
ABSTRACT 

 
MACIALEK, JUSTIN ALAN. Reduction of Flue-Cured Tobacco Production Cost 
Utilizing a Hot Water System. (Under the direction of Dr. Mike Boyette). 
 
 The Advanced Curing System was initiated in 2006 to reduce the production cost 

of flue-cured tobacco.  The project addressed the initial investment cost and increasing 

energy costs associated with curing flue-cured tobacco. The project began with a 

combination of ideas from growers, extension agents, industry representatives, and past 

research strategies to reduce curing cost.  The system is a combination of commercially 

available components that is easily adapted into any grower's operation, whether it is the 

whole system or just one part. Two methods to reduce curing costs are to reduce energy 

consumption and or losses, and to use cheaper fuel.  Both methods were incorporated into 

the advanced curing system. The system uses existing and widely available controls to 

minimize energy usage.  The advanced curing system was constructed during the spring 

of 2007. The system consists of two, full size, ten box barns with a common wall.  The 

structure was built with structural insulated panels (sips). During the 2007 curing season, 

the heat for the curing process was produced using a Taylor Outside Woodfired 

Waterstove.  Two cures were completed during the 2007 season to establish a baseline 

for the system energy requirements. The average wood consumption was approximately 

0.018 kg of wood per kg of cured leaf (13% moisture).  During the 2009 flue-cured 

tobacco season, an automated woodchip system was added to the NCSU advanced curing 

system to provide heat for the curing process.  The wood chips were burned in a 

commercially available automated wood chip system rated at 949,500 kJ/hour.  Hot water 

at 90.6 ˚C was circulated through a heat exchanger inside each barn.  The wood chip 



system monitors the combustion process to ensure efficient and complete combustion for 

varying fuel conditions.  Green, dirty wood chips (including bark and leaves) were used 

as the fuel for the 2009 curing season.  The cost of the chips were $35.75 per metric ton, 

delivered.  Five cures were completed using the automated wood chip system.  The 

average fuel cost was $99 per cure.  The cost ranged from $77 to $117 per cure.  The 

season average fuel consumption was approximately 2 kilograms of wood chips per 

kilogram of cured tobacco. 
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Chapter 1 

Introduction 

Flue-cured tobacco is a major cash crop produced in North Carolina.  In Figure 1.1 

flue-cured production is shown for an eighteen year period from 1988 to 2007.  In 2007 there 

was approximately 171,128,000 kilograms of tobacco produced in North Carolina 

(NCDA&CS, 2009).  All flue-cured tobacco goes through the same bulk curing process, and 

like any drying processes, heat energy is needed.  Artificial crop drying can be energy 

intensive depending upon the amount of heat and airflow needed to remove the moisture in 

the crop. Flue-cured tobacco is one such crop that requires a significant amount of energy to 

cure the leaves.   Not only does flue-cured tobacco require a lot of heat to remove the 

moisture from the tobacco leaves, but also large amounts of heat are wasted due to the 

various inefficiencies of the system.  

  The heat for the drying process of flue-cured tobacco is commonly produced 

through the combustion of petroleum based fuels such as LP, natural gas, and fuel oil.  The 

high cost of petroleum fuel compounded with the uncertainty of future supply has increased 

interest in alternative fuels for curing.  

 

1.1 Bulk Curing Barns 

 The curing of flue-cured tobacco is done in specially designed bulk-curing barns. 

This technology was first developed at NCSU in the 1950s (Sykes, 2008).  The barns are 

designed to utilize containers with the green tobacco packed in bulk.  The two types of barns 

are rack and box barns.  The name is based on the type of container that holds the leaf during 
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the curing process.    Racks are small metal binders that clamp around the tobacco leaves. 

Each rack is loaded with approximately a forty-five kilograms of green leaves, roughly 

oriented with their midribs parallel to the air flow.  Rack barns vary in capacity and can hold 

from 60 to 250 racks.  The individual racks are positioned on rails inside the barn at different 

heights.  The various rail heights are referred to as tiers.  Rack barns typically have two tiers.   

The other type of bulk curing structure is the box barn. The box barn is designed to 

contain large metal containers, which are typically 1.83 m (H) x 1.07 m (D) x 2.87 m in size, 

approximately 5.6 cubic meters.  Box barn capacity ranges from 8-10 boxes. The boxes may 

contain as much as 1,364 kilograms of green (uncured) leaf. All bulk curing barns built in the 

last twenty years utilize box containers. The filling of box barns with green tobacco is now 

completely mechanized and has resulted in significant labor savings compared to filling rack 

barns.     

Most bulk barns are built in manufacturing facilities and then delivered by truck to 

the site.  The barns are sized and constructed with dimensions of 3.05 m (H) x 3.05 m (W) x 

12.2 m (L) so that it could be loaded on a trailer and hauled on public highways.  The 

modular design allowed the barns to be set up quickly and easily.   A typical bulk curing barn 

can accommodate the harvest from 2.5 to 3.5 hectares of tobacco. Since the average acreage 

per grower exceeds the capacity of a barn by more than an order of magnitude, it is not 

unusual to find curing facilities with dozens of individual barns. Normally, the separate barns 

were placed with a 1.5 meter alley way between each unit, because of the ever-present 

danger of fire. If one barn caught fire it would quickly spread to the adjacent barns, and as a 

result, separation between barns minimizes the fire risk.  
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1.1.1 Box Loading 

Bulk curing requires the loose leaves be placed in the curing container to facilitate air 

movement through the tobacco. The bulk curing box is a perforated metal container that is 

laid on its side to be filled with tobacco leaves.  The box is filled halfway, then a middle 

partition is positioned on the first half of the green leaves and the box is filled to the desired 

final weight.  Metal rods are pushed through the outside walls, middle partition and through 

the tobacco leaves.  The rods are used to hold the tobacco vertically in place during the 

curing process.  The boxes are stood up-right (rotated 90 degrees) on the casters.  The casters 

roll on a track inside the barn.  Figure 1.2 shows a bulk curing box loaded with green tobacco 

leaves. 

The flue-cured tobacco leaves are harvested by stalk position as they ripen, from the 

bottom upwards.   Typically there are four stalk positions, primmings, lugs, cutters, and tips.  

The weight of green tobacco placed in the curing boxes typically increases as the stalk 

position changes.  Once harvested, the leaves are placed in bulk boxes or racks.    Each box 

typically holds 820 to 910 kilograms of lower-stalk leaves, 910 to 1,000 kilograms of mid-

stalk leaves, and up to 1,000 to 1,090 kilograms for upper-stalk leaves (North Carolina 

Cooperative Extension Service, 2010).  The boxes or racks are then placed into bulk curing 

barns.  As stated earlier, most bulk barns utilizing curing boxes will hold between 8 to 10.  

A box loading system is needed to load the boxes uniformly and to ensure that the 

resistance to airflow is consistent throughout all the boxes.  If one box contains less tobacco 

than another, the air resistance would be less, thus allowing more air to flow through that 

box.  This would increase the drying rate of that box, but decrease the drying rate of the other 
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boxes and ultimately result in curing problems.  Until the recent widespread use of automated 

box loading systems that incorporate scales to weigh the quantity of green leaf loaded, non-

uniform loading resulted in curing problems and potential financial loss.  

  

1.1.2 Curing Process 

Proper tobacco curing is both a chemical and a drying process. The curing process 

involves controlling the barn humidity and temperature by adjusting the temperature settings 

and fresh air intake.  The curing process starts with a high relative humidity of approximately 

85% or higher (North Carolina Cooperative Extension Service, 2010).    Controlling the 

physiological processes during curing promotes the chemical conversions within the leaf.  

The barn temperature is gradually increased from 38 ˚C to 74 ˚C, to remove the moisture 

from the leaf at a controlled rate.  During the first stage of curing, known as the yellowing 

stage, one important process is the conversion of starches to sugars (Tso, 1990). Controlling 

the curing environment is critical to maintaining the desired leaf quality.  The second stage of 

curing is leaf drying.  During this stage the goal is to set the yellow color in the leaf by 

rapidly removing moisture from the leaves by increasing the ventilation in the barn.  The 

temperature is gradually raised from 38 ˚C to 57 ˚C.  If the leaf temperature gets too high too 

quickly, scalding may occur which damages the leaf.  Once the leaf is dried the last stage is 

to dry the stem.  The barn temperature is gradually raised from 57 ˚C to 74 ˚C.  Over 

ventilating during these stages not only dries the leaf too fast but also wastes heat.  Once 

completely dried to zero percent moisture, a small amount of moisture is added back to the 

cured leaf (the "ordering" process) which allows the leaf to be handled for market 
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preparation.  Typically a barn is loaded with 9,100 to 11,360 kg of green leaf.  Eighty to 

eighty five percent of the leaf composition is moisture, which must be removed during the 

curing process.  Approximately 7,727 to 9,660 kg of water must be evaporated during the 7-9 

day curing process. 

During the curing process, the air is circulated by a continuously operated fixed speed 

fan.  The fans range in size from 3.73 kW to 7.5 kW.  Once the leaves begin to dry, the box 

bulk density is decreased and as a result, the airflow resistance through the tobacco decreases 

requiring less fan capacity.  During the ordering process the fan is also operated continuously 

at a fixed speed.  Ordering the tobacco can take an additional 4 to 12 hours depending upon 

the management process and other factors.  Since the fan is selected based on the initial box 

loading density, it is significantly oversized for latter stages and for the ordering process.   

 

1.2 Flue-Cured Production 

Over the past few years tobacco production has had significant changes.  The recent 

buy-out program resulted in small growers exiting out of tobacco production while making it 

possible for larger growers to consolidate and expand their operations. These infrastructure 

changes have prompted researchers to re-evaluate barn design and operation practices with a 

goal of lowering the production cost through increasing efficiency.  Through a combination 

of widely available system components and previous research ideas, the advanced curing 

system described in this thesis was initiated to address both the initial cost investment and the 

increasing energy cost during curing.  The full scale advance curing system was designed, 
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constructed, and tested between 2007 and 2009 on the campus of North Carolina State 

University.   

 The system consisted of two rooms with a capacity of 10 bulk curing boxes, with 

dimensions of 1.83 m (H) x 1.07 m (D) x 2.87 m (w) . Each room is equilvalent to one 

conventional 10-box barn.  The design goal was to create a structure that would decrease the  

intial cost and lower operating cost while curing tobacco in an energy efficient manner.  The 

structure was built with common walls (no allyway between adjacent barns) reducing the 

intial construction cost by reducing the system footprint and eliminating the cost of the extra 

wall.  The system is constructed of structual insulated panels with an insulation value of R-

28, which is higher than most conventional barns, resulting in greatly reducing the heat loss.  

Automatic damper controls are utilized to continuously monitor and control the ventilation 

during the cure.  A variable frequency drive (VFD) is used to reduce the fan speed when less 

air flow is required thus decreasing the electical energy requirements. 

Typical operations employ one cure manager to oversee the entire curing operation.  

The curing environment is individually managed for each barn.  The manager checks each 

barn two to three times a day to evaluate the curing conditions and make the necessary 

adjustments.   The curing environment is varied by adjusting the amount of fresh air entering 

the barn and changing the dry-bulb temperature in the barn.  The adjustments remain 

constant until the next time the curing conditions are evaluated.   

 

 

 



 7 

1.2.1 Energy Cost 

One of the growing production costs in flue-cured tobacco in recent years has been 

curing fuel.  A farm test in 2007 showed an average usage of 1,626 kWh of electricity and 

approximately 1,420 L of liquid petroleum (LP), for a 7 to 9 day cure (North Carolina 

Cooperative Extension Service, 2010).    The retail price of petroleum fuels peaked in 2008 

and declined somewhat in 2009, only to begin to increase again early in the 2010 season. 

Figure 5.1 shows how petroleum fuels such as propane have fluctuated over the last few 

years compared to the price of wood chips.   

There are two methods of decreasing the curing cost associated with the fuel 

consumption. One is to use less fuel by becoming more efficient. Much work has been done 

over the years in this area. Adding insulation, filling cracks along the foundation, and 

replacing door gaskets among many other steps have all contributed to better fuel efficiency. 

A second method for lowering fuel costs is to switch to a lower cost fuel like wood or woody 

biomass.  On a cost per million kJ basis, wood chips, wood waste, and woody biomass may 

be one tenth the cost of petroleum fuels. Although wood can be an inexpensive alternative 

fuel, there is a significant initial investment for infrastructure changes along with additional 

labor.  Additional labor can greatly offset the cost savings.  Although the initial investment 

can be paid back over the life of the unit from the fuel savings, the cost of labor with some of 

the older wood-fired systems and the inconvenience made alternative fuel systems of the past 

unattractive. 

Some tobacco growers question the transition to biomass fuels not only because of 

the high initial investment but also from concerns of availability and sustainability of wood 
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fuel (primarily wood chips) in North Carolina.  The petroleum based fuel industry is well 

established on the tobacco farm.  There are local suppliers that allow fuel to be quickly and 

efficiently delivered.  The method of fuel delivery is well established and most operations 

have contracts and contacts in place to ensure fuel is delivered in a timely fashion during the 

year as it is needed.   

This process of ordering fuel and having it delivered works the same in the wood chip 

industry.  Systems have been in place for many years to deliver chips to pulp mills and 

industrial wood fuel customers.  Furthermore, the technology for efficient combustion of 

wood chips, green or dry, is found throughout other industries.  This technology can be 

adapted for flue-cured tobacco production, especially the larger growers that have become 

more common recent years.   

 

1.2.2 Tobacco Specific Nitrosamines (TSNA) 

 The first bulk curing barns were manufactured in the early 1960s and utilized number 

2 fuel oil or kerosene as the curing fuel. Because oil burners at the time often smoked and 

produced oily fumes, all these barns employed heat exchangers to keep the combustion 

gasses separate from the curing air. In the summer of 1973, during the first energy crisis, fuel 

oil and kerosene were very difficult to obtain.  However, LP gas was cheap and abundant. 

Consequently, there was a wholesale conversion of tobacco curing barns in that and later 

years to LP gas burners. In addition to the availability and decreased cost of LP gas, the 

combustion process was cleaner and therefore did not require a heat exchanger yielding a 
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theoretical 100 percent efficiency.  Almost all new bulk curing barns built after 1973 came 

equipped with LP gas burners.   

 However in 1999, Peele and Gentry published a seminal paper concluding that 

combustion gasses combine with alkaloids in the tobacco during curing to produce tobacco 

specific nitrosamines (TSNAs) compounds that are known carcinogens (Peele and Gentry, 

1999).  As a consequence of this work, there was an industry-wide effort between 2000 and 

2003 to convert every flue cured tobacco barn to indirect fired by installing a heat exchanger 

which vented the combustion gasses out of the barn and did not allow them to mix with the 

curing air. This work resulted in approximately a 93 percent reduction in the average TSNA 

levels in the cured leaf (Boyette, 2001).    

 Because the burners cycle on and off many hundreds of times during a typical seven 

or eight day cure, there is potential for intense thermal cycling. This is ultimately likely to 

result in cracks and holes in the heat exchangers within a short period of time which allows 

combustion gasses into the barn, nullifying the effects of the heat exchangers.  A not 

inconsequential side benefit of utilizing a biomass fueled hot water heating system to cure 

tobacco is that it totally eliminates the possibility of combustion by products coming in 

contact with the tobacco during curing consequently substantially reducing the formation of 

TSNAs.   
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Figure 1.1 Flue-cured tobacco production in North Carolina from 1988 to 2007 
(NCDA&CS, 2009). 

 
 

 

Figure 1.2: Bulk curing box with green leaves being loaded into advance curing system. 
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Chapter 2 

Literature Review 

2.1 Energy Requirements 

In the 1960’s bulk curing of tobacco was introduced primarily to reduce labor but an 

additional side benefit was increased curing energy efficiency.  In the 1970’s and 80’s work 

was accelerated on increasing the energy efficiency of bulk curing due to several energy 

shocks.  Today, there is again concern about energy supplies, which has led to an increase 

interest in curing efficiencies.  The advanced curing structure described in this thesis was 

designed based on many principles researched and developed in the 1970’s and 1980’s.   

One area where energy efficiency gains were thought possible was improving the 

temperature and humidity control during curing. Over the last 30 years, automatic controls 

have become less expensive and readily available. Electronic equipment has also decreased 

in size allowing for easily adaptation into existing curing structures.  Additionally, many 

other energy and labor saving ideas have been developed by growers and researchers. Many 

of these good ideas have been built and utilized at isolated locations but not reported on nor 

widely incorporated. Moreover, until now, there has not been an attempt to incorporate all 

these ideas into one structure for the purpose of test and demonstration. The advance curing 

structure has been constructed to combine all the labor, cost, time and energy reduction ideas 

into one system.  However, the main areas of interest in this project (curing cost reductions) 

are through efficient management of heat energy, electrical energy and time.   

Heat is needed for the drying process during the cure.  The cost of fuel during curing 

is 80% of the total energy cost while the other 20% accounts for electrical power. 
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 To minimize conductive heat losses during the cure, insulation of the barn is 

required.  Research has been conducted to determine the benefits of adding insulation.  A test 

was conducted by Johnson in 1979 to determine if the addition of insulation under the floor is 

beneficial enough to reduce curing cost to justify the increased construction cost.  Johnson 

concluded that approximately 5.6% of the fuel cost was heat loss through the floors (Johnson, 

Blum, Chang, 1979). The cost of insulation could be recovered within 4 years with the fuel 

prices during the construction of the project.  Today with the ratio of insulation cost to fuel 

cost the investment can be recovered in a shorter period of time.   

The drying process of the leaf requires a certain amount of heat energy to evaporate 

the water and to account for heat losses of the system.  Radiation and conduction losses count 

for approximately 40% of the heat value from the fuel being used (North Carolina 

Cooperative Extension Service, 2010).  Research in 1977 showed that 39% of heat energy 

was lost during a normal curing schedule, using non-insulated barns (Cundiff, 1978).  The 

Doff-Cundiff model (1978) for energy balance of bulk curing suggest that only 25% of the 

heat energy is needed to cure tobacco while the rest is lost through radiation, conduction, or 

excessive ventilation.     

Another alternative to decreasing curing cost is to use renewable and less expensive 

energy sources.  Increasing petroleum prices caused increased curing cost in the 1970’s 

(Watkins, 1980) and today (North Carolina Cooperative Extension Service, 2010).  Wood is 

one such renewable and cheaper fuel source, when locally acquired.  Current methods use 

wood to heat hot water and then circulate the water through radiators inside the barn.  Hot 

water can be an effective method of transferring heat energy for the curing process.  One 



 13 

central hot water boiler can be used to provide hot water to several barns through a network 

of supply and return lines.  A firing rate of 73 kWh is sufficient under most situations.  A hot 

water system with this capacity can adequately cure tobacco (Watkins, 1980).  Electrical 

energy accounts for approximately 20% of the curing cost (North Carolina Cooperative 

Extension Service, 2010).  The fan is sized based on the initial loading rate of green leaf. To 

ensure good leaf quality the recommended airflow is 0.001 m3/ kg of green tobacco.  The 

bulk density of the packed green leaf is highest at the beginning of the cure and gradually 

reduces as the tobacco dries.  Research has shown that once past the yellowing stage, airflow 

may be substantially reduced with no effect on quality or length of cure.  It was shown during 

a test in 1983 and 1984 that cycling the airflow on and off during the leaf and stem drying 

phase did not reduce the quality of the cured leaf (Maw et al., 1986).  The cycling times for 

the test were 22.5 min on and 7.5 minutes off (Maw et al., 1986).  During the 2004 growing 

season tests were conducted at 11 different locations using a duty cycle time of 20 minutes 

on and 20 minutes off during stem drying.  This test showed a fuel reduction of 

approximately 39.7 % and fan electricity reduction of 50 % during stem drying.  The 

procedure during both experiments was to turn off the fan and burner during the off cycle; 

while everything operated as normal during the on cycle.  During the 2004 test there was a 

purge time to allow the heat exchanger to cool down before the airflow was stopped.   

During the off cycle, poorly insulated barns would cool down.  When the on cycle 

started, the burner would have to run continuously in order for the temperature set point to be 

reached.  The increase in burner run time limited the fuel savings.  During normal operation 

the burner would cycle on and off for a few minutes at a time to maintain the temperature set 
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points.   A second problem is the hard starting on the motor.  There is also an issue with 

shutting the fan down with a hot heat exchanger. The unit could crack with the high heat 

differential.    The control system to turn the fan on and off was inexpensive and easily 

installed.  Thus, the practice of cycling the system on and off was the precursor to variable 

frequency drives.    A variable frequency drive (VFD) incorporates a soft start and stop 

feature to minimize high current inrush on the fan motor.  VFDs also allow continuous 

airflow. Variable speed motor controls at the time of the past research were expensive and 

not practical investments due to high initial cost and long pay back periods.  Today the lower 

cost of variable frequency drives makes adaptation feasible in tobacco production operations.  

The technology can also potentially be beneficial in other commodities where airflow can be 

reduced to lower production cost. 

 

2.2 Labor Cost Reduction Through Automatic Monitoring 

Labor is a major cost in the production of flue-cured tobacco.  Proper time 

management can greatly reduce production cost.  The reduction of management time can be 

accomplished with automatic curing controls.  Automatic control systems continuously 

monitor the curing set points and adjust the curing environment to maintain the desired 

conditions.  For example, an operation of 100 barns can have a central computer that will 

display all the curing parameters for each barn. Wireless communication systems that allow 

remote monitoring capabilities will reduce the workload on the operators.  Alarm software 

can notify the operator if problems occur during the cure, allowing them time to address 



 15 

those issues.  Utilization of a system like this allows the curing manager to reduce the 

number of barns inspected a day, further reducing the curing management time.      

 

2.3 Wood Energy Resources 

All the flue-cured tobacco produced in the United States is grown in the southeastern 

United States, which is also the location of the nation’s most productive forest.  The South 

accounts for approximately 62% of all U.S. timber harvest (Smith et al., 2004).  The 

transition from petroleum fuels to biomass fuels needs to be a smooth process to eliminate 

added expenses and management to the curing process.  One aspect of current flue-cured 

tobacco operations that make a central boiler a viable option is the consolidation of barns.  

The relatively close proximity of all the barns at one location allows a network of hot water 

lines to be connected to all the bulk barns.  One large central boiler can be designed to 

accommodate the load of the entire operation. Hot water can be pumped to each unit from a 

central boiler.  The hot water infrastructure would consist of the following components:  a 

central boiler, a wood chip storage area, hot water coils in the barn’s plenums, and a network 

of hot water lines.  Since wood is the most readily available biomass in traditional tobacco 

production regions, it is the most practical biomass fuel source.   

Burner technology available allows the combustion of dry (15% moisture) or green 

(50% moisture) wood chips (Suggs, 1984).  One of the simplest methods to produce heat 

from wood is the combustion of green wood because of the minimum steps involved in the 

process (Georgia Institute of Technology, 1984).  The main steps involved after arrival of the 
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chips are unloading, storage, conveying, and burning. The more the wood chips are handled 

and processed the greater the cost will be, so fewer steps means lower cost. 

 

2.3.1 Wood Requirement 

In the past when fuel prices began to rise, interest in biomass fuels also began to rise.  

Research was conducted to determine the amount of wood needed to produce flue-cured 

tobacco in the early 1980s.   In 1982 and 1983, it was reported that a flue gas to air heat 

exchanger required 2.5 kg of wood at 15% moisture content per kg of cured leaf, (Suggs, 

1984).  For reference, the heating value of wood at 15% moisture is approximately 15,817 

kJ/kg.  Typical LP gas burners require 1,136 to 1,703 L of fuel with a heating value of 

28,961,000 kJ to 43,442,000 kJ to cure a bulk barn of flue-cured tobacco.  An efficient and 

well managed curing process should average 1.2 kg of cured leaf per liter of LP gas during a 

season (North Carolina Cooperative Extension Service, 2010).  A gallon of LP gas has a 

heating value of 23,410 kJ/L (Cengel and Boles, 2002).  Research has shown that it takes 

approximately 86,992 kJ/kg of cured leaf with wood while gas requires 21,283 kJ/kg of cured 

leaf.  This difference was due to the efficiency of the systems at the time of the research.  The 

wood chip system used an air to air heat exchanger which allowed some of the heat to escape 

through the flue.  The gas control barns used direct fired burners which meant all the heat 

generated went directly into the barn.      
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2.3.2 Wood Availability 

 The southeast’s productive forests provide a source of waste wood for recovery.  In 

2007 there was 82 million hectares of timberland in the South (Timbermart South, 2008).  

Being one of the most productive forest means there will be high production of recoverable 

waste wood from logging sites.  Utilizing waste wood helps to keep cost low by not 

competing for wood resources with companies producing more merchantable products such 

as lumber and pulpwood.   Fuel wood chips can be made from any mixture of species, the 

tops, the branches including leaves and even dead or partially decayed wood.  All this 

otherwise undesirable material is desirable for fuel wood for use by tobacco growers. In 2001 

it was estimated that as much as 47.8 million metric tons of waste wood was recoverable in 

the South (McKeever, 2003).  Logging residues alone account for approximately 22.5 million 

metric tons of recoverable waste wood (McKeever, 2003).  Recoverable logging residues 

consist of sound tops of harvested trees, and trees cut or knocked down and left on site, 

including dead and cull trees that can be chipped. In addition, some types of municipal solid 

waste, construction and demolition waste, primary timber processing residues, as well as 

logging residues may be efficiently utilized. There is enough waste wood available for fuel 

that if recovered, it could fulfill the requirements needed by a tobacco farming operation with 

little or no negative impact to the region.   

One down side to using existing waste wood is the increased competition with 

existing markets for some types of specialized wood waste.  Some products such as sawdust 

and shavings have been used as by-products for facility heat generation and for animal 

bedding.  The demand for dry waste wood has decreased the availability of these residuals 
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requiring the products to be directly produced from raw materials (Timbermart South, 2008). 

Albeit modest at present, the direct production of shavings increases the demand for desirable 

wood and drives up the price of shavings due to the increased production cost. 

Most of the in-woods chippers are producing chips for chip mills and pulp mills.  

These facilities require clean chips, meaning no bark or leaves.  To produce clean chips, extra 

steps with extra machinery is needed which increases production cost.  For pulp chips, only 

the stems are used.  Some of the prices quoted during the acquisition of chips ranged from 30 

to 50 dollars for clean chips and some areas of the state are limited in the number of dirty 

(fuel) chip operations.  When an operation is set up for clean chips the equipment is not 

quickly switched over to dirty chip production.  The boiler technology for biomass fuels 

allows green dirty chips to be burned as long as the chip size meets the physical constraints 

of the feeding system.  The less expensive fuel produced from un-merchantable material is 

the best material for direct combustion to minimize cost. 

 

2.3.3 Transportation Cost 

Transportation cost can greatly affect the cost of wood chips.  Travel distances of 80 

to 97 km would be reasonable to keep cost low enough to provide an incentive to switch 

from petroleum to wood.  The total cost including travel up to 97 km plus the cost of wood 

chip production was $16.70 per green metric ton (gt) in 2006 (Mitchell and Gallagher, 2007).  

As a comparison, the production cost of wood chips in the woods is $10.10 / green metric ton 

(Mitchell and Gallagher, 2007).  Due to the relatively small volume of chips needed by 

individual tobacco production facilities, the chip delivery has to be made with a dump trailer 
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or a live floor trailer in order to off load the product.  The trailers are pulled by diesel trucks.  

The greater the distance traveled the greater expense on on-road diesel fuel.  This cost is 

added to the in-woods production cost of the chips.  Long trips will increase the costs and 

reduce the fuel savings of the fuel.  Further, the trailers are restricted to how much weight 

can be hauled.  With the fixed amount of chips that may be legally transported per load, the 

travel cost is the driving variable which limits trip distances before a breakeven price is 

reached.  

 

2.3.4 Wood Sustainability  

 Biomass energy has been utilized for many years for facility heat and drying kilns in 

lumber production.  The rising cost of fossil fuels and the growing interest in renewable 

energy has increased the interest in using wood as a fuel source. This raises the important 

question of sustainability.   

Can we harvest woody biomass for energy and not reduce future site production? The 

long term impact would be the deciding factor as to how much woody biomass could be 

harvested.  A management plan would have to be created that accounted for the condition of 

the site.  The soil conditions would be one of the factors when trying to balance the energy 

outputs and energy inputs required to maintain a productive site.   

Soil analysis can be used to identify at risk sites (Scott and Dean, 2006).  Research 

showed that sites are less productive with whole tree removal harvest than stem removal.   A 

soil analysis can be used to provide the information to determine the amount of fertilization 

needed to return the stand to its optimal productivity.  The energy output of a site is greater 
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than the energy inputs after 10 years (Scott and Dean, 2006).  Therefore, proper management 

can produce woody biomass without negative production impacts. 

The desired consumption of biomass for a niche market such as tobacco production 

would have little impact on the overall productivity when utilizing forest residues.  Research 

suggests that there are approximately 22.5 million metric tons of available logging residues 

in the south (McKeever, 2003).  The North Carolina tobacco industry would require 

approximately 0.6 million metric tons based on estimates from the required amount of wood 

needed per kilogram of cured leaf produced during the 2007 season that yielded 171.28 

million kilograms of flue cured tobacco (North Carolina Department of Agriculture and 

Consumer Services, 2009).  The unknown question would be how much would the demand 

for woody biomass increase throughout other industries. 
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Chapter 3 

Project Description 

3.1 Barn Construction and System Components 

 The advanced curing system was constructed in the spring of 2007 to incorporate 

several flue-cured production cost reduction ideas into one system.  All the components that 

were incorporated into the system to facilitate these ideas are described in detail in the 

following paragraphs, starting from the ground level and proceeding through the finished 

construction.  A layout of the advanced curing system can be found in Appendix A. 

 The advanced curing system was built behind D.S. Weaver Labs on the North 

Carolina State University campus.  This location was selected to facilitate construction of the 

system.  The close proximity to the department research shop and offices allowed easy 

accessibility to tools and fabrication equipment.  A problem with construction at a remote 

location would require significant traveling time to the site.  Transportation of equipment and 

tools would also be difficult for this size of a project.  We were not fully equipped to 

construct a project of this scope at a remote location in a reasonable amount of time.  Even 

though all the components are commercially available, this was still a prototype system, and 

combinations of all the components have not been combined before in this fashion.  For 

example, custom fabrication was needed for mounting brackets and support structures for the 

barn components.   

 The second issue was the need for flue-cured tobacco.  The research stations grow 

tobacco, but it is for plot work through collaboration with other tobacco researchers.  Testing 

a new system and varying the curing environment would negatively influence the test being 
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conducted with the plot work.  Several plots would be required to fill both barns at the same 

time.  It would require approximately 4.05 hectares of tobacco to fill one conventional barn.  

The research station would have to grow the tobacco just for the project, increasing the 

project cost.  The issue with this is that we are doing research, if there is a problem or 

downtime, the research station would be relying and waiting on the project to cure the 

tobacco.  If the system was unable to cure the tobacco, the tobacco would be lost, which 

would be a negative expense for the research station and the project.  Also, there would be 

increased labor cost accrued on the project from the additional steps in the process. We 

would have to have funding to buy seeds, pay for labor and expenses associated with raising 

the plants, labor to harvest the leaves, and labor to bale the tobacco once it is cured. The 

benefit of having a large commercial tobacco producer supply the tobacco is he is accustom 

to loading 250 to 300 barns a year.  Our 5 cures would not have a negative impact on the 

grower's operation.  If we could not cure the tobacco, then he can just place the tobacco in his 

barn.  

 The focus of the project is the system efficiency.  The cooperating tobacco operation 

had a green leaf box loading system to load the boxes uniformly.  This minimized the 

additional laborers that would be needed to load the boxes by hand.  The same issues arise 

once the tobacco is cured.  The boxes have to be emptied and the tobacco baled.  We do not 

have the equipment or labor to do that work with the amount of tobacco being cured.  It is a 

better process to receive the boxes loaded with green tobacco, load the barns, cure the leaves, 

and return the cured leaves to the farm, eliminating all the typical steps involved in flue-

cured production except for the curing process.  
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3.1.1 Concrete Pad 

 Construction began with the grading of an area that was 15.8 m x 12.2 m.  Crusher 

run was hauled in to fill and level the site.  The site was leveled with the use of a transit level. 

A skid steer loader and a tractor with a box blade was used to grade the site.  Twenty 

centimeter steel concrete forms were used around the perimeter of the pad.  Along the 

perimeter the grade was twenty centimeters below the top of the concrete form extending 

towards the center 15.2 cm.  After 15.2 cm, the grade changed to 12.1 cm below the top of 

the form. This allowed for the depth needed for 10.2 cm of concrete and the 1.9 cm thick 

insulation, which went under the pad.  The edges of the concrete pad had a thickness of 20 

cm and transitioned to the center where the concrete is 10.2 cm thick.  The pad was then 

poured in three sections that were 12.2 m long by 4.9 m wide.  A 3.81 cm x 10.16 cm form 

was used as the interior side of the 4.9 m section that adjoined the next section to be poured.  

The fourth section was a 12.2 m x 1.2 m apron to transition from the gravel path in front of 

the concrete pad. The overall area of the pad was 12.2 m x 15.8 m. The concrete selected for 

the construction had a compressive strength rating of 20,680 kPa.    Rebar was placed 15.2 

cm from the edges of the form around the perimeter of each section.  The rebar was spaced 

4.45 cm off the grade, which was 2.54 cm off the insulation.     

 Heat loss can occur through the concrete.  Research has shown that heat energy can 

be reduced by 5% with insulation under the concrete (Johnson et al., 1979).   To address heat 

loss through the concrete pad to the ground, Dow Super TUFF-R insulation panels were 

placed on top of the gravel. After the insulation panels were laid down the concrete is then 
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poured directly on top of the panels.  The Styrofoam panels are 1.9 cm thick with an R-value 

of 4.  The minimum compressive strength of the foam is 172 kPa.   

 Since the advance curing system roof is flat, the concrete pad was sloped to pitch the 

entire structure so that rain water would drain off the roof. The pad is sloped with a 1 percent 

grade.  The reason for sloping the pad instead of the roof is that the cost of the structural 

insulated panels is based on the number of panels made for the project.  The panels are made 

in molds, every time panel dimensions are varied the mold has to be changed.  The greater 

the number of panels that are identical in a production run, the lower the cost.  The pad was 

sloped to minimize the variations in the panels.  

 

3.1.2 Structural Insulated Panels 

 A design goal for the advanced curing system was to have a well insulated structure 

with low construction costs.  The decision was made to build the structure out of structural 

insulated panels (sips). The sips were built in Mocksville, NC by Insulated Component 

Structures, Inc.  The sips were pre-manufactured and delivered to the site ready to assemble. 

Structural insulated panels were easily, simply, and quickly assembled.  The sips are 

constructed of 8.9 cm urethane foam between an inner surface of 7/16-inch (1.27 cm actual 

thickness) oriented strand board (OSB) and an exterior surface of 7/16-inch (1.27 cm actual 

thickness) Louisiana Pacific Smart Side exterior sheathing.  Openings in the structure were 

pre-framed per design specifications.  The side walls, rear wall and roof were all made of 

sips.  The first step in assembling the panels was the layout of the sill plate, a treated two 
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inch by four inch nominal size wood board anchored by 1 cm lag screws to a bottom plate.  

The bottom plate was constructed out of a two inch by six inch nominal size wood bottom 

plate that was trimmed down to an actual 11.4 cm in width.  The bottom plate was fastened to 

the concrete slab with 1.3 cm 1/2-inch diameter threaded studs epoxy into the concrete 8.9 

cm deep.   The structure assembly started with the front right wall panel being erected, 

plumbed, and then braced.  The next panel is joined together with duel splines embedded in 

the panel edge, sprayed with Versi-tite expanding polyurethane foam, and closed with four 

internal cam-locks that pull the panels tightly together.  The side and center walls were also 

assembled the same way.  Once two walls are completed, the rear header was installed to 

connect the two walls.  The panels are light enough to allow three individuals to set a panel. 

After all the wall panels (side and common) were installed, a small fork lift was used to lift 

the roof panels into place.  Figure 3.1 shows the advance curing system during construction.  

A bead of Versi-tite polyurethane foam was sprayed on the header of the wall panels before 

the roof panel was set into place.  The roof panels contained 2 x 4 end caps and the wall 

panels contained 2 x 4 headers.  A 16.5 cm (length) screw was used to secure the roof panel 

to the wall panel by screwing through the roof panel end cap into the wall panel header.   

 The panels were erected with four people in approximately ten hours, with no prior 

sips experience.  Skilled laborers are not required to assemble structures with similar sized 

sips which helps keep construction cost low.  The rear of the barn where the fan and radiator 

were located are also enclosed with sips to reduce heat loss from the rear of the barn.  The 

front doors designed were light weight and were built in the department research shop.  They 

were framed with untreated 2x2s and the exterior skin was 1/4-inch (0.64 actual thickness) 
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untreated plywood.  The front doors are 5.1 cm and insulated with 3.8 cm of Styrofoam blue 

board having an R-value of 4.  The wood framing and plywood were painted to prevent 

weather damage. 

 

3.1.3 Common Wall 

 The advance curing system was designed to utilize a common wall between the barns, 

which reduced the initial construction cost.  There were fewer walls to build and the 1.2 m 

space typically found between barns was eliminated. That space reduction also decreased the 

amount of concrete that had to be poured.  The footprint of a flue-cured tobacco production 

operation can be greatly reduced with the common wall design. A traditional operation of 20 

barns built with a 1.2 m alley way would require a space approximately 88 meters wide.  The 

common wall design would reduce the operation's footprint by approximately 25 meters.  

A concern with the common wall design is the potential fire risk associated with 

having one large structure.  If a fire started in one barn it could easily spread through the 

entire operation.  In the past, modular designs with 1.2 to 2.4 meter alley ways between barns 

prevented barn fires from spreading from one structure to the next.  Since the primary cause 

of fires in flue-cured tobacco barns is the gas-fired heat exchangers being too close to 

combustible material or dry leaves accumulating around the heat exchanger, using a hot 

water system like the one in the advance curing system eliminates the fire hazard.   
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3.1.4 Roof Membrane 

The roof panels were made with OSB on both sides.  Weather proofing the exterior 

side of the roof panels was done using a Dura-Last roof membrane.  This membrane is a one-

piece cover for the entire roof.    The roof membrane was ordered with dimensions of 12.5 

meters by 6.7 meters to cover the flat roof and overlap the edges by 15.2 centimeters.  The 

overlaps were terminated with plastic strips and fastened with screws to the Louisianna-

Pacific SmartSide panels.  The screw holes and the top seam between the plastic strip and the 

membrane were filled with caulk to prevent water from leaking behind the membrane.  

Fastening the roof membrane to the top side of the panels was done by screwing a 7.62 cm 

wide fastening tab to the panel.  The fastening tabs were constructed with the same material 

as the membrane and were welded to the bottom side of the membrane at 1.52 meter 

increments.  The screws were placed every 1/2 meter along the tab.  The screws used were 

#14 x 1 1/2 (3.81 cm actual length).  This prevented any exposed screw heads and screw 

holes through the membrane where leaks could occur. 

 

3.1.5 Open Threshold 

 Another strategy incorporated to reduce cost in the advanced curing structure was to 

reduce the labor required when loading the boxes into the barn.  This was accomplished by 

incorporating an open threshold design.  The vertically raised, bi-fold loading doors were 

designed to allow the barns to be entered with a small fork lift for loading and unloading to 

reduce the labor requirements.    
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Conventional barns have extension rails that are in front of the barn.  A box filled 

with green tobacco leaves is placed on the rails and two workers push the box into the barn.  

The common wall design does not allow room to swing a door to the side without blocking 

the adjacent barn.  The advance curing system doors open vertically so two adjacent barns 

could be loaded at the same time.  An additional benefit of the open threshold is that in the 

off season, the barn can be used for a storage area. Conventional bulk barns do not have an 

open door design.  The door frame is part of the lower air plenum preventing any equipment 

from entering the barn.   

 

3.1.6 Centralized Controls 

Conventional barn controls are mounted in the rear of the barn.  A manager will open 

the doors at the front of the barn to check the progression of the curing process.  Once the 

manager makes his assessment he will go to the rear of the barn to adjust the curing 

environment.  This is done two to three times a day manually for each barn during the curing 

process.  The alley way between barns allows the manager to travel from the front to the rear 

of the barns.  Since there is no alley way with the common wall barn design the controls were 

centrally located.  The benefit to having centrally located controls is that the manager can 

monitor and make adjustments to all the barns from one central control panel.  The 

components located in the control panel are the automatic temperature and humidity controls, 

along with the fan controller. 
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Further reduction of curing management is accomplished with automatic curing 

controls with remote monitoring capabilities to continuously monitor and control the 

temperature and relative humidity of the barns.  The entire operation can be monitored 

remotely from a central location.  The advance curing system used Cureco Inc. automatic 

tobacco barn temperature and damper controls.  The damper control varies the fresh air 

ventilation to maintain the desired relative humidity level.  The software with the system 

allows alarm parameters to be set to alert the manager if issues occur during curing.  This 

greatly reduces the manager’s time commitment addressing the most pertinent problems 

without having to visit every barn. 

A reduction of heat energy is another benefit of the automatic controls.  The outside 

weather changes throughout the day and as a result the ambient air conditions vary also.  If 

manual settings are made at 8 in the morning and then at 8 in the evening there are a lot of 

unaccounted for weather variations throughout the day.  Continuously monitoring and 

adjusting the incoming fresh air and the barn temperature prevents over-ventilating. This 

prevents wasted heat and under ventilating, which can reduce the leaf quality.  

 

3.1.7 Fan and Variable Frequency Drive 

 Each of the barns are equipped with a 11.2 kW Aero-Vent direct-drive 7 blade fan 

capable of moving approximately 584 m3 per minute at 3.81 cm of static pressure. This fan 

capacity is sufficient to adequately move air through individual boxes loaded with 1,137 kg 

of green tobacco.  The fans are controlled with a Toshiba variable frequency drive (VFD), 
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which allows the fan speed to be varied from zero to 1,750 rpm and change the airflow.  A 

benefit of a variable speed drive is allowing the operator to install a larger fan motor to 

increase the curing capacity of the barn.  The fan speed can be adjusted to produce the desire 

airflow needed based on the loading rate.  The advance curing system utilizes the VFD to 

reduce the fan speed thus reducing the power requirements.  The highest demands on the fan 

are at the beginning of the curing process.  The airflow restrictions are reduced as the tobacco 

leaves dry, requiring less airflow in the later parts of the curing process.  The variable speed 

drive will reduce the electrical energy usage by lowering the fan speed during the stem 

drying process and ordering process.   

 

3.1.8 Hot Water Distribution System 

Each barn had a designated water pump to circulate hot water through the hot water 

coil for that barn.  Table 3.1 list the water pump specifications.  A thermostat controlled the 

temperature in the barn.  The pump was switched on when the barn temperature dropped 

below the set point.  

Heat was transferred from the hot water to the curing air with a cross-flow heat 

exchanger.  The coils selected are low resistance single pass hot water coils.  Hot water was 

only circulated when heat was needed in the barn. The coil was rated at 527,500 kJ per hour.  

The coil specifications are listed in Table 3.2  

The hot water lines were modified throughout the course of the project.  These 

modifications were needed when the heating unit was changed.  The plumbing changes were 
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made to the supply and return lines between the heating units and the data acquisition 

equipment.  The flow meter and temperature and pressure sensors remained unchanged for 

the duration of the project. 

During the 2007 cures the main supply line from the pump to the data collection 

components was 1-inch pex (cross-linked polyethylene) tubing.  The supply and return lines 

for both barns were plumbed through the side walls in barn 2.  Once inside, the one inch pex 

tubing transferring hot water connected to the hot water coil.  The one inch supply and return 

lines for barn 1 continued along the floor, passed through the common wall, and then 

connected to the hot water coil.   

During 2007, only barn 2 was used.  Lines to the inlets of the pumps were connected 

to a one inch NPT pipe on the Taylor outdoor woodfired waterstove.  The line size was 

increased to a 3.18 cm inside diameter reinforced rubber hose connected to the inlet of the 

pump.  Reinforced rubber hoses were selected so that the suction of the pump would not 

collapse the hose. The discharge line was one inch pex tubing.  The return line of the Taylor 

outdoor woodfired waterstove was also one inch pex tubing.  Check valves were used in the 

supply and return lines at the hot water coil to prevent any circulation of water through the 

coil while the pumps were off.  The return piping was one inch pex tubing.  The actual inside 

diameter of the one inch pex tubing was approximately 2.2-centimeters.  

The water lines were modified during the second cure in 2007 to provide additional 

flow when needed.  Extra flow was required to raise the barn temperature during leaf drying.  

The water lines were changed between the data acquisition devices and the hot water coil.  

The pump configuration was also changed from two individual systems to a parallel system.  
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During cure one a single pump capacity was approximately 94.6 Lpm.  The new setup 

resulted in a pump flow of approximately 151.4 Lpm.  

The addition of the Max Ox 900 for the 2009 season required modifications to the hot 

water lines.  The 0.56 kW Goulds pumps required 4 meters of static suction head to pump the 

hot water at the desired flow rate of 132.5 liters per minute.  The height of the Max Ox 900 

only produced 3.05 meters of static suction head.  To achieve a higher static suction head, 

minor modifications were made to the Max Ox 900 piping.  A wye fitting was added to the 

boiler's tank primary circulation manifold on the discharge side of the circulation pump.  The 

supply lines to the barn pumps were attached to this wye.  The boiler's circulation pump was 

used as a booster pump for the barn pumps.  This solved the problem of the pumps not 

having enough static suction head at the higher temperatures.  The drawback to this 

arrangement was that the circulation pump ran continuously and there were no valves to 

prevent hot water from circulating through the system.   Even though the flow was very low, 

during yellowing of the tobacco the circulation pump forced enough hot water through the 

barn to increase the temperature above the set point.  

The boiler’s 3-inch supply line was decreased to a manifold with two supply lines that 

were 1 ½ inch pipe.  The supply line to the water pump was 1 1/4-inch reinforced rubber 

hose.  The pump output is one inch which is necked up to 1 1/4-inches until it reaches the 

filter.  After the filter, the pipe is 1 inch NPT.  The water flows through a pair of tee's.  One 

tee has a pressure gage and the other tee has a thermowell installed.  The flow then proceeds 

to an Omega flow meter.  After the flow meter, the supply line enters the barn with a one 

inch steel pipe.  The supply for barn 1 enters through the wall of barn 2 through a one inch 
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steel pipe connected to a one inch i.d. rubber hose traveling along the floor to the common 

wall.  This hose was connected to a steel nipple running through the common wall into Barn 

One.  The plumbing in barn 1 is all one inch steel pipe.  The return line is constructed in the 

same manner, but in the reverse direction.  Figure 3.2 shows the plumbing arrangement. 

 
3.2 Heating Systems  

 Over the course of the project, there were two heating systems used to heat the water.  

The first unit was the Taylor Outdoor Woodfired Waterstove which was used during the 

2007 curing season.  The second unit was a Max Ox 900 wood chip boiler used in 2009.  

Both units vary in operation, but are designed to produce hot water during the curing process.  

 

3.2.1 Taylor Outdoor Woodfired Waterstove 

The Taylor outdoor woodfired waterstove donated to the project during the 2007 

season was a T-750 model.  The specifications for the T-750 are listed in Table 3.3.  This 

waterstove was designed with a 0.91 m x 0.71 m x 0.81 m firebox.  The fuel combusted in 

the waterstove had to be loaded manually into the firebox.  A water tank thermostat controls 

a fan in the door that forces air into the firebox when the water tank temperature drops below 

the set point.  The combustion gases that are generated travel through a double pass heat 

exchanger system to heat the water in the tank.  

Modifications were made to the waterstove to increase the ease of use.  A grate was 

added to the stove that raised the wood off the bottom of the firebox 10.2 cm.  Split firewood 
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was placed on top of the grate to burn.  This provided room for under-fire air and to allow 

easy ash removal while the fire was still burning.  Figure 3.3 shows the waterstove during 

operation.  Since the cures lasted 9 to 11 days, more ash was generated during that time than 

there was ash storage in the combustion chamber.  The ash was then manually removed while 

the fire was still burning to ensure there was no down time or heat loss during the cure.     

 

3.2.2 Wood Chip Hopper for Taylor Outdoor Woodfired Waterstove 

The advance curing system used the Taylor outside woodfired waterstove during the 

2007 curing season. The increased labor associated with manually loading the waterstove 

reduced the savings of utilizing wood as a fuel.  In an attempt to reduce the management time 

with the waterstove, a wood chip hopper was designed and then built in the Biological and 

Agricultural Engineering Department research shop.  The hopper was designed with a feed 

screw that would push the chips or any other biomass into the boiler.  An agitator arm inside 

the floor of the hopper would sweep around while the auger ran.  This prevented the material 

from bridging in the hopper.  The hopper volume was approximately 5 cubic meters.   

The control system for the hopper was initially designed to control the Taylor 

waterstove and produce a fully automated wood chip system.  A Moeller PLC 

(Programmable Logic Controller) was used to control the operation of the hopper.  The PLC 

was programmed to control the auger and agitator on the hopper along with the primary fan, 

secondary fan, and circulation pump on the waterstove.  A thermostat on the waterstove 

maintained the water temperature at the desired level. The hopper/stoker had two operation 
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modes, automatic and manual.  The fire had to be manually started.  A hot fire was required 

before switching to the automatic mode.  Manual mode allowed the operator to manually 

start the fire and if there was ever a problem with the PLC program, the operator could still 

operate the system without having to know the programming code.  Automatic mode would 

feed wood chips into the combustion chamber of the waterstove when the water temperature 

dropped.  The auger pushed burning chips across a horizontal grate that were completely 

burned.  The ash would fall off the side of the grate into an ash storage area. The auger 

speeds and fan speeds were constant.  The amount of wood chips supplied was based on pre-

set duty cycles determined during the initial testing.  

Safety features were incorporated in the design to prevent fire hazards or improper 

operation.  To eliminate burn back into the hopper, a sprinkler valve was installed between 

the fire box and the hopper.  There was also a sensor that prevented chips from being 

conveyed into the hopper if the fire was extinguished to ensure that the combustion chamber 

was not filled with a mass of un-burnt chips.   

 

3.2.3 Max Ox 900 Commercial Wood Chip-Fired Hydronic Boiler 

During the fall of 2008, a commercial automated wood chip system, Max Ox 900 

manufactured by Total Energy Solutions LLC, Willow Street, Pennsylvania, was purchased 

through a grant from the North Carolina Tobacco Trust Fund Commission for use on a 

research station.  Figure 3.4 shows the wood chip system.  The decision was made to use the 

wood chip system during the first year at D.S. Weaver Labs for the advanced curing system 
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to evaluate the boiler since the hot water system was already setup and was fully 

instrumented.  The Taylor waterstove was removed and the wood chip hopper was modified 

to be compatible with the Max Ox 900 system.  The Max Ox was shipped ready to operate.  

The only peripherals that had to be added were the electrical power, water lines, and wood 

chip delivery system.  The system was monitored and controlled with a Unitronics PLC 

(Programmable Logic Controller).  Since the Max Ox unit required protection from the 

weather, the unit was placed under a 6.1 x 3.7 x 4.3 meter metal shelter.  The shelter also 

partially covered the wood chip hopper to keep the chips dry.  A tarp was used to cover the 

hopper section that extended beyond the shelter.   

The metering bin was 61 cm (L) x 71.1 cm (H) x 20.3 cm (W) with a volume of 

approximately 0.085 cubic meters.  There are proximity sensors that indicate when the 

metering bin level drops below the fill line.  The PLC controller uses a timer that the operator 

can set, which delays when the external feeding system will begin to feed chips into the 

metering bin.  This time delay was based on the feeding rate of the hopper.  A 20.3 cm 

diameter auger feeds the chips into the combustion chamber.  The chips flow up through the 

center of a grate and move out radially onto the grate where they are burned.  The grate is 

slotted to allow the primary air to enter under the chips and flow through the chip pile.  The 

outside of the grate is a rotating ring.  The rotating ring has two arms that stir the pile, 

helping to mix the fuel.  The primary, secondary, and tertiary air is manually regulated with 

doors on the exterior of the combustion chamber.  Air ducts direct the fresh air to its 

respective location.  The Max Ox 900 utilized an induced draft fan.  The combustion process 
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is initiated manually, but when the flue gases reach approximately 93.3 °C the PLC takes full 

control of the combustion process.  The unit has a color coded touch screen user interface 

connected to the PLC, shown in Figure 3.5.  Under a load, the Max Ox 900 required 

approximately 20 amps.  The unit was designed to be supplied with a full load requirement of 

30 amps at 240 volts single phase power.   

The Max Ox 900 comes standard with an automatic ash removal system.  The 

combustion grate has an outside ring that rotates during the combustion process. The 

rotational speed is related to the feed auger speed.  The faster the fuel is supplied, the faster 

the ring will rotate because of the increased ash generation.  There is a scrape blade on one 

side of the ring that removes the ash into a 10.2 cm auger.  The auger then moves the ash to a 

container located outside the combustion chamber.  The container is on wheels that allows 

easy removal by releasing two latches and then rolled away for dumping.  The ash container 

is 46 cm (L) x 66 cm (H)  x 31 cm (W).  The ash auger can be disabled and the ash container 

can be emptied without shutting down the boiler. 

The Unitronics PLC that was used to control the Max Ox 900 was capable of remote 

monitoring.  The PLC can be accessed through a computer that has internet access and the 

Remote Access V8.1.0 software installed.  Remote access of the PLC allows the operator to 

view the system parameters, make changes to those parameters, and check alarms.  The 

remotely accessible system parameters reduces the time someone has to be on site to inspect 

the wood chip system. A wood chip system can be configured to provide heat for several 
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barns or the entire operation.  The added benefit of remotely monitoring the system will 

decrease the time required to mange a large operation. 

The Max Ox 900 designers incorporated several safety features to minimize or 

eliminate danger to the operator.  The first set of fail safes were designed to prevent the 

steam build up in the system.  The boiler design was a non pressurized system that included 

an expansion tank.  The system has a water temperature high limit sensor that (when the 

water temperature reaches 93.3 ˚C) turns off the fuel feed into the metering bin.  If the 

temperature exceeds the upper limit of 93.3 ˚C, a set of control contacts closes and energizes 

the dump loop. The dump loop consist of a solenoid valve, hot water coil and fan to remove 

excess heat from the system.  The dump loop that was set up for cures 4 and 5 consisted of an 

automotive radiator and a centrifugal fan.  When the dump loop valve was opened, the 

system would dump approximately 26,380 kJ per hour.  The boiler circulation pump 

circulated water through the radiator to limit the water temperature to 93.3 °C. If that did not 

eliminate the water temperature from reaching 96.1 °C, the second stage high limit control 

would initiate the system shut down.  This process consisted of turning the fan off,  closing 

the metering bin ( will not open for more chips), and stopping the feed auger, with only the 

circulation pump operating.  Any pressure generated by the excessive temperatures is vented 

through an open port in the expansion tank and a mechanical pressure relief valve at the 

highest point on the tank will open to decrease the pressure.  To prevent any accidental 

injuries from steam discharge, a hose was connected to the discharge port of the relief valve 

and routed to the outside of the shelter. 
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The Max Ox 900 also includes several fire prevention features, such as a mechanical 

sprinkler valve, fuel storage and metering bin separation, and door ajar sensors.  A sprinkler 

valve was located between the feed auger tube and the combustion chamber.  The 

proportional valve would partially open when the temperature exceeded 65.6 °C to extinguish 

any fire burn back from the combustion chamber to the metering bin.  If the fire continues to 

expand the valve will open further until the valve is fully opened at a temperature of 87.8 °C.  

The valve water supply remains on during operation of the unit.  If the fire continues to 

spread from the auger to the metering bin, the fire is contained since the metering bin slide 

gate is normally closed during operation except for refilling.  There is a distance of 

approximately 20.3 centimeters between the wood chip hopper and the metering bin.  This 

distance and the metering bin door prevent the fire from spreading from the metering bin to 

the main chip storage.   

The combustion chamber doors have limit switches to signal if the doors are opened 

or closed.  When a door is opened the signal starts a timer, if the doors remain open past the 

allotted time of 30 seconds, the PLC will shut down the boiler.  Shutting down the boiler 

consists of turning the fan off, not allowing wood chips to be fed into the combustion 

chamber, or allowing the metering bin door to open.  The circulation pump would continue to 

circulate water through the heat exchanger until the water temperature dropped below 60 °C.   

Lastly, an air switch senses the airflow generated by the induced draft fan.  If the 

airflow drops below the set point, the unit will disable the combustion system.  If there is not 
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adequate airflow, the wood chips will not burn completely.  Un-burned chips would 

accumulate and fill up the combustion chamber if the system had not shut down. 

 
 

3.2.4 Wood chip hopper modified for Max Ox Boiler 

The Max Ox 900 is a commercially available automated wood chip system that 

comes with a small metering bin to store chips.  The operator provides a means to store and 

convey larger quantities of wood chips to the metering bin.  The metering bin has a level 

indicator that monitors the amount of chips in the metering bin.  The Max Ox 900 PLC 

controls a set of dry contacts that are wired into the external wood chip conveyance system 

controls.  The wood chip hopper control panel that was previously discussed with the Taylor 

outdoor wood-fired waterstove was modified to allow the Max Ox 900 unit to activate the 

hopper.  The process starts when the chip level in the metering bin decreases below the 

sensors and the dry contacts close.  The 120 volt AC signal was fed through the contact to the 

PLC on the wood chip hopper.  The wood chip hopper PLC then switches on the auger and 

the agitator to feed chips into the Max Ox 900 metering bin.  The agitator has a ten second 

on-delay so that both electric motors do not start up at the same time to minimize the startup 

amperage on the system.   

The wood chip hopper was designed with a screw conveyor.  The wood chip hopper’s 

auger is 14 cm in diameter with 15.2 cm pitch and rides in a u-shaped trough.  The shaft 

diameter was 3.8 cm.  The auger is powered by a 1.1 kW single phase (115volt, 1725 rpm, 

16.2 FLA, capacitor start and run,) totally enclosed farm duty electric motor.  The electric 
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motor drives a Dayton 56 C-face, right angle worm gear speed reducer (Dayton Model 

number 3GD49) with a 40:1 gear ratio.  A 12 teeth number 50 roller chain sprocket is 

mounted on the 3.2 cm output shaft of the gear box.  A number 50 roller chain transfers 

power to a 26 teeth sprocket on the auger shaft.  The measured amperage draw of the auger 

was approximately 8.6 amps. 

The wood chip hopper is designed with an agitator to prevent the wood chips from 

bridging.  The agitator is powered by a 1.1 kW signal phase, (115volt, 1725 rpm, 16.2 FLA, 

capacitor start and run) totally enclosed farm duty electric motor.  The agitator initially was 

driven with a Dayton 56 C-face, 40:1 worm gear speed reducer.  The 3.2 cm output shaft had 

a 12 teeth, #50 sprocket and the driven gear on the agitator shaft was a 60 teeth sprocket with 

a 3.8 cm shaft that resulted in an overall gear ratio of 200:1. This gear ratio supplied enough 

torque to rotate the agitator when the hopper was filled half way with wood chips. Beyond 

this level, there was too much load on the agitator arm and the amperage draw of the electric 

motor would trip the 17 amp overload relay.   

The next modification was the addition of a 20:1 gearbox that was connected to the 

input shaft of the Dayton speed reducer to increase the gear ratio.  The resulting gear ratio 

was 4000:1.  The speed of the agitator arm was approximately 0.43 revolutions per minute 

(rpm) with the 4000:1 gear ratio.  The wood chips would bridge in the hopper and would 

only enter the auger when the agitator swept by and as a result the auger would not fill the 

metering bin in a reasonable amount of time.  The driver sprocket was replaced with a 24 

tooth sprocket that resulted in an agitator gear ratio of 2000:1.  This ratio was enough to 

prevent the electric motor from tripping and provide enough torque to maintain the chip level 
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in the metering bin.  An agitator speed of 1 to 2 rpm was needed to ensure the Max Ox 900 

metering bin remained full.  The amperage draw of the electric motor was approximately 7.2 

amps when the hopper was half full.   

The double reduction gear box and the 24 tooth driver worked, but there were issues 

with these components.  The gearboxes selected were used surplus items that were stored 

around D.S. Weaver Labs from previous projects.  The units were not able to handle the 

applied loads and the internal bearings began to fail.  The curing season had already started 

when the problems with the agitator arm were discovered.  The wood chip hopper was tested 

with wood chips before the curing started, but with much smaller loads.  The turn-around 

time for purchasing a new gearbox that would meet the required specifications would delay 

the start of the cure for too long and result in missing an opportunity to collect data.  That 

was the reason for using the surplus gearboxes.  A new replacement gearbox was selected to 

handle the system load.  A 1.1 kW electric motor was then mounted on the new 100:1 double 

reduction gearbox.  The driver sprocket was changed back to 12 teeth and the driven 

remained at 60 teeth resulting in an overall reduction of 500:1.  The electric motor never 

tripped the over-load relay at this gear reduction. 

 

3.3 Ordering System 

The last step in the curing process was adding moisture to the cured tobacco.  An 

Aquafog TurboXE  commercial greenhouse humidifier was used to order the tobacco in 

2007.  The unit was equipped a 3/4 kW fan able to generate up to 92 cubic meter per minute 
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of airflow while dispersing up to approximately 121 liters of water per hour.  The humidifier 

dispersed water vapor into the air that circulated through the tobacco to increase the moisture 

content in the leaves. 

During the 2009 season a Reddick Equipment Co., Inc ordering system was used to 

increase the moisture content.  The system had 4 nozzles that were placed in the plenum 

under the fan.  The pressure was adjusted to 4137 kPa and the flow rate set to 38 liters per 

hour to add moisture to the leaves.  The ordering process was started the night before the 

tobacco was scheduled to be removed and continued overnight.   

 

3.4 Flue-Cured Tobacco Delivery Process 

The flue-cured tobacco for the project was supplied by a local grower from Johnston 

County, NC.  Twenty empty tobacco bulk boxes were delivered to the tobacco grower.  The 

advanced curing system’s boxes were filled while the grower filled his boxes.  The filled 

boxes were then shipped to North Carolina State University (NCSU) on a flat-bed trailer, 

with the boxes laid down during shipment.  The trip was approximately 33 miles from the 

Johnston County farm to D.S. Weaver Labs, and took about 45 minutes to deliver.  The 

cooperating farm also operated a trucking business which made it convenient to have the 

tobacco delivered.  

Upon arrival, the boxes were rotated 90-degrees and then loaded into the advance 

curing system.  Ten boxes were placed in each barn.  The Johnston County tobacco grower 

also loaded 2 to 3 barns at his facility with tobacco harvested from the same field as the 

tobacco that was shipped to NCSU.  Similar loading procedures were followed to duplicate 
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the cure schedule followed by the grower.  Once the tobacco was cured and brought into 

order, the boxes were removed from the barn for shipment back to the grower for final 

market preparation.  

In order to load two barns at the same time for cures two through five during 2009, 

the procedure was to bring one barn of green tobacco the first day and take the cured leaves 

from the first cure back to the Johnston County farm.  The next day another load of green 

tobacco was delivered, which staggers the beginning of the cures.  The staggered start was 

mainly due to the box loading process at the farm.  We only had 20 boxes so the boxes had to 

be emptied and then refilled in the same day, which was not compatible with operator’s 

normal barn loading procedure.  The grower unloads barns of cured tobacco in the morning 

and refills the emptied barns mid-morning to early afternoon.  He uses the same equipment to 

load the green leaves in the boxes and bale the cured tobacco.  One trailer could only haul 10 

loaded boxes.  The loading schedule of the barn was necessary to ensure the delivery truck 

would be loaded on the way to and from trips to D.S. Weaver Labs.  

Each of the box empty weight was recorded at the start of the 2009 season.  This 

weight was marked on both sides of the box for easy viewing while loading.  The weights 

were also used to identify each box.  The support rods were also weighed, which were 

approximately 0.45 kilograms each.  The number of rods in each box were counted during 

each cure of 2009 except cure 1.  This was done to determine the tare weight of the boxes 

and rods.  The weight of the boxes for the 2007 curing season was also recorded. The number 

of rods was not accounted for during the 2007 season.  The average number of rods during 
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the 2009 cures was used to estimated the number of rods for the 2007 season.  The weight 

and number of rods is summarized in Tables: 4.6, 4.7, 4.8, 4.9, and 4.10.   

 

3.5 Wood Fuel 

Wood biomass fuel was used for all of the curing in 2007 and 2009.  However the 

wood was in two different forms to accommodate the different heating systems utilized.  

During the 2007 season, split wood was used as the fuel for the Taylor outdoor woodfired 

waterstove.  Sweet gum accounted for 90% of the wood, while the remainder was a mixture 

of oak, pine and maple.  Figure 3.6 shows the fire-wood under the shelter.  The wood was 

split in early 2007 and kept dry under a shelter until it was needed.  The logs were cut into 46 

cm to 61 cm lengths.  The average diameters and thickness were 10 to 15 centimeters. 

Wood chips were used to fuel the Max Ox 900 unit during the 2009 season.  The first 

batch of chips consisted of pine logs that were chipped at D.S. Weaver Labs with a Valby 

CH 260 PTO driven wood chipper.  Pine logs were cut into 2.4 meter lengths and delivered 

to D.S Weaver Labs.  The diameters of the logs ranged from 7.6 cm up to 15.2 cm.  The 

chipper was rated for 25.4 cm diameter logs, but a 75 kW tractor was required for this 

diameter.  The tractor available for chipping was a Long 610, rated at 41 kW.  All the pine 

chips were burned during the first cure.  A load of dirty oak chips was ordered for the 

remainder of the season, shown in Figure 3.7.  A chip van with 18.1 metric tons of chips 

delivered half the chips to the advance curing system project and the other half was used for 

a different project.  The moisture content of the chips is recorded in Table 3.4. 
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Equation 3.1: 

 

 

  During the stem drying phase of cures 4 and 5, the supply of oak wood chips was 

depleted.  Only a small amount of chips were needed to finish the cure.  Instead of ordering a 

full truck load of green chips, 18.1 to 22.7 metric tons, chips were given to us from another 

project also using wood chips.  The chips at the other project had been stored outside, 

uncovered, on a dirt lot for several months.  There had been several rain showers during the 

week and as a result the chips were wet prior to use.  The moisture content of the old pine 

chips were not measured and recorded in Table 3.4 with the other wood chip information.  

The old pine chips burned, but with a reduced heating value. 

  

3.6 Data Collection 

Overall project evaluation examined the construction costs, the wood usage, and the 

time management.  In any crop drying operation, there are a variety of paths that energy can 

be lost.  Heat loss through the structure, hot water system efficiency, and over ventilation are 

some of the major factors contributing to energy losses.  The information needed to 

determine the energy required to cure the tobacco was monitored and recorded with National 

Instruments Fieldpoint data acquisition device and hand recorded log books.  Temperatures 

were recorded at locations above and below the tobacco throughout the system, along with 

the ambient conditions, and both water line temperatures.  



 47 

Figure 3.8 is an infrared image taken of the structure during the 2007 cures to indicate 

areas of heat loss. 

Check list and note sheets were kept at the barns during all the cures.  The check list 

was an aid to visually inspect the system while in operation.  The manually recorded data 

was compared to the Fieldpoint recorded values to ensure the data system was working.  The 

hand recorded data also ensured that there would be recorded data if something happened to 

the data acquisition system.  The check list provided a chart of items to inspect.  Following 

the checklist created a normal routine to ensure everything was inspected when someone 

checked on the system.  This project ran 24 hours a day for the 11-12 day curing cycles.  

Several people working in shifts were needed to inspect the system during the testing.  Any 

down time would not only have ill effects on the experiment but it could also damage the 

tobacco, since the tobacco was on loan we would be responsible for compensating the grower 

for his losses.  During the operation of the system there were many components to check.  An 

example of the checklist is in Appendix C.  

 

3.6.1 Water Temperatures 

The amount of heat needed to cure the tobacco was determined by collecting the hot 

water temperature entering and leaving the barns along with the water flow rates. The hot 

water data collection plumbing was designed as follows:  A pressure gage was the first 

measurement device.  The pressure gage was threaded into a 1 inch tee perpendicular to the 

water flow.  The pressure gage was used as a visual reference to verify the pumps were 

operating.  After the pressure gage, a thermowell containing a type-T thermocouple was 
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threaded into a 1-inch tee perpendicular to the flow.  The thermowell probe was in the center 

of the flow.  This installation was identical for the supply and return lines for both barns.  

Downstream of the thermowell was an Omega flow transmitter model number HFLR9310D.  

  

3.6.2 Static Pressure 

The static pressure differential across the tobacco was monitored in the front and the 

middle of the each barn.  This information was recorded throughout the curing schedule as a 

potential control signal to vary the fan speed automatically.  The sensors were placed at these 

locations to minimize the fan velocity pressure.   

 

3.6.3 Dry-bulb and Wet-bulb Temperatures 

The Advance Curing System was instrumented with temperature sensors in various 

locations to generate temperature profiles while curing the tobacco.  During the 2007 season, 

only barn 2 was utilized. The unused barn was instrumented with temperature sensors at two 

locations in the barn.  The temperature was monitored in the empty barn to observe and 

quantify, if any, the heat transferred through the common wall.  HOBO thermistors were 

used to sample and record the temperatures in the empty barn.  During the yellowing stage, 

the barn temperature is maintained at approximately 37.8 °C.  If the adjacent barn is at 73.9 

°C and excessive heat transfers through the common wall, this could result in an increase in 

the barn temperature beyond the desired set point.  

The curing environment temperatures were monitored at 4 locations in barn one.  At 

each location, a type-T thermocouple was used to sample the dry-bulb and wet-bulb 
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temperatures.  A small water reservoir made out of pvc pipe, containing enough water to last 

for an eleven day cure, supplied moisture for each wet-bulb wick.  The sensors under the 

tobacco boxes were protected with an expanded metal shield to allow air flow to pass over 

the sensors, yet not allow tobacco to fall on the sensor and cover it.  Attached to the wet-bulb 

reservoir was a 0.64 cm i.d. tygon tube that was routed to the outside of the barn.  This tubing 

was used to fill the reservoir (without having to enter the barn) anytime during the curing 

process. 

 

3.6.4 Weighing Platform For Tobacco and Wood Chip Hopper 

The weight loss during the cure was monitored to establish a relationship between the 

curing schedule and moisture loss.  In order to monitor the weight of all the boxes of tobacco 

throughout the curing process, a weighing frame was built and installed in each barn.  Eight 

single-ended beam load cells, rated at 4,550 kilograms each, were mounted on the weighing 

frame.  A diagram of the frame is shown in Appendix D.  The weight of the tobacco was 

monitored during the entire cure.  This weight was sampled every second and averaged over 

5 minutes. 

The advanced curing system was designed without a lower plenum floor, reducing the 

initial construction cost.  The lower air plenum was created with the bulk-tobacco boxes 

filled with green tobacco leaves pushed tightly togther.  Seals installed between the boxes 

and barn walls helped to prevent air from flowing around the boxes.  Uniformly loaded boxes 

were needed to create the same air flow restriction through all ten boxes.   
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The recorded weight was the gross weight of the tobacco, bulk boxes, and the rods.  

During the cure, the fan exerts enough up-ward pressure on the tobacco to reduce the weight 

on the weighing frame.  This reduction of weight was accounted for in the calculation of the 

net weight of the tobacco.  Equation 3 and 4 were utilized to determine the net tobacco 

weight.  The total area of the bottom of the boxes exposed to the fan pressure is known along 

with the recorded static pressure drop across the tobacco at two loactions in the barn.  The 

average of the two static pressures was used in the calculations.   

Equation 3:   
𝑊𝑛𝑒𝑡 = 𝑊𝑔𝑟𝑜𝑠𝑠 −𝑊𝐵𝑜𝑥𝑒𝑠 −𝑊𝑅𝑜𝑑𝑠 + 𝑊𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

 
Equation 4:  
  𝑊𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  �𝑝𝑓 + 𝑝𝑚

2
� ∗  0.036 𝑝𝑠𝑖

𝑖𝑛 ℎ2𝑜
 ∗  47,460 𝑖𝑛2 

 
𝑊𝑛𝑒𝑡 = Net weight of tobacco (lb) 
 𝑊𝑔𝑟𝑜𝑠𝑠 = Gross weight of tobacco, boxes, and rods (lb) 
𝑊𝐵𝑜𝑥𝑒𝑠 = Weight of tobacco boxes (lb) 
𝑊𝑅𝑜𝑑𝑠 = Weight of rods (lb) 
𝑊𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = Weight loss due to upward air pressure from fan (lb) 
𝑝𝑓 = Static pressure reading of front pressure transducer (inches of water) 
𝑝𝑚 =  Static pressure reading of middle pressure transducer (inches of water) 
 

The weight of wood added and the time were recorded in 2007 to determine how 

much wood and time was needed to fuel the waterstove.  The weight of wood chips added 

during 2009 was recorded in the log book along with automatic sampling by the data 

acqusistion system averaged every 5 minutes. 

The wood chip hopper was supported by a load cell under each of the four legs.  A 

summing box summed the load cell voltages and the output voltage was recorded with the 

Fieldpoint data acquisition unit.  The voltage was converted to the actual weight and 
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displayed on a LED screen.  Four 1,140 kg load cells were used with an output of zero to 10 

volts.  The corresponding weight at 10 volts was 4,550 kg.   

 

3.6.5 Electricity 

Electricity consumption to operate the fan was also collected.  During specific 

intervals during curing and through the ordering process the fan speed was decreased to 

reduce the electricity usage.  The electricity was monitored with a kilo-Watt hour meter and 

was recorded manually everytime the system was inspected.  This information was used to 

determine the amount of electricity used for each of the three curing phases.  

 

3.6.6 Combustion Efficiency 

The combustion gases were analyzed with an IMR 1400 Gas Analyzer, manufactured 

by Environmental Equipment International, Inc.  The fuel type selected was wood.  The 

sample was taken in the exhaust gas flue pipe.  Samples of the Taylor outdoor woodfired 

waterstove and the Max Ox 900 were taken during the curing process.  The samples were 

taken to determine the units' combustion and thermal efficiency.  Table 3.5 lists the results 

from the gas analysis for both units. 
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Table 3.1:  Hot water circulation pump specifications. 

 
Value 

Model MCC 
Impeller Diameter (cm) 12.1 

Inlet Pipe Size (cm) 3.2 
Outlet Pipe Size (cm) 2.5 

Motor rpm 3450 
Power Supply (volts) 120 

Full Load Amps 10.2 
 

 

Table 3.2: Advance curing system hot water coil specifications. 

Airflow (m3 per minute) 590

System Face Area (m2) 1.41
Standard Face Velocity (meter per minute) 420
Entering Air Dry-Bulb Temperature (°C) 15.6
Leaving Air Dry-Bulb Temperature (°C) 28

Total Heat Load (million kJ per hour) 530.1
Air Friction Losses (cm H2O) 1.17

Water Flow Rate (Lpm) 170
Entering Water Temperature (°C) 90.6
Leaving Water Temperature (°C) 77.7

Pressure Drop (m H2O) 6.5
Dimension (m) 2.64 (w) x 0.53 (h) x 0.15 (d)  
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Table 3.3:  Taylor Outdoor Woodfired Waterstove specifications. 

Model T-750

Weight (kg), empty tank 1,000

Water Capacity (liter) 2,135

Btu output (kJ/hr) 12 hour burn time 174,000  
 
 

 
Table 3.4: Wood moisture content. 

 

Pine Chips Oak Chips Old Pine Chips

Sample Wet Weight (g) 248 319 N/A

Sample Dry Weight (g) 160 195 N/A

Sample Volume (mL) 1000 1000 N/A

Moisture Content (wb 
percent, Equation 3.1) 35.5 38.9 N/A  
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Table 3.5: Analysis of Taylor Outdoor Woodfired Waterstove and Max Ox 900 
Combustion Gases. 

 

Taylor 
Waterstove Max Ox 900

Date 12/3/2006 8/14/2009

Time 6:23 PM 2:00 PM

Exhaust Gas Temperature 305 °C 134 ˚C

Ambient Temperature 9 °C 25 ˚C

O2 7.50% 12.50%

CO2 12.80% 8.00%

CO 2000 ppm 523 ppm

NO 1 ppm 96 ppm

NO2 0 ppm 0 ppm

Excess Air 53.20% 141.00%

Losses 24.50% 17.10%

Total Efficiency                                                   
(combustion and thermal)

75.50% 82.90%
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Figure 3.1:  Advance curing system sips installation. 

 

 
 

Figure 3.2:  2009 season hot water pumps, lines, and data acquisition arrangement. 
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Figure 3.3: Taylor Outdoor Woodfired Waterstove during operation. 

 

 

Figure 3.4: Max Ox 900 Commercial Wood Chip-Fired Hydronic Boiler  
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Figure 3.5: Max Ox 900 User interface touch screen. 

 

 
 

Figure 3.6: Split wood for the 2007 season. 
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Figure 3.7: Nine metric tons of green, dirty hardwood chips being delivered to Weaver 
Labs with a walking floor chip van. 
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Figure 3.8:  Infrared photo of advance curing system showing heat loss through the 
rear of the barn.  The highest temperatures are white and the darker colors are lower 

temperatures. 
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Chapter 4 
Results and Discussion 

 
Through the combination of serveral systems and components incorporated into the 

advanced curing system, progress was made towards reducing flue-cured tobacco production 

cost.  Utilizing a common wall lowered the initial construction cost by reducing the barn 

footprint and minimizing the number of walls to construct.  The design used insulated panels 

to reduce the amount of heat loss through the walls.  Production cost were also lowered with 

the use of a renewable fuel source locally produced.  After all those improvements, the main 

factor influencing curing costs was the fuel source.  The main focus of my research was to 

analyze the use of wood as an alternative fuel source to reduce the cost of curing. The main 

focus of this paper was to analyze the use of wood as an alternative fuel in tobacco 

production.  Overall, seven cures were completed in the advanced curing system, two cures 

in 2007 and five cures in 2009.  The 2007 cures required on average 1.33 kg of wood per kg 

of cured leaf.  The two trial runs in 2007 were used to establish an energy baseline needed to 

cure tobacco.  The season average wood needed for the 2009 cures was approximately two 

kg of wood per kg of cured leaf.   

 The average weight of wood required per kg of cured leaf in 2007 was less than the 

amount used in 2009, but the wood heating value to cure the barn of tobacco was much 

higher in 2007.  The wood fuel in 2007 was split, dry, and seasoned wood having a heating 

value of approximately 16,190 kJ/kg compared to the wood used in 2009 that was green with 

a heating value of approximately 9,300 kJ/kg (Georgia Institute of Technology, 1984).  Less 
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wood was used in 2007 on a per weight basis, but compared to the heat energy required, the 

Max Ox 900 demonstrated a higher efficiency than the Taylor waterstove.     

 The labor time and associated cost was not calculated for the processing of the wood 

used during the 2007 season.  The focus of the project was to see how much wood was 

needed to cure the tobacco.  The cost of the fuel can be analyzed by utilizing typical prices of 

split seasoned fire wood and applying that amount to the volume of wood required.  Dry 

firewood is typically bought by volume in cords.  A full cord is 3.6 m3 (128 cubic feet), with 

dimensions of 1.2 m x 1.2 m x 2.4 m (4' x 4' x 8'). The data collected on the amount of wood 

burned was in kilograms.  Knowing the type of wood and moisture content, the weight and 

heating value of a cord can be estimated.  The information in Table 4.1 can be used to 

estimate how much heat is available depending on the type of wood selected and the 

moisture content.   

    There were several factors that influenced the amount of wood needed for the cures 

such as the leaf stalk position, leaf ripeness, the equipment used and the weather.  When the 

leaves begin to ripen in the field, they turn from a green color to a yellowish-green color.  

Well ripened leaves will yellow in 24 to 48 hours, less mature leaves up to 96 hours.  During 

the 2007 cures, 48 hours was the typical time for yellowing the leaves.  The 2009 season 

leaves had not matured and took almost 96 hours.  Figure 4.1 shows the more mature leaves 

compared to those in Figure 4.2.  As a result, more wood was required.     

 During cure 1 of the 2007 season, the Taylor woodfired outdoor waterstove was used.  

It was started and operated long enough to heat the water to approximately 82.2 °C.  The fire 

was then allowed to burn out.  The fire was not re-ignited until the water temperature 
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dropped.  The idle mode on the Taylor waterstove extinguished the fire by shutting off the 

fan and air to the combustion chamber so there was little fuel consumed when the water was 

at the desired temperature.  When the thermal load increased on the stove, the fan was turned 

on and the fire was given plenty of oxygen to re-ignite.  Wood was added to the Taylor stove 

only when needed, and was monitored routinely. 

 During cure 1 in 2009, the Max Ox 900 wood chip system was used.  It was started 

when the barn was loaded and operated the entire cure.  This system was designed to 

maintain a fire in the combustion chamber at all times.  At idle, the system produces 

approximately 118,700 kJ/hr.  This quantity of heat was not needed in the barn during the 

yellowing stage so the excess heat had to be removed in order to prevent the water 

temperature from reaching 100 °C.   For cures 2 through 5 in 2009, the Max Ox 900 was not 

started until the beginning of the leaf drying stage.  

  Ambient conditions also have a great influence on the fuel requirements.  

Increased temperatures and lower relative humidity's result in decreasing the energy needed 

to heat the incoming fresh air.  Rain increases the humidity level and as a result the incoming 

fresh air will have less drying potential and thus, not aid in removing moisture from the barn.  

During 2007 there was limited rain and higher than normal temperatures.  However, in 2009 

there were frequent afternoon rain showers.   
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4.1 2007 Cure 1 

The advance curing system first cure was loaded with second primings.  Table 4.2 

shows the loading rates and cured weight at approximately 14 percent moisture.  Table 4.3 

list the system operating parameters for cure one.  Table 4.6 shows the wood weights for cure 

1. 

 

4.2 2007 Cure 2 

The second cure of 2007 produced approximately 2,010 kg of cured tips at 

approximately17 percent moisture.  The cured weights are shown in Table 4.4.  The moisture 

was increased for cure two to allow sufficient moisture in the leaf when the tobacco was 

baled.  The moisture content of cure one was at an acceptable level when it was removed 

from the barn, but the long delay between removal from the barn and baling allowed the 

leaves to dry.  Typically, as soon as tobacco is removed from a barn it is imediately baled and 

stored under a shelter.  The tobacco used in the advance curing system had to be shipped 

back to the growers facility and baled the following day.  Removing the flue-cured tobacco 

from the barn at 14 percent moisture would dry too much by the time it was baled, so the 

moisture was increased during the ordering process.  This also increased the amount of 

tobacco removed from the barn which reduced the amount of wood per kg of cured leaves.  

Table 4.5 shows the system operating parameters.  The weight of wood required for cure two 

is shown in Table 4.6.      
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 4.3 2009 Cure 1 

The first cure of 2009 was loaded into barn two.  The 10 boxes were loaded with a 

target weight of  approximately 910 kilograms of green tobacco.  The leaves harvested were 

lower-stalk (lugs).  The boxes were transported to campus in the horizontal position.  Since 

the tobacco had been on the truck for 45 minutes, it was important to unload the tobacco as 

fast as possible to prevent damage to the leaves.  Chicken wire was placed on the bottom of 

the boxes before the boxes were rotated to the vertical position to prevent loss of leaves from 

the bottom of boxes.  The boxes were weighed individually, the weight recorded, and the 

number of rods were counted.  This was the standard procedure for all the cures in 2009. 

As mentioned earlier, the grower that provided the tobacco also loaded similar 

tobacco into his barns the same day as the advance curing system was loaded.  In the 

evenings the grower was contacted to discuss the condition of the tobacco.  The advance 

curing system temperatures were adjusted to follow the growers' settings to cure the tobacco 

the same as the grower's during cure one. The grower followed the curing schedule shown in 

Figure 4.3. 

There was a thunderstorm with heavy rain that passed through while seven boxes 

were uncovered and still out of the barn.  Excess water was removed from the leaves by 

running the fan at full speed overnight, with the damper manually maintaned open at 

approximately 10.2 cm, 50% of opened width.  The yellowing stage for the advance curing 

system and the grower's operation lasted longer than normal due to the unrippened tobacco.  

The grower's approach was to cure longer at lower temperatures during leaf drying and then 
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advance 1 °C per hour from 49 to 71 °C.  Appendix B contains a detailed time line of the 

curing environment settings and the boiler settings for the cure. 

The stages of the cure were divided into yellowing, leaf drying, and stem drying.  The 

wood used was divided by each curing stage.  The loading and cured weights of the tobacco 

for cure 1 is shown in Table 4.7.  Figure 4.5 shows the wood chip usage divided by curing 

stage.  The temperatures were used to determine when a stage started.  The yellowing stage 

for cure one was from the initial ambient temperature when the barn was loaded, to 41 ˚C.  

The yellowing stage was approximately 90 hours.  The leaf drying stage was when the 

temperature was between 41 ˚C and 71 ˚C.  This occured from hours 90 to 214.  Stem drying 

started when the temperature reached 71 ˚C.  This occured from hours 215 to 253.  The rapid 

decreases in the temperatures in Figure 4.4 shows the times when the barn doors were opened 

to inspect the tobacco.  The gradual decline in the temperature was a result of operational 

faults with the heating system equipment.  One instance was due to the Max Ox 900 feed 

auger jamming and the subsequent boiler shut down.  The ash auger jamming and a low air 

flow fault error, initiated by a pluged sample line, also caused the boiler to shut down.  There 

was also an issue when the barn water pump relay malfunctioned and had to be replaced.  

The heat loss during stem drying was attributed to the boiler cycling on and off to prevent the 

tank temperature from increasing to the high limit temperature.  In some instances the boiler 

was not restarted before the barn started to cool down when an error occured late at night. 

Another problem that occured during the cure was the feed auger jam fault with the 

Max Ox 900 system resulting in a system shut down. The feed auger did not actually jam.  

The fault code occured when the feed auger speed was reduced to a minimum of 5 hertz.  
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This low setting was used in an attempt to reduce the low idle firing rate of the system.  The 

Max Ox 900 senses a jam with the use of a timer.  A timing gear is mounted on the feed 

auger shaft and a proxitimity sensor senses when a tooth passes. Every time a tooth passes, 

the timer resets.  The default time was set at 10 seconds.  The increased load caused by the 

hard wood chips decreased the rotational speed of the shaft below the set threshold.  The 

timer was then changed to 20 seconds during cure 2 to prevent further down time associated 

with false auger jam faults.   

 

4.4  2009 Cure 2 and 3 

The start of cures two and three was staggered, which caused overlap of leaf drying 

for barn one and yellowing of barn two.  The same situation occured at the start of stem 

drying for barn one when barn two was still in the leaf drying stage.  Even though there was 

an overlap in the curing schedules, Figure 4.8 shows the wood usage during the various 

stages following the schedule of barn one.  It was difficult to seperate the wood chip usage by 

barn since both were supplied with heat from the Max Ox.  The yellowing stage temperatures 

varied from the ambient temperature at the time of loading to 41 ˚C.  Leaf drying 

temperatures ranged from 41 ˚C to 66 ˚C.  When the temperature reached 66 ˚C, a visual 

inspection of the leaves at the top of the boxes in barn 1 concluded that leaf lamina was dry 

and it was time to start the stem drying stage.  The recored dry-bulb and wet-bulb 

temperatures are plotted in Figure 4.7.  The loading and cured leaf weights are shown in 

Tables 4.8 and 4.9.  The detailed time line of the barns and boiler parameters are shown in 

Appendix B. 
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4.5 2009 Cure 4 and 5 

During cures 4 and 5, changes were made to the upper plenum in the barn.  A 

partition was added to the upper plenum at the rear of the barn just before the fan intake.  

This was done to restrict the air circulation in the barn and force more fresh air to enter the 

barn through the rear damper.   

During the course of the project, it was determined that there was not enough air flow 

through the front box once the rear boxes dried, which occurred much faster than the front.  

The upper plenum change was an attempt to remedy the issue.  Since no air was flowing 

through the front boxes, the cure was extended to remove some of the moisture from the 

leaves in the front boxes.  The plenum change was made after the cure had started in barn 1 

and at the beginning of the cure in barn 2.  This resulted in both barns ending their cures at 

approximately the same time.  At the end of the cure there were still leaves in the front two 

boxes of barn 1, and one box in barn 2, that did not completely dry.  These boxes were 

removed from the barns and all the good leaves were consolidated into one box and the rest 

of the leaves were placed into the other two boxes to finish curing.  The front two boxes of 

barn 2 were not weighed when the truck arrived to pick up the tobacco.  

 The truck arrived with 10 boxes of green leaves at 3:30 pm on August 26, 2009 

loaded with upper-stalk leaves (tips) at approximately 1,090 kilograms per box.  The chicken 

wire placed on the bottom of the boxes for cures 1 through 3 ended up causing airflow 

problems so it was not used for this cure.  Any rods that had shifted during shipping and 

unloading of the boxes were pushed back into place to prevent leaves from falling from the 

bottom of the boxes, this was the same procedure for all the cures.  Loose and hanging leaves 
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at the bottom of the boxes were removed and placed in the top of the boxes.  The barn was 

completely loaded at 6:30 pm.  The tobacco weights are listed in Tables 10 and 11.  The 

wood chip usage for cures 4 and 5 is shown in Figure 4.11.  Cure 4 and 5 parameters are 

listed in the Appendix B. 

 The truck arrived at 4:13 pm on August 27, 2009 with green tobacco for barn 2.  The 

boxes with green leaves were removed from the trailer and set to the side in order to load the 

cured leaves from cure 3 onto the trailer. The boxes with green leaves were rotated 90 

degrees and any loose leaves were removed and placed in the top of the boxes. Barn 2 was 

filled at 6:00 pm with tips at approximately 1,090 kilograms per box.   

When two cures were conducted at the same time with a staggered start, typically 24 

hours apart, the second cure went better because the adjustments made during the first cure 

could be replicated for the second cure sooner.   

 There was an ash auger fault near the end of cures 4 and 5.  The ash auger fault at the 

end of cure 4 and 5 was due to two issues.  The first problem was the cam roller that rotates 

the ring around the combustion grate had worn and would no longer roll.  The ring had tabs 

on the underside that the cam arm would catch to push the grate forward for every revolution 

of the arm.  The roller was needed for the arm to roll off the tab as it was pushed forward.  

Since the roller would no longer turn, the arm caused the ring to lift up and occasionally 

place the ring in a bind, causing the ash auger motor to overload.  The cure was completed 

before the replacement roller could be received.  Another issue that contributed to some of 

the system faults was an increased load on the arm due to the gravel that was under the ring.  

During the last few days of the cure, there were frequent rain showers.  The wood chips were 
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stored on an adjacent concrete slab, different than the one that the wood chip system was on.  

There was a gravel pathway between the two concrete pads.  This area became muddy and 

the tires from the skid steer loader would pick up gravel and transport the gravel to the chip 

storage pad.  Every attempt was made to avoid rocks in the chips, but some still ended up in 

the hopper.  The system was in operation at the time so it was difficult to completely clean 

out the gravel due to the high combustion chamber temperatures.  Heat was needed for the 

cure so the boiler could not be shut down for an extended period of time.   

 

4.6 Heat Capacity 

The hot water system heat output was calculated from the supply and return water 

temperature differential multiplied by the average mass flow rate and the specific heat of 

water. Equation 2 shows how the heat output was calculated. 

Equation 2: 

𝑞𝑎 = −𝑤𝑎𝑐𝑎𝛥𝑇   (Henderson, et al. 1997) 

qa = heat loss by hot fluid (Btu/hr) 

wa = mass flow rate of fluid a (lb/hr) 

ca = specific heat of fluid a Btu/ (°F· lb) 

ΔT = temperature change of fluid a (°F) 

 

The ΔT was the supply water and return water temperature differential.  The average 

volumetric flow rate in gallons per minute for each curing stage was converted to pounds per 

hour.  The density of water was selected from Table 13.3 Properties of water at various 
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temperatures corresponding to the appropriate temperature range (Gladstone, 1992).  The 

mass flow rate was then multiplied by the temperature differential (ΔT) and the specific heat 

of water.  This was calculated for each curing stage for all cures during the 2009 season.   

The hot water flow rate, supply temperatures and return temperatures for each barn 

were recorded to a file.  Samples were taken when the system was activated by a water pump 

state change during the first cure of 2009.  When a pump was switched on, the data 

acquisition system records until the pump switches off.  This works fine when the pump stays 

on for more than a minute per cycle.  If the pump switches on for less than a minute, the 

supply and return temperature differential appears to be very large.  This was a result of the 

water remaining in the radiator during an off cycle and cooling down.  The pump switches on 

and the hot water reaches the supply temperature sensor while the cooler water stored in the 

radiator and return line is flowing past the return temperature sensor.  If the pump cuts off 

before the hot water circulates throughout the entire radiator, the large temperature 

differential is recorded.  There was no purge time designed into the data collection to 

minimize this effect.  During the remaining cures in 2009, hot water flow information was 

continuously sampled every 30 seconds. 

Overall, the data collection worked the way it was designed.  There were a few areas 

that needed to be addressed.  There were a lot of samples being taken and logged into two 

files. The files were separated by sampling types.  One set was sampled at fixed intervals, 

and the other was sampled when there was a state change.  There was a problem with the 

signal for the state change for water pump in barn 1.  The state signal would cycle back and 

forth between open and closed continuously.  The cause of this was not determined before 
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the start of cure two in 2009.  To prevent the data being collected randomly it was decided to 

take a sample every 30 seconds.  This produced a lot of data points over the 10 -11 day 

curing processes, but it prevented missing any pump operation.  The problem this did cause, 

was determining when and how long the pumps ran.  The data collected had to be filtered in 

order to calculate the average heat produced.  The data recorded was the date, time, supply 

temperature and return temperature every 30 seconds.  Some of the data points would show 

very similar supply temperatures and return temperatures with a temperature difference of 

only a few tenths of a degree when the pump was off and the water temperature in the 

radiator matched that of the curing environment.  When averaging the temperature 

difference, this minimal difference would skew the data.  The water was not transferring heat 

into the system so the data point was disregarded.  The data was filtered to show only the 

points that showed heat being added to the barn and the average of these values were used in 

the discussion. 

 Another area that skewed the data was when the boiler shut down.  The barns 

continue to operate even if the boiler shuts down.  When heat was needed, the pumps turned 

on.  On occasion, the boiler would shut down and the water tank temperature would drop 

until it was the same temperature as the barn.  This situation occurring over several hours 

would show lower than typical heat output than if the boiler was in normal operation which 

further skewed the data by showing very low heat production for an extended period of time.  

Since one goal of the project was to show how much heat is needed to cure the tobacco, the 

data points that did not demonstrate heat being added to the system were filtered.   



 72 

  The heat exchanger output was lower than the 264,000 kJ/hour recommended by 

Watkins from his previous research on curing tobacco with hot water.  This quantity is 

needed during leaf drying when the most moisture is being removed.  Tables 4.12 to 4.16 

show the heat exchanger output analyzed by curing stage.  Sustaining the temperature during 

stem drying requires less energy since most of the air is re-circulated.  The heat exchanger 

output was based on an hourly average.  Typical gas burners in conventional bulk barns are 

set for firing-rates ranging from 343,000 to 475,000 kJ/hour (North Carolina Cooperative 

Extension Service, 2010).  The gas burners will have shorter duty cycles compared to a hot 

water system with a maximum heat production of 264,000 kJ/hour which will require longer 

duty cycles to maintain the barn temperature. This also applies to the individual curing stages 

when utilizing hot water to supply heat for the process.  The average ΔT decreases as the barn 

temperatures increases, as a result the water pump duty cycle also increases.  If the heat 

production was calculated per minutes, it is easier to see that the hot water will still have 

enough capacity to cure tobacco under normal conditions.  These normal conditions consist 

of average ambient temperatures for the season, a moderate temperature advance rate not 

exceeding more than one degree per hour, and minimizing excessive ventilation.  

 

4.7 Season Summary 

 Table 4.17 shows the 2009 season summary of the amount of tobacco cured and the 

wood chips used.  Figures 4.6, 4.9, 4.10, 4.12, and 4.13 illustrate the weight loss per curing 

stage.  The figures show the duration of each stage along with the weight loss.  The weight 

loss shown in the figures was linear for the yellowing stage and the leaf drying stage.  The 
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relationship was linear for the parts of the cure where the temperature and relative humidity 

was held constant.  There was a non-linear relationship between stages as the dry-bulb 

temperature was increased.  During stem drying, the weight loss was non-linear, as the 

moisture content approached zero.  The greatest weight loss occurred at the beginning of the 

stages.  The rate gradually decreased as the moisture content of the leaf approached zero.  

During cures 4 and 5, the changes to the upper plenum forced drier outside air into 

the barn.  This caused a faster response in changes of the wet-bulb setting.  Bringing in drier 

air allowed more moisture to be removed from the system.  The weight loss per hour was 

greater during yellowing.  The difference in weight loss between cures 4 and 5 shown in 

Table 4.18 was due to the time of the plenum modifications.  The plenums were modified at 

the same time, but the cures were at different stages.  Cure 5 was at the beginning of 

yellowing, while cure 4 was a day further along.  This extra drying capacity allowed cure 5 to 

remove approximately 35.5 kilograms of water per hour while cure 4 removed approximately 

28.9 kilograms per hour.  The increased exchange rate of fresh air allowed the removal of 

more moisture towards the beginning of the cure during yellowing and leaf drying.  Since 

most of the moisture was removed during these stages, there was less moisture to remove 

during stem drying for cure 5.  Cure 5 had the highest moisture removal rates during 

yellowing and leaf drying, but the lowest rate during stem drying.   

 A problem that arose during the curing process was airflow.  The duration of the cure 

was longer than that of the growers operation.  The added time was due to the first box in the 

barn, the farthest from the fan and heat exchanger, did not dry completely.  The boxes closer 

to the fan and radiator would dry out faster, and as the resistance to airflow decreased in 
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these boxes the air would flow through the rear boxes and not the front box.  As a result the 

barn was operated for a longer time to completely dry the front box.   

 The air flow restriction was caused by chicken wire attached to the bottom of the 

boxes, to prevent weight loss from leaves falling from the box.  The restriction and absence 

of air flow increases cure duration and also adversely affects quality.  Eliminating the airflow 

problems will increase leaf quality and shorten the cure which results in less fuel 

consumption.   

 

4.8 Waste Disposal 

The combustion of wood generates ash and other waste products including any dirt 

that may have been on the wood chips.  Very sandy chips tend to leave a lot of sand in the 

combustion chamber.  The ash can be removed and land applied as a low cost fertilizer and 

liming agent.  The ash removal from the Taylor Outdoor woodfired Waterstove was a manual 

process.  The task was completed while the fire was still burning.  The grate was large 

enough for some unburned charcoal to fall through and mix with the ash.  The charcoal 

added to the amount of ash removed for disposal. This increased the amount of ash 

production during the 2007 season.  The Max Ox 900 high combustion efficiency, which 

completely burned all the wood and the automatic ash removal system, worked well and 

minimized the amount of un-burned material from entering the ash bin.  The ash was 

removed from the Max Ox 900 at the end of each cure and weighed.  The ash total weight 

accounts for all the ash and other material in the system for the Max Ox 900.  At the end of 

each cure all the locations where ash would accumulate were cleaned and added to the ash 
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bin.  These areas consisted of the heat exchanger tubes, the flue pipes, and the area under the 

combustion grate.  The fly ash collected in the cyclone was also added to the total ash 

weight.  The amount of ash generated is shown in Table 4.19. 

Horizontal heat exchanger tubes were used in the Taylor waterstove.  During the 

operation of the waterstove the ash would accumulate in the heat exchanger and insulate the 

tubes, reducing the heat exchanger capacity.  The tubes had to be periodically scraped during 

the curing process.  The Max Ox 900 used vertical tubes for the heat exchanger.  All the ash 

that fell out of the exhaust gas stream accumulated in areas that had very little impact on the 

heat exchanging abilities of the unit.  Table 4.19 shows that an average of approximately 1.5 

percent of the total wood burned remained as ash in 2007 that had to be disposed.  The Max 

Ox 900 generated less than 1 percent of the weight of wood that had to be disposed.   

 

4.9 Labor 

 Labor and time associated directly with the loading of fuel, whether it was firewood 

or wood chips was not recorded.  However, it was always documented when the fuel was 

loaded.  This time included loading the wood and also checking the data acquisition devices.  

The amount of time required to load the Taylor outdoor woodfired waterstove was similar to 

the loading time of the wood chip hopper for the Max Ox 900 during the 2009 season.  An 

additional step involved in the waterstove's loading did account for more labor time.  The 

split firewood was weighed manually.  A firewood stand was partitioned into 4 sections 

having the same weight of wood placed in each section.  This was done to prevent anyone 
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from weighing and stacking wood at night because of the frequent loading during times of 

high heat demand.  It took approximately 15 minutes to load the combustion chamber.   

 An issue with manually loading the combustion chamber was hiring someone to work 

for fifteen minutes every three hours.  During the day it would be more practical to have 

someone check on the system between other task.  At night someone would have to be paid 

for the entire duration to monitor the system.  It is unreasonable and difficult to have 

someone stop by every three hours to load wood in a typical farm operation.  Changes to the 

system are needed to allow the burn duration to last at least 12 hours.  The storage volume of 

the wood chip hopper for the Max Ox 900 was sufficient to allow loading every 1-2 days 

during low heat demand and once a day for times of high heat demand. 

 

4.10 Construction Cost 

A construction log was kept to determine the cost to build the advanced curing 

system.  The cost only included the materials and not the labor.  Table 4.20 shows the 

construction cost of the advanced curing system.  The table includes the cost of all the 

components needed to cure the tobacco except for the price of the boxes.  The data 

acquisistion system was also not included in the list.   The total price just shows what a 

grower would have to invest to construct a system with no exsisting infrastructure. 
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Table 4.1: Heating value of several types of wood. 

Species Green Air Dried Green Air Dried

Pine, Pinus 
taeda

1,818 1,273 8,257 15,452

Sweet gum, 
Liquidambar 
styraciflua

1,818 1,236 8,315 15,477

Oak, Quercus 
alba

2,291 1,673 8,862 15,421

Heating Value   ( kJ/kg)Weight per cord (kg)

 

A guide for residential wood heating, Allison and Pulaski, 
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Table 4.2: Green and Cured Weights for 2007 Cure One. 
 

Box 
Number 

Box 
Weight 
(empty, 

kg)

Total 
Weight 
(box, 
green 

leaves, 
rods) kg

Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of Green 
Leaves 

(kg)

Total 
Weight 
(box, 
cured 

leaves, 
rods) kg

Weight 
of Cured 
Leaves 

(kg)

1 277 1,237 62 28 932 436 159

2 299 1,265 62 28 938 432 133

3 305 1,287 62 28 955 433 128

4 284 1,198 62 28 886 463 179

5 285 1,225 62 28 912 445 160

6 302 1,262 62 28 932 464 162

7 305 1,207 62 28 874 463 157

8 285 1,233 62 28 920 456 172

9 293 1,255 62 28 934 451 158

10 280 1,214 62 28 906 450 170

Total: 2,914 12,384 620 282 9,188 4,492 1,578

Average: 291 1,238 62 28 919 449 158
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Table 4.3:  2007 Cure 1 System Parameters 

Fan Speed: Constant the Entire Cure

Initial Static Pressure: 1.02 cm H2O

Flow Rate: 95 Liters per minute

Δ T across radiator: 6 to 10 °C

Btu output (max): 197,000 kJ per hour
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Table 4.4: Green and Cured Leaves Weight for 2007 Cure Two. 

Box 
Number 

Box 
Weight 
(empty, 

kg)

Total 
Weight 
(box, 
green 

leaves, 
rods) kg

Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of 

Green 
Leaves 

(kg)

Total 
Weight 
(box, 
cured 

leaves, 
rods) kg

Weight 
of 

Cured 
Leaves 

(kg)

1 305 1,237 62 28 904 503 169

2 305 1,265 62 28 933 497 165

3 280 1,287 62 28 979 512 204

4 277 1,198 62 28 893 530 225

5 295 1,225 62 28 902 504 180

6 282 1,262 62 28 952 518 208

7 273 1,207 62 28 906 522 221

8 305 1,233 62 28 900 536 204

9 301 1,255 62 28 925 542 213

10 297 1,214 62 28 888 525 199

Total: 2,920 12,384 620 282 9,182 5,188 1,986

Average: 292 1,238 62 28 918 519 199
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Table 4.5: 2007 Cure Two System Parameters 
 

Fan Speed: Constant the Entire Cure

Initial Static Pressure: 1.27 cm H2O

Flow Rate: 152 Liters per minute

Δ T across radiator: 5 to 8 °C

Btu output (max): 304,000 kJ per hour

Water tank temperature 94 °C
 

 
 
 

Table 4.6:  2007 Wood Weights 
 

Cure Fuel Type Wood Used (kg)

1 Split Sweet gum logs 2,102

2 Split Sweet gum logs 2,316
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Table 4.7: 2009 Cure 1 flue-cured tobacco weights 

Box 
Number

Box 
Weight 
(empty, 

kg) 

Total 
Weight 
(box, 
green 

leaves, 
rods) kg

Number 
of Rods 

Weight 
Of Rods 

(kg)

Weight of 
Green 
Leaves 

(kg)

Total 
Weight 
(box, 
cured 
leaf, 

rods) kg

Total 
Cured 
Leaf 
From 

Barn (kg)

1 282 1,200 62 28 890 448 138

2 305 1,239 62 28 905 460 127

3 278 1,230 62 28 924 413 107

4 281 1,235 62 28 926 415 105

5 297 1,248 62 28 922 440 115

6 285 1,234 62 28 921 452 139

7 296 1,275 62 28 950 440 115

8 295 1,214 62 28 890 450 126

9 276 1,182 62 28 2,296 404 100

10 284 1,168 62 28 856 440 129

Total: 2,880 12,224 620 282 10,481 4,363 1,202

Average: 288 1,222 62 28 1,048 436 120

Note:  The number of rods for the 2009 cure one were not counted.  The number of rods was 
assumed to be the average number of rods from the other four cures for 2009.     
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Table 4.8: 2009 Cure 2, Barn 1 Flue-cured tobacco box weights 

 

Box 
Number

Box 
Weight 
(empty, 

kg)

Total 
Weight 
(box, 
green 

tobacco, 
rods) kg

Weight 
of Green 
Leaves 

(kg)
Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of Cured 
Leaves, 

rods, 
and box 

(kg)

Total 
Cured 

Leaf (kg)

1 277 1,279 978 52 24 449 148

2 299 1,311 981 69 31 475 145

3 305 1,325 992 61 28 460 128

4 284 1,298 988 57 26 466 156

5 285 1,281 970 57 26 449 138

6 302 1,309 981 57 26 471 144

7 305 1,315 984 58 26 464 132

8 285 1,301 990 57 26 459 149

9 293 1,297 979 57 26 459 140

10 280 1,273 967 57 26 449 143

Total: 2,914 12,989 9,810 582 265 4,601 1,422

Average: 291 1,299 981 58 26 460 142
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Table 4.9: 2009 Cure 3, Barn 2 Flue-cured tobacco box weights 

Box 
Number

Box 
Weight 
(empty, 

kg) 

Total 
Weight 
(box, 
green 

tobacco, 
rods) kg

Weight 
of Green 
Leaves 

(kg)
Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of Cured 

Leaf, 
rods, 

and box 
(kg)

Total 
Cured 

Leaf (kg)

1 295 1,271 948 61 28 507 184

2 276 1,254 950 62 28 445 141

3 297 1,244 919 60 27 410 86

4 296 1,250 925 63 29 470 145

5 284 1,268 955 66 30 463 150

6 282 1,269 957 66 30 463 151

7 281 1,273 962 65 30 450 140

8 285 1,277 963 64 29 449 135

9 278 1,217 912 59 27 445 141

10 305 1,273 941 59 27 470 138

Total: 2,880 12,596 9,432 625 284 4,574 1,410

Average: 288 1,260 943 63 28 457 141
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Table 4.10: 2009 Cure 4, Barn 1 Flue-cured tobacco box weights 

Box 
Number

Box 
Weight 
(empty, 

kg) 

Total 
Weight 
(box, 
green 

tobacco, 
rods) kg

Weight 
of Green 
Leaves 

(kg)
Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of Cured 

Leaf, 
rods, 

and box 
(kg)

Total 
Cured 

Leaf (kg)

1 282 1,402 1,091 63 29 475 165

2 284 1,408 1,095 64 29 505 193

3 278 1,404 1,097 63 29 491 185

4 305 1,393 1,058 65 30 500 165

5 281 1,352 1,045 59 27 475 167

6 285 1,386 1,075 57 26 475 164

7 276 1,395 1,092 61 28 481 178

8 296 1,436 1,111 64 29 497 171

9 295 1,418 1,094 64 29 493 169

10 297 1,414 1,089 61 28 501 176

Total: 2,880 14,009 10,847 621 282 4,894 1,732

Average: 288 1,401 1,085 62 28 489 173
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Table 4.11: 2009 Cure 5, Barn 2 Flue-cured tobacco box weights 

Box 
Number

Box 
Weight 
(empty, 

kg)

Total 
Weight 
(box, 
green 

tobacco, 
rods) kg

Weight 
of Green 
Leaves 

(kg)
Number 
of Rods

Weight 
of Rods 

(kg)

Weight 
of Cured 

Leaf, 
rods, 

and box 
(kg)

Total 
Cured 

Leaf (kg)

1 277 1,325 1,019 65 30 *

2 285 1,370 1,055 67 30 *

3 280 1,384 1,075 65 30 512 203

4 305 1,405 1,070 64 29 525 190

5 284 1,375 1,061 67 30 496 182

6 293 1,398 1,074 68 31 506 182

7 299 1,407 1,078 66 30 516 187

8 305 1,407 1,070 70 32 519 183

9 277 1,423 1,115 66 30 527 220

10 285 1,391 1,076 66 30 500 185

Total: 2,889 13,885 10,694 664 302 4,102 1,533

Average: 289 1,389 1,069 66 30 513 192
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Table 4.12: Cure 1, Barn 2 Heat Exchanger Output and Water Temperatures 
 

Yellowing Leaf Drying Stem Drying

Average kJ/hr 221,223 148,491 70,121

Average ΔT 7.6 4.7 2.7

Average Supply 
Temperature (˚C) 72.7 79.8 84.4

Average Return 
Temperature (˚C) 65.1 75.1 81.7

 
 

 
 
 

Table 4.13: Cure 2, Barn 1 Heat Exchanger Output and Water Temperatures 
 

Yellowing Leaf Drying Stem Drying

Average kJ/hr 202,867 150,958 100,385

Average ΔT 7.4 14.0 3.7

Average Supply 
Temperature (˚C) 54.9 86.8 86.4

Average Return 
Temperature (˚C) 47.4 72.8 82.8
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Table 4.14: Cure 3, Barn 2 Heat Exchanger Output and Water Temperatures 
 

Yellowing Leaf Drying Stem Drying

Average kJ/hr 171,181 195,250 122,372

Average ΔT 5.3 6.2 3.8

Average Supply 
Temperature (˚C) 52.6 80.7 86.1

Average Return 
Temperature (˚C) 47.3 74.5 82.3

 
 
 

 
 

Table 4.15: Cure 4, Barn 1 Heat Exchanger Output and Water Temperatures 
 

Yellowing Leaf Drying Stem Drying

Average kJ/hr 0 162,714 93,097

Average ΔT 0.0 5.9 3.4

Average Supply 
Temperature (˚C) 0.0 81.5 86.0

Average Return 
Temperature (˚C) 0.0 75.6 82.6
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Table 4.16: Cure 5, Barn 2 Heat Exchanger Output and Water Temperatures 
 

Yellowing Leaf Drying Stem Drying

Average kJ/hr 408,838 202,192 110,679

Average ΔT 14.4 7.2 3.9

Average Supply 
Temperature (˚C) 78.2 84.2 86.3

Average Return 
Temperature (˚C) 63.8 77.0 82.4
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Table 4.17:  2009 Season summary of cured tobacco weights and wood chip weights. 

Cure Barn #

Tobacco 
Green 
Weight 

(kg)

Tobacco 
Cured 
Weight 

(kg)

Length 
of Cure 
(days) Fuel Type

Wood 
Used 
(kg)

kg Wood 
/ kg of 
Cured 

Tobacco
Fuel 

Cost ($)

1 2 9,367 1,202 10.5

Pine and 
Hardwood 

Chips 2,973 2.47 $106

2 &3
Hardwood 

Chips 4,335 1.53 $155
1 9,810 1,422 11
2 9,432 1,410 11

4&5

Pine and 
Hardwood 

Chips 6,555 2.01 $234
1 10,847 1,732 10.5
2 10,694 1,533 9.5

Average: 2,773 2.00 $99
Note: Wood chips were purchased for $32.50 per green ton ($35.75 per metric ton). 

 

Table 4.18: 2009 Weight Loss for each curing stage 
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Cure

Yellowing Leaf Drying Stem Drying

Cure 1 23.7 43.8 25.5 to 0.0

Cure 2 22.5 41.3 36.0 to 0

Cure 3 30.4 42.4 23.9 to 0

Cure 4 28.9 46.4 26.2 to 0

Cure 5 35.5 50.8 21.6 to 0

Curing Stage Weight Loss per hour (kg)

 

Table 4.19: Ash produced for the 2007 and 2009 curing seasons. 
 

Cure
Weight of 
Wood (kg)

Ash Weight 
(kg)

Percentage of 
Ash Generated 

2007 Cure 1 2,102 30 1.4

2007 Cure 2 2,316 34 1.5

Average 2007 Season 2,209 32 1.45

2009 Cure 1 N/A N/A N/A

2009 Cure 2 and 3 4,335 37 0.86

2009 Cure 4 and 5 6,555 54 0. 83

Average 2009 Season 5,445 46 0. 845
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Table 4.20: Construction cost for advanced curing system. 

Item Quantity Cost 

Insulated panels 2 Barns $16,800.00

Barn construction 2 Barns $12,782.00

Duro-Last roofing 2 Barns $1,950.00

Toshiba adjustable speed drive 2 $2,064.00

11.2 kW fans 2 $8,272.00

Hot water radiator 2 $1,510.00

Cureco temperature and damper control 2 $2,600.00

Styrofoam insulation 2 Barns $263.00

Electrical 2 Barns $6,032.00

Plumbing 2 Barns $2,422.00

Humidifier 1 $931.00

Concrete pad 12.2 m x 15.8 m $4,622.00
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Figure 4.1: 2007 Green tobacco leaves. 
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Figure 4.2: 2009 Green tobacco leaves. 
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Figure 4.3 : 2009 Cure one grower's curing schedule. 
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Figure 4.4: 2009 cure one dry-bulb and wet-bulb actual temperatures. 
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Figure 4.5:  Wood chip usage divided by curing stage for 2009 cure one. 
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Figure 4.6: 2009 cure one weight loss during each curing stage. 

Note: Initial weight is higher in Figure 4.6 than in Table 4.7 due to the air pressure 
exerted on the tobacco by the fan.  The static pressure was not collected for 2009 cure 1 to 
make corrections.   
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Figure 4.7 : 2009 Cure 2 Dry-bulb and Wet-buld temperatures 
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Figure 4.8: 2009 cures 2 and 3 wood chip usage divided by curing stage. 
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Figure 4.9: 2009 Cure 2 weight loss for each curing stage. 
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Figure 4.10: 2009 Cure 3 weight loss for each curing stage. 
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Figure 4.11: 2009 Cure four and five wood chip usage divided by curing stage. 
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Figure 4.12: 2009 Cure 4 weight loss for each curing stage. 
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Figure 4.13: 2009 Cure 5 Weight loss for each curing stage. 
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Chapter 5  

Summary and Conclusion 

5.1 Conclusion 

The goal of the advance curing structure was to reduce costs associated with the 

production of flue-cured tobacco.  Though there was a combination of system components 

incorporated into the advanced curing system it was determined that small changes can be 

made to existing structures to have a positive effect on the system efficiency.  The advance 

curing system has combined all the changes into one system to assist in determining 

quantitatively the overall benefit of the entire system.  A full scale system provided a tool to 

illustrate how feasible it would be to adapt the technology into other operations.  All the 

components selected were commercially available and widely used in other applications.  

Technical support was also widely available for issues that arise with the equipment.  Bench 

scale models give a researcher an idea of what to expect in real world applications, but it is 

hard to determine how the application will change on a full scale system.  Information 

gathered during the test cures was used to determine the curing cost of flue-cured tobacco 

with the advanced curing system. 

 The focus was on using wood as the fuel to generate heat for the curing process.  

Wood is an economical fuel, being much cheaper than LP gas, and fuel chips are widely 

available in the flue-cured production areas.  The key to fuel savings with wood is to 

minimize labor cost.  The Max Ox 900, being fully automated, is capable of reducing labor 

requirements and the remote accessibility, allows the operator to monitor the process and to 

quickly address any problems that may arise.  
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 Another goal of the advanced curing system was to determine how much heat was 

needed for flue-cured tobacco production. The data collected from the hot water system 

temperatures provided the information needed to analyze the heat production.  Each cure was 

analyzed by curing stage using the same method as the weight loss analysis.  Tables 4.12 to 

4.16 shows the heat production for each curing stage.  

 There are many aspects to curing tobacco that involve both science and experience.   

There are curing schedules with good guidelines to follow.  Knowing when to go to the next 

stage and what the temperatures should be is key to producing quality flue-cured tobacco.  

Those adjustments depend on leaf color, texture, and odor, which can be affected by a variety 

of factors such as airflow, growing conditions, and weather.  With limited experience in 

curing, it was difficult to know what adjustments to make and when.  Some adjustments were 

made and then re-adjusted when a more experienced curer was consulted.  Even following 

the schedule recommended by the grower, there were variations in the curing structures that 

had to be accounted for.  The main difference was the grower used eight-box barns and as a 

result there was less moisture that had to be removed.  Another difference was the barn 

design.  The advance curing system was a tightly sealed barn with minimal air leaks. All the 

fresh air had to enter through the dampers.  The grower was not currently using a wet-bulb 

thermometer so he made changes based on the dry-bulb temperature, the appearance of the 

leaves, and past curing experience.  When consulted on the wet-bulb settings, his suggestions 

were based on his previous cures when he did use a wet-bulb thermometer.  The wet-bulb 

temperature was used to maintain the relative humidity.  Another difference was the heating 
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systems.  The grower used gas-fired units that had a higher heat output than the hot water 

system.  The lower heat output limited the heat advance rate during leaf drying.   

Overall, there are several factors that influence the amount of wood needed to cure 

the tobacco.  One factor is the moisture content of the wood.  Using the same type of wood at 

similar moisture contents for the entire season would minimize the different heating values of 

the various types of wood chips.  A seasonal average of wood chip usage per pound of 

tobacco cured can be determined even with the variation of wood chip types.  Another factor 

contributing to variation in fuel requirement is the stalk position of the leaves.  Each stalk 

position requires a different amount of heat energy to evaporate the moisture from the leaves.  

The ripeness of the leaves will also influence the cure duration.   

  

5.2 Payback 

With the variations mentioned above for the 2009 season, the average fuel cost for the 

five cures was $99.00 per cure.  For each kilogram of tobacco cured, approximately two 

kilograms of wood was required.  This resulted in an average wood chip requirement of 

2,773 kilograms per cure.  (The current market cost of wood chips was $32.50 per green ton.)  

This would equal a production cost of approximately $0.07 a kilogram for flue cured 

tobacco, with a average cured leaf weight of 1,364 kg per barn. One thousand one hundred 

thirty six liters of LP gas would be required to produce the same quantity of energy as 2,773 

kilograms of wood at 50 percent moisture. This would be a cost of $0.22 a kilogram when 

the LP gas price is $0.26 per liter ($1.00 per gallon).   
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The cost of using wood was lower than that of LP fuel.  A drawback to a wood fired 

hot water system is the initial investment cost.  The payback period of the unit can range 

from 4 to 8 years (shown in Figure 5.1), depending on the ratio of wood chips and LP gas 

prices.  Also, the majority of the current tobacco purchased is done through yearly contracts.  

Limited financial security for the entire payback period, whether it is 4 or 8 years could deter 

many infrastructure investments. 

However, a unit's payback period can be shortened by utilizing the unit for more than 

just the production of flue-cured tobacco.  If the unit was used in the fall, winter, and spring 

for greenhouse heat, shop heat, and livestock facility heat, the payback period would be 

shortened.  Today's farm operations are diversifying and consolidating.  With all the facilities 

in one central location, the application of one centralized heating unit can be used for an 

entire operation.  The payback period is a function of wood chip system cost compared to the 

existing operational cost of the LP gas burners.  The two main factors affecting the cost was 

the cost of wood chips and the cost of LP gas.  If LP gas cost increases and the wood chip 

cost stays the same, then the payback period is then shortened even more.  If both prices have 

the same inflation then the payback period remains the same.   

Determining the payback period of the Max Ox 900 boiler was done by taking the 

amount of wood burned and converting it to an equivalent amount of LP gas.  The wood 

chips burned were green, so a value of 9,304 kilojoules per kilogram was used.  If a higher 

heating value of 16,282 kilojoules per kilogram wood was assumed for a drier wood chip, it 

would require more LP gas fuel, which would increase the LP gas cost and increase the ratio 

between wood chips and LP gas.  The wood chips were delivered green, but if they are kept 



 105 

in a dry location, and the moisture content decreases, the heating value increases without 

increasing the fuel cost.  Determining the cost ratio between wood and LP gas will vary 

depending on the heating value of the wood chips.  Figure 5.1 shows the payback period for a 

six barn operation using the Max Ox 900.  The wood chip price of $35.75 per metric green 

ton ($32.50 per green ton) was compared to LP Gas at a cost of $0.26, $0.40, and $0.53 per 

liter ($1.00, $1.50, and $2.00 per gallon).  This payback is based on only using the system for 

curing tobacco and using each barn 6 times a year.  Figure 5.2 shows the range of LP gas 

prices from 1990 to 2009.  The payback period is a function of the ratio between LP gas 

prices and wood chip prices.  Table 5.1 shows the breakeven cost of LP gas and wood chips.  

The breakeven point would occur when the cost of LP gas decreases to $0.13 per liter and the 

cost of wood chips increases to $0.05 per kilogram.  This is based on the assumption that 

1136 liters of LP gas is needed per cure, which is a very efficient grower.  Most growers 

require approximately 1,230 to 1,514 liters of LP gas per cure.  Assuming higher LP fuel 

consumptions would decrease the payback period. 

An additional benefit of utilizing a hot water system is the reduction of TSNAs.  This 

benefit may not have a direct cost savings, but it may be required in order to meet guidelines 

that are being considered by the U.S. Food and Drug Administration (FDA).  The hot water 

system eliminates combustion gases coming into contact with the tobacco.   
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5.3 Future Work 

 Even though wood-fired hot water systems have been used in the past, they have not 

been fully automated.  Curing conditions can vary widely from year to year so more cures are 

needed to continue collecting more information on the production cost with a fully automated 

wood-fired hot water system.  The next step would be to install a wood chip system in an 

operation that utilizes conventional barn construction that represents the majority of barns in 

use today.  Having a direct comparison to a gas burner adjacent to a hot water system under 

normal operating procedures will give a better idea of the impact a hot water system will 

have over the entire production process.   

 There are several factors that can contribute to varying fuel usage such as the cure 

schedule followed.  Over ventilating or curing at higher temperatures will demand more heat.  

Using a hot water system at a location that has both LP burners and the hot water system will 

ensure the curing schedule and management practices followed is the same for all the barns.  

 Another, sometimes uncontrollable aspect in flue-cured tobacco production, is the 

maturity of the leaf when it enters the barn.  This has a great effect on the cure duration.  

Field ripened leaves will cure faster than green leaves entering the barn.  The advance curing 

system demonstrates the potential savings with new technologies with the added benefit of 

using a cheaper and renewable wood fuel source.   

 The idea of using biomass fuels has gained popularity over the course of this project 

due to high petroleum fuel prices and the uncertainty in future prices.  The interest has 

greatly depreciated recently with prices decreasing.  Current prices are cycling between 

levels that increase interest in the biomass fuels area and then decrease to levels that limit the 
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interest.  There are plenty of logging residues that will meet the demand of the tobacco 

industry.  The question is when other industries start using wood biomass fuels what will it 

do to the price of fuel?  This question is harder to answer not knowing what will happen in 

the future.  However, the cheaper price of wood chips has been fairly stable for a long period 

of time.  

 The overall fuel requirement of the advanced curing system will be less than most 

commercial barns due to the high insulation and automatic controls.  Future tests conducted 

at an on-farm location that uses petroleum fuels side by side to the hot water system would 

be a good operational test. 

 The advanced curing structure was a large project with many variables.  One aspect 

that needs to be monitored is electricity usage of the wood chip system.  Samples were taken 

of the electricity under certain conditions to establish a base line of how much power was 

consumed.  Continuously monitoring and recording the power required of the wood chip 

system would give the total electrical cost of the unit.  This could be added to the labor cost 

and wood fuel cost to determine the overall operational cost of the system. 

 Calculating the labor cost with the advanced curing system is also not directly 

comparable to a normal operation.  When the hopper was low on chips, a worker would fill 

the hopper.  This work is directly related to the boiler labor cost that would be typically seen 

at a normal operation.  The issue was that this was not the workers only duties.  The worker 

was also responsible for checking on the entire system.  This included downloading data, 

inspecting and refilling wet-bulb reservoir, checking water temperatures, pump flows and 

pressure, damper operation, remote access devices and leaf stage.  Most of the additional 
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labor is research related.  The logs that were kept when a worker checked on the system did 

not differentiate between research work and curing work.  Future research will have to 

separate the research labor from the fuel labor to get a more precise labor cost associated 

with wood chip systems.  

 This project used two wood fired systems, the Taylor outdoor woodfired waterstove 

and the Max Ox 900.  The operational cost varies between units.  There are other units on the 

market in comparable size.  The Max Ox 900 will handle 6 conventional barns.  Larger units 

from different manufacturers will produce enough heat for entire operations of 40 to 50 

barns.  The units tested and other available units may vary in efficiency and/or labor 

requirements, but the common factor is the cost of wood per million kilojoules is 

significantly cheaper than LP gas.   

The technology is available to make a reliable and cost effective system. There are 

more than two manufactures of hot water systems on the market ranging from just a few 

thousand kilojoules to millions of kilojoules.  The various capacity units also come with a 

range of initial investment cost.  This project was to determine the feasibility of using a hot 

water system for flue-cured tobacco production.  The project was successful in reducing the 

production cost for tobacco.  The main issue was the initial investment and the volatility of 

the tobacco market.  Contracts are year to year so the payback period of 4-8 years makes it 

hard to make that initial step.  Some growers are also concerned about having one heating 

unit for the entire operation.  If one unit fails then the whole operation is without heat.  The 

Max Ox 900 has only been in production for two years and only used for the project during 

one season.  The longevity and durability of the system still needs to be proven.  There are 
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other larger wood chip systems in operation that have been in service for 10-15 years, so 

selection of a system needs to be evaluated to get the most appropriate unit for the operation. 
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Table 5.1: Breakeven cost comparison between LP gas and wood chips. 

LP Gas Unit Cost 
($/L) 

$ / Million kJ Wood Unit Cost 
($/kg)  

$ / Million kJ for 
green wood 

0.13 6.49 0.011 1.42 
0.18 9.08 0.017 2.13 
0.24 11.68 0.022 2.84 
0.29 14.28 0.028 3.55 
0.34 16.87 0.033 4.27 
0.40 19.47 0.039 4.98 
0.45 22.06 0.044 5.69 
0.50 24.66 0.050 6.40 
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Figure 5.1: Payback period for the Max Ox 900 wood chip system used at a six 
barn operation with an initial system cost of $74,000.   
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Figure 5.2: North Carolina Propane average yearly prices from 1990 to 2009.  Source: 
U.S. Energy Information Administration. 
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Appendix A: Advance Curing System Barn Layout 
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Appendix B: Advance Curing System 2009 Curing Season Notes 

Advancing the dry-bulb was done at a rate of one degree Fahrenheit per hour unless 

otherwise noted. 

2009 Cure 1 barn Parameters 

7-18-09 at 8:40 am the drybulb temperature was at 90 ˚F and was set to ramp up to 95 

˚F at 1 ˚F per hour.  The wetbulb was set at 88 ˚F.  At 8:10 am on 7-20-09 the Cureco 

controller was set to ramp up to 98 ˚F from 96 ˚F drybulb temperature.  The wet bulb was set 

to maintain at 92 ˚F.  At 10 am the wet bulb was set at 93 ˚F.  At 4:45 pm the drybulb was set 

to ramp up to 105 ˚F at 1 ˚F per hour. The wet bulb was set at 94 ˚F.  7-21-09 at 8:15 am the 

wet bulb was set to 96 ˚F. At 1:12 pm on 7-21-09 the dry bulb temperature was set to ramp to 

120 ˚F at 1 ˚F per hour.  The wet bulb was being maintained under 100 ˚F. The wet bulb was 

set to 102 ˚F at 3:50 pm on 7-22-09.  On 7-23-09 at 8:22 am the drybulb was set to advance 

to 165 ˚F at 1 ˚F per hour, keeping the wet bulb under 108 ˚F. Several times during the leaf 

drying stage the cureco damper control stop the advance due to a high wetbulb. The Cureco 

temperature and damper control monitors and adjusts the curing environment in relation to 

the desired set points.  During the cure when the temperature is advancing past a dry-bulb 

temperature of 140 ˚F the wet-bulb was set to maintain a temperature of 110 ˚F.  If the 

system could not maintain the set wet-bulb the unit would suspend the advance until the wet-

buld temperature is reached and then the system restarted.   

Max Ox 900 Parameters for 2009 Cure 1 

The settings for the Max Ox 900 were varied based on the demand load require by the 

curing process.  Being the first cure with the Max Ox 900 it was not known if heat would be 
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needed during yellowing.  The boiler was started at the beginning of the yellowing stage at 

8:45 am on 7-18-09.  The boiler circulation pump moved hot water through the barn causing 

the barn to heat up past the set point.  The manual shut off valves were used to shut off flow 

from the boiler circulation pump through the barn.  The boiler was set initially to 150 ˚F 

water tank temperature.  Trying to lower the idle speed, the fan was set at 10 hertz.  This was 

too low and resulted in the proof of draft switch signalling an error and then shut down the 

system.  The minimum speed was set to 15 hertz.  Since no heat was needed during the 

yellowing stage the boiler was shut down on 7-18-09 at 2:00 pm.  The boiler was restarted on 

7-20-09 at 9:05 pm.  The boiler was ran long enough to heat the water to 132.4 ˚F and then 

shut down.  The 300 gallons of water in the tank was used as a thermal storage.  The boiler 

was shut down and restarted at 11:35 pm on 7-20-09 and shut down at 12:10 am on 7-21-09.  

The boiler was restarted at 3:35 am on 7-21-09 and left on with a water tank temperarure of 

150 ˚F.  The boiler was shut down and restarted to prevent the boiler from reaching 205 ˚F, 

which is the high limit on the unit which will shut the boiler down when the boiler reaches 

this temperature to prevent any boil over.  The idle rate of 125,000 Btu/ hr was not being 

utilized in the barn so the heat would build up in the water tank.  Instead of just dumping heat 

the unit was shut down and restarted when needed.  The water tank was used to store heat.  

Once the barn was set to ramp up to 120 ˚F the boiler was left on for the duration of the cure 

until the later parts of stem drying.  The lower set point was enogh differential between the 

water temperature setpoint and the high limit that the barn did not used enough heat to keep 

the water temperature from rising, but the rise was slow enough that the boiler could be left 

on.  As more heat was needed the water temperature set point was raised to 175 ˚F  on 7-22-
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09 at 8:04 am.  The water temperature was set to 180 ˚F on 2-24-09 at 12:30 pm.  The boiler 

set point was set to 185 ˚F on 7-25-09 at 8:02 am.  The process was repeated towards the end 

of stem drying.  There just was not enough heat needed to keep the water tank temperature 

below the high limit.  On 7-25-09 at 7:30 pm the boiler had to be dissabled to a temperature 

of 202 ˚F.  Since barn one was not being used the heat was dumped through the radiator in 

barn one.  The boiler system was enabled at 8:15 pm. On 7-27-09 at 3:30 am the supply 

temperature was too high so barn 1 was used to dump heat from the water tank. At 5:12 pm 

barn 1 again was used to dump heat.  

 Disabling the system consisted of burning the remaining chips in the metering bin.   

No new chips were allowed into the metering bin and the fire slowly burnt out.  The fan 

continued to run until the exhaust stack reached a temperature of 200 ˚F and then the fan shut 

off.  The circulation pump ran until the water tank temperature dropped to 140 ˚F.   

 

Cure 2, Barn 1: 

The truck arrived at 3:00 pm and barn one was completely loaded at 6:00 pm on 8-5-

2009.  The cured tobacco from cure 1, barn 2 had to be loaded on the truck before barn 1 

could be loaded with the green tobacco.  The temperature was set at 96 ˚F for the dry-bulb 

temperature with a three degree lower wet-bulb temperature.  This temperature was 

maintained until 8-6-2009 at 12:00 pm, when the dry-bulb was set to advance at 1 ˚F per hour 

up to 100 ˚F, and the wet-bulb was set at 95 ˚F.  This setting was to be maintained for 48 

hours.  On 8-8-2009 at 9:17 am the dry-bulb was set to ramp 1 degree per hour to 105 ˚F. 8-

9-2009 at 2:18 pm barn 1 was set to ramp to 110 ˚F at 1 ˚F per hour.  Between 1am and 8 am 
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on 8-10-09 there was no heat in the boiler to maintain the barn temperature.  The temperature 

dropped from 110 ˚F to 103 ˚F.  At 8 am on 8-10-2009 the temperature was set to advance to 

110 ˚F at 2.5 ˚F per hour.  At 11:00 am the dry-bulb was set to advance to 120 ˚F at 1 ˚F per 

hour.  The wet-bulb was set at 105 ˚F.  At 5:30 pm on 8-11-2009 Barn 1 dry-bulb was set to 

advance to 125 ˚F at 1 ˚F per hour, with a wet-bulb setting at 107 ˚F.  On 8-12-09 at 10:42 

am the barn 1 dry-bulb was set at 135 ˚F at 1 ˚F per hour.  At 3:15 the wet-bulb for barn one 

was set to 110 ˚F.  At 4:53 pm the dry-bulb was set to advance to 145 F.  8-13-2009, 7:45 am 

set wet-bulb at 111 ˚F,  at 8:48 am the barn 1 wet-bulb was set at 112 ˚F, 10:19 am the wet-

bulb was set to115 ˚F. 11:24 am the dry-bulb upper limit was set at 140 ˚F with a wet-bulb 

setpoint of 110 ˚F.  On 8-14-2009 at 9:34 am the dry-bulb was set to advance to 165 ˚F at 2 

˚F per hour, starting at 140 ˚F. At 11:27 am the advance was suspended due to a high wet-

bulb temperature.  The wet-bulb was set to 163 ˚F to avoid the suspension of the advance 

under manual control.  At 3:40 pm on 8-14-2009 the Cureco control was set to maunal 

damper control.  The rear damper was opened 2 inches.  At 5:13 pm the rear damper was 

closed to 1 inch.  8-15-2009 8:00 am the rear damper was closed to 1/2 inch. The dry-bulb 

was set to advance to 165 ˚F at 2 ˚F per hour from 157 ˚F.  At 1:40 pm the fan speed was set 

to 50 hertz.  The water pump for barn one started swithing on and off rapidly at 3:22 pm so 

the barn was shut down to resolve the issue,  at 3:46 the system was back up and running.  At 

4:18 pm the fan was at 55 hz. At 11:00 pm on 8-16-2009 barn one was shut down. 

Cure 3  Schedule, barn 2 

The truck arrived at 5:45 pm on 8-6-09 and the barn was completely loaded at 7:34 

pm.  The barn starting temperature was 92 ˚F dry-bulb and was set to ramp to 95 ˚F at 1 ˚F 
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per hour.  The wet-bulb limit was set at 93 ˚F.  On 8-7-09 at 8:30 the dry-bulb was set to 

ramp to 100 ˚F at 1 ˚F per hour and the wet-bulb was at 96 ˚F.  9-9-09 8:38 am barn 2 dry-

bulb was set to advance to 105 ˚F. On 8-10-09 at 8:00 am the dry-bulb was set to advance to 

110 ˚F.  8-11-09 at 9:58 am the dry-bulb was set to ramp to 120 ˚F at 1 ˚F  per hour starting 

at 110 ˚F.  At 12:32 pm the wet-bulb was set at 103 ˚F. 

At 5:00 pm the wet-bulb was set at 105 ˚F. At 5:30 pm the wet-bulb was set at 107 ˚F. 

On 8-12-09 at 4:53 pm barn 2 dry-bulb was set to advance to 125 ˚F with a wet-bulb at 110 

˚F. On 8-13-09 at 10:19 am the dry-bulb was set to advance to 135 ˚F at 1 ˚F per hour.  The 

wet-bulb was set at 110 ˚F.  On 8-14-09 at 9:34 am barn 2 dry-bulb set to advance to 165 ˚F 

at one degree per hour starting a 136 ˚F.  The wet-bulb was 112 ˚F. At 12:46 pm the wet-bulb 

was changed to 113 ˚F. At 5:13 pm switched damper to manual control, rear damper opened 

4 inches. On 8-15-09 at 8:00 am closed rear damper too two inches.  The tobacco leaf and 

stem in the first box was wet half way up the first box. At 8:17 am set dry-bulb to advance to 

165 ˚F from 151 ˚F. 8:30 pm closed rear damper to one inch. 8-17-09 at 10:26 am closed 

barn 2 rear damper to half inch opening. 8-17-09 at 4:06 pm barn 2 was turned off. 

 

Max Ox 900 Setpoints for Cure 2 and 3 

From experience with the first cure the boiler was not started at the begining of barn 1 

yellowing.  The bolier was started on 8-6-2009 at 1:47 pm.  The water tank setpoint was 150 

˚F.  The temperature slowly rose to 167 ˚F, and the boiler was disabled at 2:27 pm.  The 

water tank was used as a thermal storage until the demand for heat increased.  The boiler was 

enabled at 7:55 pm and disabled at 8:55 pm.  On 8-7-09 at 5:00 pm the boiler was re-started 
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and the set point was at 160 ˚F, at 6:00pm the ash auger jammed.  When the system was re- 

started the exhaust temperature reached 200 ˚F and started the automatic mode in a fairly 

short period of time.  There were still unburnt chips on the ring and grate when the grate 

started to rotate.  The unburnt chips were scraped into the ash auger and was then jammed by 

the chips.  This was remedied in a few minutes and everything was back to normal.  On 8-8-

09 at 8:30 am the boiler was started and the setpoint was 150 ˚F.  At 9:09 am a low air fault 

resulted in the combustion system being disabled.  The line in the exhaust flue was removed 

and cleaned.  The fault occured two more times.  The fault would occur when the unit was at 

full operating speed ramping up to the set point of 150 ˚F.  The unit would hit the set point 

and the fan speed would drop to the minmum setting.  This setting was just below the airflow 

switch setpoint and would trip the switch.  The switch was adjusted and this problem did not 

occur again. On 8-8-09 at 8:00 pm the boiler was set to 190 ˚F, at 8:20 pm the boiler was 

disabled because barn temperture was beginning to rise past setpoint. At 9:00 pm the boiler 

was enabled.  The boiler was again re-started on 8-9-09 at 8:25 am.  The timers on the feed 

auger were changed to minimize false jams on the auger.  Timers numbered 21 and 121 were 

changed to 20 seconds and the feed auger was set to a 6 hertz minmum.   

The boiler was re-started at 7:15 pm on 8-9-2009.  At 8:10 pm the boiler was disabled 

at 180 F supply temperature.  At 8:45 pm the boiler was enabled and shut down after the 

temperature reached 180 F.  At 11:15 pm the boiler was enabled again.  On 8-10-2009 at 

7:50 am the boiler was off due to a feed auger jam and the supply temperature was at 105 F.  

The boiler was re-fired once the alarm was acknowledged. On 8-10-09 at 9:30 pm the boiler 

setpoint was raised to 155 ˚F. 
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At 9:35 am on 8-11-09 the boiler setpoint was raised to 165 ˚F. At 5:42 pm the boiler 

setpoint was raised to 175 ˚F.  On 8-12-09 at 8:30 am the metering bin was out of chips and 

the supply temperature had dropped to 156 ˚F.  The boiler was re-lit. At 4:53 pm the boiler 

setpoint was changed to 185 ˚F. On 8-13-09 at 7:45 am the boiler setpoint was set at 190 ˚F. 

On 8-14-09 at 8:15 am the hopper was out of wood chips and the boiler supply was at 145 ˚F. 

On 8-15-09 at 3:22 pm the boiler set point was at 175 ˚F. At 4:18 pm the boiler set point was 

at 190 ˚F. On 8-16-09 at 7:37 am the boiler setpoint was at 175 ˚F.  The water tank 

temperature had risen too high causing the dump loop valve to open to remove excess heat 

from system.  At 8:00 am the dump loop closed.  At 9:30 am dump loop valve opened. At 

11:20 pm the boiler setpoint was at 170 ˚F.  On 8-17-09 at 1:48 am there was an ash auger 

fault. At 7:26 am there was another ash auger fault.At  2:28 pm there was a boiler high limit 

fault, the boiler water tank temperature was at 202 ˚F. 

Cure 4 , Barn1 Cure Schedule 

Cure 4 

Schedule 

of 

Events 

  

Date Time Adjustment 

8-26-09 8:05 pm The dry-bulb was set at 98 °F and to advance to 100 °F at 1 °F per 

hour.  The wet-bulb was set to 97 °F. 

8-27-09 8:30 am Dry-bulb set to advance to 105 °F. 
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8-27-09 9:45 am 

to 10:30 

am 

Power turned off to check boiler solenoid valve signal to the dump 

loop. 

8-28-09 3:06 pm 

to 3:11 

pm 

Barn 1 Fan shut off for upper plenum modification.  A strip of 

plywood was nailed between the boxes and fan intake to restrict air 

flow from the boxes and bring in more fresh air. 

8-28-09 3:30 pm Dry-bulb set at 102 and wet-bulb set at 97 

8-28-09 9:35 pm Wet-bulb increased to 98 

8-29-09 6:15 am Wet-bulb decreased to 96 °F due to condensation on leaf, rained all 

night 

8-29-09 1:00 pm Wet-bulb dropped to 94 °F.  Box one lower leaves completely yellow 

and leaf edges starting to curl. Further up box leaves are still green 

and wet. 

8-29-09 4:30 pm Dry-bulb set to advance to 120 °F from 105 °F. Wet-bulb set at 98 °F. 

8-30-09 11:45 am Wet-bulb set at 99 °F 

8-30-09 8:08 pm Dry-bulb at 120 °F and wet-bulb at 100 °F. 

8-31-09 3:05 pm Dry-bulb set to advance to 140 °F from 120 °F. Wet-bulb adjusted 

from 100 °F to 103°F. 

9-1-09 8:27 am Wet-bulb changed from 105 °F to 108 °F 

9-1-09 10:00 am Wet-bulb set to 110 °F 
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9-2-09 1:20 am Wet-bulb set to 109 °F 

9-2-09 12:53 pm Wet-bulb set to 108 °F 

9-2-09 1:42 pm  Dry-bulb set to advance to 165 °F from 140 °F.  Wet-bulb changed to 

108 °F to 107°F. 

9-3-09 12:01 am Wet-bulb set to 111 °F 

9-3-09 6:47 am Wet bulb set to 109 °F 

9-3-09 10:00 am Wet-bulb set to 112 °F 

9-3-09 11:40 am Fire in combustion chamber was out. Fire had to be re-lit.  The 

hopper auger was turned off so no chips were fed into the metering 

bin. 

9-3-09 1:00 pm Wet bulb set at 114 °F 

9-3-09 3:18 pm Wet-bulb set at 115 °F 

9-3-09 4:54 pm Rear damper on manual control. Damper was opened 1/2 inch. 

9-4-09 8:15 am Controller suspended advance due to high wet-bulb temperature.  

9-4-09 11:26 am Opened rear damper 4 inches, leaves in front box are still wet from 

the middle of box to top. 

9-4-09 1:42 pm  Barn 1 dry-bulb upper limit set to 160 °F. 

9-5-09 2:41 pm Rear damper at 1/2 inch 

9-5-09 3:03 pm Ash auger fault shut down boiler in the morning and the barns cooled 

down.  The temperature was set to advance from 148 °F to 160 °F at 
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2 °F per hour.  The wet-bulb was set at 157 °F. 

9-6-09 8:00 am  Ash auger fault resulted in another loss of heat.  The dry bulb was 

132 °F and the wet-bulb was 99 °F. 

9-6-09  8:42 am The barns were still off to check the leaves in the barn.  The rear 

boxes 3-10 were completely dry.  Box 1 and 2 still had wet leaves in 

the top of the boxes. 

9-6-09 1:32 pm Cure Finished. Barns shut down.  

 

Cure 5, Barn 2 Cure Schedule 

Cure 5 

Schedule 

of Events 

  

Date Time Adjustment 

8-27-09 6:00 pm Barn loaded. 

8-27-09 7:30 pm Dry-bulb advancing to 100 °F.  The wet-bulb was set to 97 °F. 

8-28-09 3:18 pm 

to 3:24 

pm 

Barn 2 Fan shut off for upper plenum modification.  A strip of 

plywood was nailed between the boxes and fan intake to restrict air 

flow from the boxes and bring in more fresh air. 

8-28-09 3:30 pm  Dry-bulb set at 102 °F and wet bulb set at 97 °F. 

8-28-09 9:35 pm Wet-bulb set at 98 °F 

8-29-09 1:00 pm Still green in leaf veins in lamina, wet-bulb set to 96 °F. 
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8-29-09 4:30 pm Dry-bulb set at 100 °F and wet-bulb set at 95°F. 

8-30-09 8:00 am Wet-bulb set at 94 °F. 

8-30-09 11:45 am Dry-bulb set to advance to 102 °F. 

8-30-09 8:08 pm Dry-bulb set to advance to 105 °F. 

8-30-09 9:30 pm Dry-bulb set to advance to 120 °F. 

8-31-09 7:33 am Wet-bulb set to 100 °F. 

9-1-09 1:30 pm Dry-bulb set to advance to 130 °F, wet-bulb set to 105 °F. 

9-2-09 1:20 am Dry-bulb set to advance to 140 °F, wet-bulb set to 110 °F. 

9-2-09 11:52 am Wet-bulb set to 111 °F. 

9-2-09 12:53 pm Wet-bulb set to 112 °F. 

9-3-09 12:01 am Wet-bulb set to 110 °F 

9-3-09 10:00 am Dry-bulb set to advance to 165 °F and wet-bulb set to 111 °F.  

9-3-09 1:00 pm Wet-bulb set to 112 °F. 

9-4-09 8:15 am Controller suspended advance due to high wet-bulb temperature. 

Wet-bulb changed to 115 °F 

9-4-09 11:26 am Leaves in front box are still wet in the top third of box. 

9-4-09 1:42 pm Dry-bulb upper limit set to 160 °F. 

9-4-09 3:13 pm  Wet-bulb set to 110 °F. 

9-5-09 3:03 pm Ash auger fault shut down boiler in the morning and the barns 

cooled down.  The temperature was set to advance from 148 °F to 
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160 °F at 2 °F per hour.  The wet-bulb was set at 157 °F. 

9-6-09 8:00 am  Ash auger fault resulted in another loss of heat.  The dry bulb was 

131 °F and the wet-bulb was 103 °F. 

9-6-09  8:42 am The barns were still off to check the leaves in the barn.  The rear 

boxes 2-10 were completely dry.  Box 1 still had wet leaves in the 

top of the boxes. 

9-6-09 1:32 pm Cure Finished. Barns shut down.  

 

Cure 4 and 5 Max Ox 900 System Parameters 

Max Ox 

900 

Schedule 

of Events 

  

Date Time Adjustment 

8-29-09 8:00 pm Max Ox Started, the water tank temperature set point was 150 °F. 

8-30-09 6:45 am  Water tank temperature increased to 165 °F. 

8-30-09 8:00 am Water tank temperature increased to 175 °F. 

8-30-09 11:45 am Water tank temperature increased to 195 °F 

8-31-09 2:50 pm Loaded hopper with old wet pine wood chips. 

9-3-09 11:40 am Fire was out in combustion chamber, the fire was re-lit.  The supply 
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temperature was down to 162 °F. 

9-5-09 8:20 am  Ash auger fault, restarted fire. 

9-5-09 2:41 pm Ash auger fault, restarted fire. Supply temperature at 147 °F. 

9-6-09 8:00 am to 

8:42 am 

Ash auger fault, restarted fire. Supply temperature at 131 °F. 

9-6-09 10:45 am Ash auger fault, restarted fire.  

9-6-09 11:24 am Ash auger fault, restarted fire.  

9-6-09 12:04 pm Ash auger fault, restarted fire.  

9-6-09 12:31 pm Disabled the boiler combustion system. 
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Appendix C: Advance Curing System Curing Checklist 

 

Common Wall Barn Check List Barn 2 Start Date: 7-17-09
Time: 6:37 pm

Date Time

Cureco Dry 
Bulb 
Temperature

Cureco Wet 
Bulb 
Temperature Voltage Amps

Kilo-watt 
hours

Rear 
Damper 
Opening 
Width

Front 
Damper 
Opening 
Width

Water 
Pump 
Flow 
(gpm)

Water Tank 
Supply 
Temperature

Hopper Weight 
(lbs)

Notes:  
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Appendix D: Flue-cured Bulk Boxes Weighing Frame. 
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