional livestock operations.  This is especially valuable in the cold-weather months when climate eliminates outdoor crop production in colder agricultural zones.  This sustainable agriculture project seeks to measure the extent to which these structures can facilitate multiple farm productions and increase farm revenues.  

Suspended growing beds will be constructed in a livestock greenhouse above the livestock floor and will produce crops of mixed greens.  These crops will be marketed to stores in VT and provide consumers with locally produced off-season greens.  Simultaneously, manure slurry from the dairy production will be incorporated into a contained composting and potting soil production system. It will be subsequently utilized in the horticultural crop production.  In this process, multiple farm revenues will be created with minimal investments or alterations to present farm operations.  Farm integration accomplishes three major tasks:  

· Spreading financial risk out over multiple operations and investments

· Utilizing wastes as resources

· Integrating new operations into existing infrastructures and activities

Overall, to increase the economic sustainability of agricultural systems, farm operations will be redesigned to close loops of waste and produce value added products.  In the future this “intelligent” design has the potential to improve the economic stability, social equity, and ecological health of agricultural systems. 

Goals
  The goals of this grant project are to:

· Construct a pilot scale production system for crops inside a solar barn or livestock greenhouse

· Grow mixed greens (salad greens, baby spinach, cold hardy Asian greens) during the cold season and monitor growth and production, as well as indoor environment conditions as they pertain to crop growth;  specifically spot monitoring of temperature, humidity, CO2, ammonia 

· Outreach: sharing results with relevant farms and interested parties, interviewing local vendors to asses the off-season market of mixed greens and other possible crops, and presenting findings to students interested in integrated greenhouse and crop production   

· Asses the viability and scalability of the system in regard to both existing and future farm operations 

· Reuse/recycle farm nutrients and materials to close waste loops and minimize capital spending

Farm Profile
Ben and Kris Dykema own and operate a dairy farm on 500 acres of land in Addison County and Chittenden County, VT.  Their property of owned and rented land resides on the town line of Charlotte and North Ferrisburg, approximately 1/2 mile from the shores of Lake Champlain.  The 480 head farm consists of 290 milking cows and 190 youngstock, with the milking cows averaging over 23,000 lbs. of milk annually.  The farm is part of the Cabot cooperative, and all of the milk is sold through it. 

Currently, the farm is undergoing several projects.  Aside from the grant project, infrastructure has recently been upgraded including the manure pond and solar barn.  A Comprehensive Nutrient Plan has also been recently completed, and controlled and monitored manure application is now being conducted on the fields.

The milking herd resides in a newly built Harnois Ovaltech™ greenhouse style barn or “solar barn” that was initially purchased to increase farm profitability and herd health.  It is believed that the increased natural light and passive ventilation are beneficial to cow health and production.  The barn also has the added benefit of reduced mechanical equipment for environment control and subsequently, reduced energy inputs.      
Participants

Ben Dykema - Farmer/manager - wilconfarm@aol.com
Duties include: project oversight, consulting, and facilitation.  Machinery operation, site planning, and general duties also performed

Zak Adams – Researcher/graduate Student – UVM – zadams@uvm.edu
Duties include: project planning, construction, data collection, reporting, crop planting, harvesting and preparation, general maintenance and work

Levi Dykema – Farmhand/future farmer

Duties include:  construction, harvesting, machine operation, general maintenance and work  
Project Activities

Grow Beds
Construction of the grow beds was conducted between first week of August to the first week in September.  They were built with halved, 8 inch, schedule 40 PVC sewer pipe.  The pipes were joined end to end to form 3 - 104 foot long beds along the south wall of the greenhouse.  Three beds were constructed in total on the south walls to form 234 square feet of possible growing area.  They were suspended from the steel roof gable supports of the greenhouse using 10,000 PSI bailing twine, a waste product from the farm.  The beds were located five feet above the top of the stalls, 8 ½ feet off the floor.  They were accessed via mobile scaffolding that was laid crossways on top of the stalls.  Irrigation was provided by trickle irrigation hose connected to a main line which led to a well spigot located next to the barn on the north side.  The main hose had to be run across the barn to reach the south side, and was suspended through the rafters. (see appendix for layout)     

Soil Mix

The beds were filled with a topsoil and organic matter mixture.  The ingredients for the blend were taken from a grazing/barn area and were rich with aged manure and carbonaceous substances such as straw remnants and sawdust.  The ingredients were mixed with calf and cow manure.  A sample was tested at The University of Vermont soils laboratory, and the results confirmed that the mix was micro and macro nutrient rich in general, with a 20% organic matter fraction.  
Planting 

Seeding in the grow beds commenced the first week of September, three weeks behind schedule.  This was due largely to the trickle irrigation system, which was late on delivery and not completely finished until September 8th.  The seeding schedule was successive, with roughly 30 square feet of beds being planted each week until mid November.  Seed mixes from several seed companies were used initially to ensure that results would not be affected by the germination rate of a specific company; however the majority of seeds were Johnny’s Mild Mesculin Mix™. 

A spring crop was also planted beginning on March 3rd.  It was planted in the exact way as the fall crop.  Successive planting of the spring crop ended on May 6th.

Harvesting

In general, harvesting was successive in unison with planting schemes.  However, the first bed plantings were never harvested, due to lack of mature growth.  The first harvest of 4 pounds fresh greens occurred on October 15th.  The beds that were harvested were around a month old, and seemed to have followed growing predictions set by the company (25 day maturity).  This was true for the second harvest, which occurred two weeks later.  A third harvest of two pounds occurred on November 18th.  A final harvest of six pounds occurred on December 3rd.  This harvest was not a successive harvest, but rather was a harvest of re-growth from the three previous beds, which were not completely cut down; only mature leaves were cut.  Approximately 154 sq.ft. of the beds were never harvested due to a killing frost only days before a planned harvest.  Spring crop harvests were not weighed.        
Monitoring


At first planting, an electric thermometer/hygrometer with remote sensor was placed in the greenhouse that enabled spot monitoring (as well as daily highs and low’s) of two locations in the greenhouse.  The home monitor was placed in the center of the main alley of the barn to allow for easy access and to read what was considered to be an average for the barn, and the remote sensor was placed adjacent to the grow beds (south wall of the barn) on the north side of a vertical supporting post (out of direct sunlight).  The instruments were calibrated according to the manufacturer’s specifications before installation.  

Spot sampling of ammonia and CO2 were conducted on two separate dates, September 17th and November 11th.  The measurements were taken around the same time of day (early morning to mid afternoon).  This was done mainly to coincide with farm operations: We assumed that the peak ammonia levels would occur right before and directly after the cleaning of the barn floors (due to waste accumulation and subsequent disturbance and exposure to air) which is conducted around 11:30 am everyday.  It was also assumed that the hottest and sunniest conditions would create peak conditions, i.e. volatilization.  The interest in ammonia as a possible plant toxin and growth inhibitor (at high concentrations) was the main purpose of sampling, and so it was ensured that we would be reading peak levels.  We assumed that if at peak times, the levels were lower than deadly or toxic levels, than the other times of operation would be safe as well.  Also, CO2 levels are only of concern during periods of high light exposure, i.e. periods in which the plants would be photosynthesizing and utilizing CO2. 

Wind speed and exterior temperature were obtained form local weather data and from a thermometer already existing on the farm and unrelated to the grant project otherwise.

Biothermally Heated Irrigation


In late October, a simple heat exchange system was constructed for the irrigation system.  A 400 foot roll of 1 inch diameter polyethylene tubing, which sparked the activity, was donated in kind to the project.  The tubing was laid in a coil-like fashion inside a compost heap built adjacent to the irrigation wellhead.  This compost produced enough heat to supply the plant beds with 80oF water (up from 45oF).  The beds were only irrigated for a half hour at a time, due to the amount of water output of the irrigation system and the retention of the soil mix.  This system was operated until the plants were no longer productive, and on several occasion kept the exterior portion of the main line from freezing. (see appendix for heat exchange setup)  

Outreach 

Photographs were taken intermittently (normally every other week) throughout the project as part of the monitoring process.  Two power point presentations were created based around these photos and initial sampling results.  Presentations were given to students at UVM in two separate classes during the fall semester.  Also, the presentations were used to explain the project to vendors and interested parties.  We met with produce managers from three vendors in Burlington: Stone Soup Restaurant, City Market, and Healthy Living Market to present our project along with a product sample (approximately 1-2 lbs of mixed greens).  This was conducted from mid-October to mid-November.                  
Results

Monitoring results (not all data shown):

	Dairy Greenhouse Sampling

 
	 
	 
	 
	 
	 
	 
	 
	 

	 Date
	Wind
	Temp. (alley) 
	Temp. (beds)
	Ext. Temp
	Int. Humidity
	Conditions
	Time
	CO2
	NH3
	Ext. CO2

	 
	MPH
	F
	F
	F
	% relative
	 
	 
	PPM
	PPM
	PPM

	9/17/2004
	2-5  N
	67
	70
	65
	55
	Cloudy
	9-1pm
	450
	>1
	380

	10/15/2004
	4 S
	55
	57
	40
	70
	Cloudy w/ rain
	7am
	na
	na
	na

	11/5/2004
	15-20
	52
	54
	45
	54
	Cloudy
	11am
	na
	na
	na

	11/19/2004
	5-10 N
	61
	66
	43
	45
	sunny
	11-1pm
	500
	>1
	NA

	12/3/2004
	15-20
	40
	52
	39
	55
	Partly cloudy
	11am
	na
	na
	na


Harvest Results:
	Harvesting Results
	 
	 
	 

	Area Planted
	Area Harvested
	Mass Harvested
	Mass/Area 
	Projected Harvest

	Sq. Ft.
	Sq. Ft.
	lbs. (wet weight)
	lbs./sq.ft.
	lbs. (wet weight)

	234
	50
	16
	3.125
	731.25


Conditions and Discussion 

As stated before, 234 sq. ft. of growing space was constructed in suspended growing beds on the south side of the solar barn.  The actual space consisted of three parallel rows of 8 inch diameter pipe joined end to end and sealed.  Four rows had been planned, but it was determined that the structural members of the barn could not hold the cumulative weight when visual stress was observed after the first watering.  Roughly 224 sq. ft. was planted with mixed salad greens, the majority of which were a mild mesculin mix.  The front (south most) row broke on its east end due to excess weight from a water leak in the trickle tape irrigation, and 13 feet of pipe was not planted.  The grow beds were planted successively, with an average of 25 sq.ft. of bed space being planted every week.  

Actual harvested space was significantly less than the total space.  This is attributed to several factors:  Firstly the irrigation system was late on delivery and it set back the initial planting date.  The first 30 sq. ft. of bed was planted before the trickle tape arrived and was initially hand watered.  After the irrigation was set up, the tape had to sit above the soil of the first 13 feet of each row.  It did not water adequately, and the first 30 sq. ft. experienced stunted growth for the entire growing period.  The next 50 square feet was planted after the irrigation installation and it grew normally.  It is interesting to note that accelerated growth was not observed despite the elevated CO2 levels in the greenhouse.  However, during this period of growth (mid Sept. to mid Oct.), the barn walls were being raised often to shed excess heat on warm days, and this could have lowered CO2 accordingly.  A second reason for lack of growth may have been due to the side walls themselves.  The side wall curtains were scheduled to be changed during the start of the grant.  They were fairly worn, ripped, and had limited transparency (roughly 50%).  It was not replaced until mid-November.  The crops that did well were grown in a period when the side wall was raised consistently and there was exposure to direct sunlight.  Later crops were grown behind the side wall for the majority of their time, and their growth was noticeably stunted.  Lastly, 154 sq. ft. of bed space had either close to mature or adolescent greens in them when a killing frost hit the barn.  Harvest was planned for three days after the date that the frost occurred on.  In short, a lot of potential harvestable crop was killed.  However, tip frosting was observed on the greens as early as December 3rd, and was gradually lowering the quality of harvestable product.  (see appendix for frost evidence)  The high infiltration rate and susceptibility to frost was also caused by a malfunction of two main bay doors.  The two south-most bay doors on the east side of the barn were broken, and the repair company was behind schedule fixing them.  They were unfortunately still in disrepair the day of the hard frost.  It should be noted that the southern side curtain has been replace with new, highly transparent poly-glazing, and the bay doors have been repaired.

The spring crop was able to be planted as early as the beginning of March based on daily low inside barn temperatures.  The new sidewall and repaired doors allowed the barn to maintain more elevated temperatures.  Crop growth was on schedule with the reported growth periods form the seed company.  However, by the beginning of May the sun angle had become too high and the grow beds only received light through the opaque ceiling of the solar barn.  This stunted further crop growth, but later harvests were still made.  The crops seemed to grow slowly but steadily under the diffuse light.    
On average, the barn stayed 20 degrees warmer than the outside, except for days where high winds were recorded (except for south winds).  This was due to the lack of solid membranes on the east and west sides of the barn (only mesh is in place for walls) and the intentional (cracks in the overlap of the side walls) and unintentional (tears and rips) air leaks in the plastic glazing of the barn.  
The barn had elevated CO2 levels at all samples, and this included a sample taken while the barn had raised walls and open soffit vents, i.e. full natural ventilation.  It should be noted that directly outside the barn was sampled as well, and 15% lower levels (380 ppm) were detected.  This sample was also taken during a day with slight winds coming from the north.  This meant that all of the interior air was likely being pushed out towards the south wall as well as through the soffit vents, so the monitors were likely being exposed to the CO2 laden interior air  On days with south winds, the beds may have not been getting the CO2 enriched air.  In the spring trials, a south wind day with ventilation will be attempted to see the effect on the grow bed CO2 levels.  This effect is less important when the weather dictates that the side walls remain closed (mid-October through mid-April).  The barn was also sampled on a day with closed walls, and the CO2 levels inside were 11% higher (500ppm) than the ventilated barn sample.  The exterior CO2 sample for that day was faulty, but the sample was 34.5% higher than the exterior sample from the first sampling round.    
Ammonia never registered greater than 1 ppm, and was sampled on days with the curtain walls closed at suspected peak times.  The samples were taken at plant level and also in the south soffit peak of the barn.  This was done due to ammonia vapor’s property as a light gas.  In stratified air conditions, the ammonia could have been settling above the air, trapped in the soffit.  However, measurements indicate that this was not the case.  The low ammonia levels are attributed to the infiltration rates of the greenhouse and the frequency of the barn floor cleaning.  This particular barn is cleaned three times a day and prevents large waste buildup on the floors.  This is a consideration that needs to be applied to other barns of different operational conditions, especially interested parties who have deep-pack solar barns.  This also needs to be considered if the floors are not cleaned regularly, e.g. a cleaning machinery malfunction.  There was one period of two days in which the skid steer was down for maintenance, but testing was possible.  However, the sheer fact that the plants did not display any signs of ammonia toxicity could be considered proof that the levels were not high enough.  However, this cannot be validated as other factors such as infiltration, sun exposure, and temperature could not be specifically determined.
The biothermally or compost heated irrigation system has worked as expected.  Water is injected into the tube imbedded in the pile, and after a half hour is allowed to pass on to the crops.  The water is superheated to 120oF, but by the time it travels across the barn to the beds, it cools to 75-80oF.  When the water is shut off, the tube imbedded in the pile remains filled with water.  When irrigation is turned on again, the water is at the same temperature as the pile (normally 140oF) and is fed to the beds.  This simple system is relevant to many irrigated crops of smaller scale and should be considered by farmers with the access to composting materials (it is in fact being used on some farms for radiant floor heating and other applications).  Care was not taken to set up the pile for easy management however.  A system that allows for easy construction and removal of the compost and water coil should be developed for a system like this.  This could have been accomplished by putting the tubing in a vessel or structure for easy removal (such as a welded rebar frame or steel drums), but it was not of great concern considering the budget and time allotted for the grant.          


Unexpected factors have became the main concerns of the grant.  These concerns center around crop quality and maintenance issues.  Scaffolding is not a long term solution to bed access as it is possibly dangerous for humans and cows.  Any object in a cows reach will normally be disturbed and the scaffolding has not been an exception.  There was observed damage due to chewing, and also breakage.  Future projects will have to address this issue.  Ideally, a deck or walkway would be established for a growing system like this.  However, this would affect the input cost and therefore rates of return and profit.  Irrigation has been an ongoing problem of the grant.  The irrigation system has been inconsistent, leaving dry areas in some of the beds.  The rows did not completely cure during construction due to humidity and wind moving the then empty beds.  Leaks have occurred in some of the joints and have spilled water on the stalls below.  This has caused concerns for cow safety, and watering has been limited to half hour intervals to minimize spills.  However, it is still occurring to a limited extent due to lack of absorbency in the soil mix, established pathways in the soil, and an inability to patch the areas completely from under the rows.  Harvested crops have also created concerns.  During harvest, a thin film of fine sawdust, and sometimes fly spots and pigeon feces were observed on the product.  This was removed with typical washing and spin-drying common to green preparation however.  While post-preparation of greens led to a visually acceptable and even above average product, odor and taste were concerns of market managers.  Parties complained of a faint barn-like smell and off-taste.  It is unclear how valid the complaints were, as no tests can be run to check content and odor profiles.  The parties were informed of the growing conditions beforehand, and this knowledge may have affected their judgment.   It is feasible however that some of the volatile organic compounds common in barns from silage and waste have affected the crop.  This should be examined further in future projects.

Considering the above factors, it is recommended that a similar but disparate system be established.  It is possible to add an entire south bay onto the solar barn because the multi-bay design allows for expansion.  We suggest that an entire bay could be established that could be devoted to crop growth.  The bay would be separated from the main barn by the already existing stalls on what is now the south wall.  The floor to this bay could be soil, and the walls an ceiling of the bay could be clear poly.  Since the bay would not be isolated from the shared airspace of the barn, the CO2 and heat benefit would remain relatively unaffected.  Also, simple air handling vents and fans could move air from the middle of the barn to the south side for added affect.  This system would hopefully solve the aforementioned worker safety and productivity issues but maintain all of the integration benefits.  The costs will have to be considered against the costs of the previous system and the possible benefits.  However, the system may not be a financial loss if in the future it becomes obsolete.  The extra bay could be paved and easily converted into another barn bay to accommodate a growing herd.  This system should be considered for a future project on a willing farm.          

Overall, the project was relatively successful.  This pilot scale project is proof of concept that crops can be grown in livestock barns for integrated food production.  The interior conditions, while not optimal, are acceptable for indoor cultivation.  The benefits are of course season extension of cropping without the use of any fossil fuels for heating and CO2 enrichment.  As was shown, the growing season can be extended up to two months for cold hardy crops.  More importantly, these crops can be marketed at a time when markets are paying a premium for product due to lack of availability.  It was found that the local production of mixed greens for most of Burlington’s market ceases in late October (or directly after the season’s first killing frost) and begins in mid-May.       
Economics


Initially, it was expected that product would be marketed to local vendors for sale.  However, it was quickly realized that the pilot scale project did not produce enough greens to interest any local vendors.  It was used for product sampling only.  The smallest quantity of demand was roughly 45 pounds per week, which we did not produce in total.  From the vendors interviewed, it seems there is at least a 350 – 400 lb/week demand for mixed greens in Burlington City alone.  If a different planting schedule was established to cater to this demand, we could have supplied possibly a quarter to a third of this quantity per week from mid Oct. until early Dec.   This will be considered for future projects.  


The price per unit was consistent from vendor to vendor in the Burlington area.  It ranged from 4.50 – 5.00 dollars per pound of mixed greens.  It was found that the vendors pay the same rate for local, organic product of high quality in the summer season as they due for imported, non-organic, inconsistent quality product in the off-season.  It should be also noted that the vendors interviewed had a preference for purchasing local product if available.  


At the stated unit price it seems that there is a 1,800 to 2,000 dollar per week market in Burlington City alone.  At our production capacity and observed production per area, 500-650 dollars of this demand could be met per week assuming optimal production.  During the six week off-season window observed, 3,000 – 3,900 gross dollars could have been earned.  This compares to the costs for the grant project:
· $ 468 – Grow bed supplies ($ 997 actual, but pipe was bought and not used due to structural concerns)
· $ 96 – Seed for both growing seasons 
· $ 45 Hardware

· $ 144 – Irrigation supplies

· $ 180 – Gas detection diffusion tubes (for ammonia and CO2 sampling)

· $ 1044 – Labor for construction of system (40hrs. $15, 20 hrs. $8, 8 hrs. $18)

· $ 92 – Labor for harvest (4 hrs. $15, and 4 hrs. $8) or 1 hr work per pound

· $ 56 – 2 cubic yards. compost (created on farm)

· $ 80 - 4 cubic yards of soil mix (created on farm)

· $ 25 – Macro/Micro nutrient soil test
· $ 150 – Poly Tubing for heat exchange irrigation (donated in kind)

· $ 140 – Thermometer/hygrometer with remote sensor (donated in kind)

· $ 12 – Compost thermometer (donated in kind)

Total virtual cost (cost for everything if not created on farm, donated, etc.): $ 2380   

Total grant expenditure to date: $ 2623
Total cost of production = 468 (pipe) + 45 (hardware) + 1044 (labor) + 144 (irrigation) 

    = $ 1701 capital cost 
    + 48 (seed) + 92 (labor) = 157 overhead costs for one season

Appendix
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Grow Bed Layout (view facing west)
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Mature Growth vs. Stunted Growth (view facing north)
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    Thermometer/hygrometer  

Compost Thermometer Note: 150oF temp. reading
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Gas diffusion tubes sampling CO2 and ammonia levels 
Observed frost damage on December 3rd
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Crop Growth on May 6th
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View of adolescent growth killed before final harvest.  Note:  Infiltration space between curtain walls, the bay door openings can be seen in the distance as well.








Compost heat exchanger for irrigation water


Note: Located at the Northeast corner of the barn, adjacent to the wellhead.  











