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Executive Summary:  
 

This project involved demonstrating two different thermal manure-to-energy technologies 

at two locations. One project was located on a poultry farm in Cheraw, South Carolina and the goal 

was to demonstrate the generation of grid connected electricity on a farm by using poultry litter as 

the fuel source.  The second project was located on a turkey farm in Port Republic, Virginia and the 

goal was to demonstrate an alternate method of heating a poultry house using turkey litter as the 

fuel source.  Both projects employed thermochemical conversion technologies that utilized poultry 

litter generated on their respective farms.   

 

 The South Carolina project was a re-boot of a manure-to-energy project previously initiated 

by Farm Pilot Project Coordination, Inc. (FPPC), the Chesterfield County Resource Conservation 

& Development Council (RC&D) and the State of South Carolina (SC) on the Marc Marsh farm in 

Cheraw, SC under a SC State Energy grant.  The farm owner raises pullets, roosters, and layers on 

a highly bio-secure facility.  Yearly litter production on the farm is approximately 1,200 tons.  The 

original project consisted of an on-farm gasification system, a heat exchanger, and an organic 

Rankine Cycle (ORC) electrical generator designed to consume 100% of the farm’s litter for 

energy generation.  The original gasifier was designed for 300 lbs/hr throughput that would 

produce enough thermal energy for the ORC generate 25 KWe.  The reason for the re-boot was that 

the throughput and energy conversion in the gasifier was less than anticipated, and limited 

electricity generation.  The ORC system would only operate for 5 minutes then shutdown due to 

lack of thermal energy.  Based on performance testing in SC, grant partners recognized the 

measured limitations of BGP 6-auger gasification conversion component.  FPPC recommended 

that additional investment support for deployment of a larger 12-auger BGP gasifier to the SC farm 

and a new more efficient boiler that could handle particulate matter in the flue gas.  A new 12-

auger BGP gasifier and a new boiler were installed to increase the energy output to the ORC unit. 

 The new 12-auger gasifier was installed during the summer and fall of 2014.   All the 

material handling components along with new controls were redesigned to match the new gasifier.  

A new boiler was installed to address the fouling of the heat exchanger’s surfaces on the old heat 

exchanger.  The system was commissioned and tested in November 2014.  Prior to connection with 

the ORC, evaluation of the new gasifier indicated that the gasifier successfully produce the design 

heat output load of 1,000,000 Btu/hr.  This target output to the ORC was enough thermal energy to 

generate approximately 25 KWe according to the original ORC specifications.  However, 

evaluation of the gasifier in conjunction with the ORC indicated that the design specifications for 

the ORC did not account for greater heat demand when the ORC system was operated at 25 KWe, 

which is half of the ORC’s designed maximum output.  Hence, the ORC failed to generate 

electricity as anticipated.  

 At this time, the system in SC is not currently being operated by the farmer, since it cannot 

continuously generate electricity.  While the project did prove that electricity can be generated on a 

farm and connected to the grid, a critical lesson learned is the importance of ensuring that all the 
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components are designed to meet the inputs and outputs with each components efficiency’s taken 

into account.  

 The second project located on a turkey farm in Port Republic, VA utilized a Global Refuel 

(a division of Wayne Combustion) litter fired furnace to provide an alternate source of heat to a 

brooding house.  Typically poultry farms use propane-fired burners in the houses for heat.  Propane 

prices have seen many fluctuations in the past decade and one way to mitigate the price 

fluctuations is to use an alternate source of heat.  Propane also generates moisture from the 

combustion process and moisture has become a problem in modern poultry houses.  The Global 

Refuel litter furnace uses the heat from combustion to heat air circulated through the poultry house.  

This hot air from the furnace has the potential to provide other benefits besides fuel savings.  One 

possible benefit is increased bird health by increasing the air quality in the houses.  During the 

colder seasons and even during the summer for the first week of the flocks, farmers have to manage 

the fan run time and propane usage.  Fans are used to circulate and exchange the air inside of the 

houses.  These fans pull in fresh outside air and help remove moisture in the houses.  However, 

they also bring in cold outside air and thus remove heat from the houses.  The propane-fired 

burners will compensate for the heat loss. A farmer has to compromise between running the fans 

and burner runtime.  The more fan runtime the better the air quality, but the more fuel is consumed.  

The Global Refuel system could provide a continuous source of heat to the houses by using on 

farm generated litter, which is a very inexpensive fuel.   

  The Global Refuel (GR) system was installed beside the farmer’s turkey brooding house in 

March 2013.  The turkey brooding house is stocked with young turkeys (poults) and therefore 

needs heat throughout the year for every flock. In the winter the house requires heat continuously. .  

The farmer needed 1,000,000 MBtu/hr of heat input for the house.  A previously installed biomass 

boiler provides 300,000-500,000 Btu/hr of heat through a radiant heater floor.  The GR system was 

designed to provide an additional 500,000 Btu/hour.   

FPPC worked with the Virginia Department of Environmental Quality to secure a Biomass 

Test Air Permit, which allowed the unit to operate for testing purposes only.   This permit allows 

for additional data collection needed to support the final permitting decision process.  

The GR unit was designed to provide heat to the poultry house using an air-to-air heat 

exchanger with hot air delivered to the poultry house with one supply duct located in the center of 

the house.  The existing air circulation system in the house would then be used to distribute the heat 

throughout the rest of the house.   

However, the GR system failed to operate as designed.   The system had mechanical 

problems with the material handling equipment.  This caused the system to shutdown numerous 

times through the evaluation period.  The system would operate for several days without problems, 

and then shutdown due to errors.   

While initial emissions testing showed the system might need an abatement system for 

particulate matter, later results from a 3
rd

 party testing company showed the system need more 

emissions work than anticipated.  Global Refuel spent over a year trying to find the correct 
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abatement technology to control the particulate matter, but decided that continuing to pursue the 

market for this technology was not in their company’s interest.  They have stopped working on the 

system, but will continue to support the farmers remotely if needed.   

 This project has shown that the Global Refuel system’s concept of burning poultry litter and 

heating the poultry house through hot air via a central duct work system can work.  However the 

combustion system needs more development to overcome its weaknesses.  

 

South Carolina Project 

Introduction and Background 

Project History 

 Since the project in South Carolina was a continuation of an existing project, the history of 

the original project will be provided so all the lessons learned from the entire project from start to 

finish is available. 

 The farm is a breeding poultry farm with 4 pullet houses, 4 rooster houses, and 4 hen 

houses that generate approximately 1,200 tons of poultry litter per year.  A litter storage barn is 

located adjacent to the gasification system to provide easy access to the feedstock.  Storing poultry 

litter is a normal operation for poultry farms and the buildings used for storage are approved for use 

by the NRCS. 

 From Figure 1, the use of propane and electricity both have peaks and valleys which 

correspond to the changing weather from hot to cool times of the year as well as when the houses 

are empty and when they are full.  Electricity use in the summer increases because of large fans 

used to cool the poultry houses.  

      

Figure 1 
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The proposed system was designed to provide a constant load of electrical power to the grid, 

thereby reducing the summer time peak demand and utility bills throughout the year.   

Since the litter is collected once a year from the rooster and pullet houses and twice a year 

from the nest egg houses, covered storage was required to keep the litter dry.  The amount of 

manure from each type of house varies with the nest egg houses producing 67% of the litter, the 

pullet houses producing 18%, and the rooster houses producing 15% of the litter (mass basis).  It is 

well known that organic material can change with time and environment.  The different litters were 

not mixed except for some crossover in the litter storage shed.  These changes affected the energy 

content of the litter and this will be evaluated so the conditions of the litter feedstock going into the 

gasifier will be consistent and introduced at maximum efficiency for the system.  

The choice of a BGP gasifier over other units was determined as a viable option from 

research and development efforts prior to the SC installation. BGP had worked in different areas 

around the world to develop their technology for animal disposal, hospital waste disposal, and 

energy generation with manure as a fuel. BGP introduced a batch unit located at North Carolina 

State University (NCSU) that could use animal manure as a fuel. This gasifier was set up by BGP 

and the equipment designer, David Brookes.  Through testing of different waste streams 

(specifically pig manure), it was discovered that pig manure had enough energy to sustain the 

process if it was a semi-continuous or continuous system. The next unit was a small test unit 

with augers to continuously feed a waste stream through the unit for gasification without 

additional fossil fuels.  At the same time, batch units were being developed for commercialization 

for on farm deployment to handle animal mortality. Informed by this research, BGP designed 

and successfully deployed a large mobile unit for mortality destruction.  

The following photos depict of each of these systems below along with a simple diagram 

for the small batch and NCSU continuous systems. In all cases, the BGP gasifier was seen as a 

simple system that had been successfully deployed; however, the only fully successful 

deployment of a commercial version of the gasifier was and still is the small batch systems for 

animal disposal. 
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 Left: BGP continuous research unit at NCSU. Right:  BGP batch gasifier 

 

 

 

 

System Design 

 For over twenty years, it was believed that manure could be gasified and the resulting 

syngas be used to produce liquid fuels or directly generate electricity in modified generators. 

Several of these gasifiers used traditional style gasifiers with fluidized beds updraft, or down-

draft systems. These were proven technologies for traditional biomass and other products such as 

municipal solid waste and coal.  Other companies worked with entrained flow systems and other 

non- conventional gasifiers. The problems encountered by these systems were primarily related 

to material handling, and the manure causing additional problems such as tars and other 

contaminates in the syngas.  These contaminates could quickly destroy any engine unless the 

syngas was cleaned.  On the small farm-level scale, the syngas contaminates were viewed as a 

costly problem. Research with biomass gasification can directly relate to manures; however 

manures tend to offer more challenges than woody biomass. For this reason most recent manure 

thermo-chemical technologies do not use traditional gasification methods or they directly 

combust the syngas.   
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Top left:  mobile gasifier  Top right:  flow diagram of gases   

Bottom:  NCSU continuous gasifier schematic 

 

The BGP gasifier was chosen as the vendor for the SC Marc Marsh project.  They had a 

gasifier close to the commercial size needed to consume the farm’s litter for the SC project. A 

throughput test and troubleshooting test were conducted to make sure the correctly- sized BGP 

gasifier needed for the farm could be specified. The prototype gasifier was located at Harsh 

International’s fabrication shops in Eaton, CO which was running feedlot manure. 

To achieve electrical generation using a gasifier fueled with poultry litter, FPPC 

considered two ways of generating electricity using combustion: 1) combust a fuel directly in a 

prime mover (reciprocating engine, gas turbine, etc.) or 2) indirectly by combusting a fuel and 

using a working fluid such as steam, or a refrigerant. Other possible pathways were not 

considered because they are not commercially available.  These include the Stirling engine and 

the external Brayton cycle.  On a small scale under 100kwe, it is more efficient to use a direct 

method such as a reciprocating engine (RICE) or a gas turbine (micro turbine). However, they 

both have challenges of their own.  

The Electratherm ORC was the only choice at the time for electrical generation units. 

Previously, Infinity Turbine offered a possible unit, but the appropriately-sized model 
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discontinued before the installation timeline. Both systems offered only one way to transfer heat 

to their system and that was with hot water.  FPPC asked about directly heating the refrigerant. 

Both companies use hot water because oil in the refrigerant can degrade at higher temperatures. 

Also, direct heating would raise safety concerns since the pressure of the refrigerant could rise 

very quickly if overheated.  Overall, the ORC systems are designed to use low-grade heat or 

waste heat.   

FPPC was responsible for designing the system by combining somewhat off-the-shelf 

components: feeding mechanism, gasifier, ash handling system, heat exchanger, hot water 

plumbing, and the ORC.  The original goal was to build a CHP (combined heat and power) 

system by generating electricity first and using the waste heat to heat the farm’s poultry houses. 

Due to the high bio-security needs of the farm, and physical location of the gasifier site relative 

to the poultry houses, FPPC along with the farm partner decided not to proceed with heating the 

houses. 

System Design and Operation Prior to the Start of this Project: 

Assuming 24/7/350 operation (time taken out for maintenance and downtime) the feed rate 

was determined by dividing the total amount of litter on the farm by 365 and 24 to get an hourly 

feedrate (1200 tpy = 273lbs/hr).  Since the amount of downtime was unknown a feed rate of 

300lbs/hr +/- 50 was chosen.  Each component was specified based on this feed rate criteria. 

The gasifier was sized according to that feed rate with an assumed energy content of the 

litter.  The energy output of the gasifier was specified within a certain range by the designer, 

David Brookes, who provided anticipated flow rates and temperatures.  We specified the heat 

exchanger to match the output of the gasifier, considering flow rate, temperature, type of gases, 

water temperatures, and pressure drop across for the air side.  Unfortunately, we could not size 

the ORC system as desired for 20-30 kwe generation.  Electratherm offered one size (a larger 50 

kwe unit), and they were not willing to deliver a specially-sized unit.  As designed, this system 

would work assuming each component worked as specified. The 6-auger gasifier operated at 

about 1/3 to ½ its specified feed rate and failed to completely gasify the feedstock, thus failing to 

recover all the available energy. 

 

Prior Performance Results for the BGP Gasifier 6-auger unit: 

 The 6-auger gasifier was the first major component in the system and was responsible for 

generating or extracting the energy from the chicken litter and delivering energy in the form of hot 

combustion gases to the HE.  It was supposed to operate at a feedrate of 250-350 lbs/hr of as- is 

chicken litter. The 6-auger gasifier was only able to extract from the litter about 600,000 to 

700,000 Btu/hr at its best without destroying the augers in one week run while keeping the primary 

chamber (PC) below 1600F.  Below is the data collected in March 2012.  This resulted in 624,670 

Btu/hr being extracted from the feedstock.   
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Here is the energy balance: 

Gasifier: 

225lbs/hr * 0.23%M = 173 lbs/hr (dry feedstock) 

173lbs/hr * 7,350 Btu/lb = 1,271,550 Btu/hr into the gasifier 

173lbs/hr * 0.10 = 17.3 lbs/hr of ash 

If carbon is 72% than the lbs/hr of "as is" ash would be 62.2 lbs/hr 

62.2 lbs/hr * 10,400 Btu/hr = 646,880 Btu/hr left in the ash 

Heat exchanger: 

Water flow rate:  65 gpm 

Water delta T: 15 F 

Energy out in water: 65gpm*15F*500 = 487,500 Btu/hr 

Energy extracted from manure = 624,700 Btu/lb 

Efficiency of gasifier and HE = 487,500/624,700  =  78% 

 

The 6-auger gasifier presented a challenge.  It would produce a carbon rich ash that maintained 

a significant portion of the energy in the feedstock but the augers would not be damaged or we 

could extract more energy from the ash, but at the expense of damaging the augers.   

The gasifier has three areas where it can lose energy:  1.) through the steel shell 2.) through the 

heat capacity of the ash (no carbon) 3.) the carbon left in the ash.  BGP expected the efficiency of 

the gasifier to be 80%.  To calculate the energy left in the mineral portion of the ash, the heat 

capacity of the ash was used to calculate that loss.  If the mineral ash content of chicken litter 

was assumed to be 10% by weight (measured on Marc’s farm) on a dry matter basis and the 

specific heat for the mineral ash is the same as coal fly ash (0.191 Btu/lb F) than at 300 lbs/hr 

feedrate at 20% moisture and the ash exiting at 1600 F than the Btu’s lost with the ash would be 

300*0.8*0.1*1600*0.191 = 7,334.4 Btu/hr. This assumes a 100% reduction in Carbon in the ash 

which is usually not the case even when the gasifier is running perfectly.  Most of the heat 

generated by the hot ash is due to the residual carbon that is left in the ash that is still reacting 

with available Oxygen in the atmosphere. When there is abundant carbon in the ash, as there is 

in with the South Carolina project, the ash can have between 50-75% carbon by dry weight and 

can give off significant heat.  The amount of carbon in the ash under optimal gasification should 

be by weight less than 15% and ideally around 5% or less by dry weight. 

 The gasifier was not extracting sufficient energy from the litter. Even at lower feed rates 

it was not performing. To extract the energy from the litter there are basic requirements: 1) 

external heat supply for start-up 2) oxygen, and 3) time. The external heat supply is used to start 

the thermochemical process; it dries the litter, drives volatiles from the litter, and helps the 

carbon cycle sustain itself.  The oxygen helps break the strongly bonded carbon and speeds the 

process. Time is related to parameters such as feed rate, heat transfer rate in to the poultry litter, 
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and rate of volatilization of all the organic molecules.  Any one of these requirements and rates 

can affect the process. 

Heat transfer: The heat under the hearth tile was measured and was sufficient to drive the 

reaction, but the rate of heat transfer through the hearth tile and into the litter was not 

known. It was observed that the litter piles up in a manner that is not conducive to rapid 

heat transfer. The installed hopper modifications were an effort to allow better control of the 

amount of litter entering into the primary chamber at a given time so that the heat transfer 

could happen more rapidly. 

Volatilization: The litter had good volatilization, but it doesn’t seem to occur fast enough. 

The carbon cycle was just starting when the ash was conveyed out of the primary chamber 

and droped into the ash box. It was unclear if this was due to the material not being 

conveyed correctly, its bulky character for the size chamber, the length of the chamber, or if 

there was insufficient heat transfer (above).  

Oxygen:  Typically the carbon cycle was the last phase of the gasification process and this 

was the time in which outside air was introduced into the primary chamber to react with the 

carbon bonds to help break them and allow the gasifier to fully extract all the energy from 

the manure.  Typically this involved a good amount of flame which would die down 

considerably to almost no flame before the ash exited the primary chamber. A considerable 

amount of flame was observed just before the exit of the primary chamber which suggests 

that the process was not complete.  If more air was added at this stage the temperature 

reached levels that damaged the auger (observed in a 3-day test run). 

 

Problems and Solutions to the previous system  

 This project was focused on solving the problems from the first project.  A complete 

engineering review of the previous system was undertaken and below were the results.  These 

results were used to determine which changes were to be implemented to give the best chance of 

running the ORC 100% of the time. The original 6-auger unit did gasify poultry litter while it also 

generated ash and thermal energy.  However it did not meet the design specifications of 300 lbs/hr 

and it did not produce enough energy reliably for the ORC to work continuous.   

 System Components 

 Feed Hopper: The feed hopper was the first part of the gasifier and it seemed to be work 

fine on the original 6-auger unit.  The 6-auger unit relied on the main augers to pull material 

from the hopper at a rate governed by the speed and size of the auger. This concept would work 

if the residence time for the feed rate was known and designed into the gasifier with auger size 

and length.  The 6-auger gasifier’s feed rate and residence time were tied together and inversely 

proportional.  The higher the feed rate the lower the residence time.  The federate and residence 

will need to be separated with the 12-auger gasifier. 
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 Main Augers:  The augers in the primary chamber (PC) of the gasifier were the only 

moving parts inside the gasifier. The simplicity of this design was appealing, however, the type 

of metal, 304L SS (a low carbon 304 SS), used for the 6-auger gasifier was found not to be 

adequate under the desired operating conditions. This metal selection was made on the basis that 

it could handle temperatures of 1600 F, was readily available, and was a relatively cheap alloy.  

It was the material used in both the NCSU continuous gasifier and the small Colorado test unit.  

In both these test units the augers have maintained integrity and have not seen damage due to 

high temperatures.  At first it was felt that the temperatures in the PC were controlled to be 

below 1600 F and it was not understood why the augers were failing under this temperature 

limit.  It was considered a chemical attack; however, subsequent temperature measurements by 

looking at the material around the auger at the ash end of the primary chamber were higher than 

expected.  Auger temperatures at the hot end ranged from 1500 F to 1800F which exceeded the 

limits of 304L SS. Research in the area of high temperature metals was reviewed and it was the 

belief that carbide precipitation was taking place.  At higher temperatures chromium (which 

gives 304 SS its protection) attaches to the carbon in the steel and leaves the steel without the 

necessary chromium to provide protection.  A simple test using a sample piece of 304L SS and 

309 SS in a muffle furnace at 1600 F showed that 304 started showing a little bit of scaling and 

flaking but very small amounts. When the temperature was raised to 1800 the 304 had more 

substantial flaking and the 309 had no visible problems.  These results mirrored what was seen 

with the augers.  If the temperature can be kept to a low enough temperature than 304L SS 

would work, but if the temperatures exceed 1550 F than a better grade alloy such as 309, 310, or 

330 is needed. 
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Top:  damaged auger in 6-auger gasifier   Bottom:  309 vs 304 muffle furnace test 

 

It was not clear as to why this was not seen on the augers in the NCSU machine or the small CO 

test unit.   The SC unit ran longer and the machine was fully heat soaked while the NCSU and CO 

units did not had long-term runs where the augers had possibly reached the higher temperatures. 

Another possibility was the high temperatures in the SC unit were due to the primary chamber 

being undersized and too much energy was present in a confined area, causing excessively high 

temperatures. 

 Another concern with the original auger design was their orientation. All the augers were 

right handed augers and all turned the same direction in a shallow trough and tended to push 

material towards one side of the PC. If the PC was flooded with feedstock, then the material did not 

have much of a chance to move from side to side because it had no place to go. However with a 

decreased feed rate, the litter would move from one side to the other as it traveled from the hopper to 

the ash box. At NCSU, when this phenomenon was observed, to improve mixing, a left handed 

auger was installed to push the material back.   
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 Primary Chamber:   The PC is where the chicken litter was gasified. The six main augers 

conveyed the fresh litter from one end of the gasifier to the other and during this time, heat was 

transferred from the hearth plate to the litter producing a syngas that was then drafted into the 

secondary chamber (SC).  Each auger was identical with a 6” OD, a 2.5” schedule 80 pipe, and a 6” 

standard pitch.  Each auger was constructed from 304L SS (a low carbon 304 alloy).  

 One idea was the PC was too small to be able to gasify 300 lbs/hr of chicken litter and more 

length, more depth (more augers) or more height in the PC ceiling was needed.  All continuous feed 

BGP gasifiers have 6” OD augers, but the residence time varied due to length of the augers.  Below 

is a chart of BGP continuous gasifiers and their auger length and lbs/hr and lbs/auger.  A significant 

difference found was the lbs/auger which was high in the SC unit. 

 

Unit location # of augers lbs/hr lbs/auger PC length ft 

South Carolina 6 300 50 10 

Colorado 4 125 32 8 

NC State 3 90 30 13 
 

 

 Secondary Chamber:  The SC was where the syngas was oxidized (combusted). When the 

syngases first entered into the secondary chamber, they were ignited and formed a flame front that 

carried through the secondary chamber and created the energy needed to heat the hearth tiles and to 

continue the thermochemical process.  Only a small amount of heat was needed to continue the 

reaction while the rest of the energy traveled up the stack and into the Cain heat exchanger (CHE). 

This chamber was designed for a low velocity flow so that PM would not carried up the stack. 

 There were two problems with the secondary chamber. The first problem was with the hearth 

tiles cracking. Of the four tiles, the two on the burner side had major cracks running completely 

through them.  These two tiles were repaired by placing another brick pier under the cracked area to 

give it more support.  It was unclear as to why the tiles cracked but it was theorized this was a 

problem with heat and flame temperature. The South Carolina unit’s propane burner was configured 

for an on/off mode with the controlling t/c placed before the exit. The burner was initially set at 

approximately 600,000 Btu/hr (burner’s max is 1.2MBtu/hr) and mounted at a 10 degree offset angle.  

The burner was remounted to fire straight down. The combination of the offset firing angle with a 

Btu output that was too high and the controlling t/c placed too far away from the burner caused the 

cracking in the hearth tile by allowing the burner’s flame to touch the hearth and have too high a 

temperature on the hearth tile.  Note that the hearth was supposed to handle 3,000 F.  When the 

gasifier was running on just litter with the outlet temperature at 1800 F, the temperature under the 

burner (near the first hearth tile) was approximately 1900 – 2000 F. However, when the propane 

burner was firing, higher temperatures in the range of up to 2300 – 2400 F were a result and the 

propane burner flame was more concentrated. The solution for the 12 –auger was to install a t/c 

closer to the propane burner that controled the burner using a modulating valve with a second t/c near 
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the exit of the gasifier that controlled the system’s temperature.  An additional support pier was 

installed under the 12-auger’s first hearth tile to provide additional support.  

 An additional concern was the burner box. When the 6-auger gasifier first arrived, the burner 

box was installed with no additional blowers.  In this case the burner was expected to provide 200 

scfm of air and the primary chamber was to provide 300 scfm of air. We also saw that insulation on 

the burner box was inadequate.  The 12-auger unit had mounts placed for additional blowers and the 

box was insulated with blanket insulation. 

 

 Ash Box:  The 6-auger gasifier’s original ash box was not insulated when it arrived in South 

Carolina, but it was insulated before running the machine.  The 6-auger’s ash box was insulated many 

times because it was not properly insulated the first time.  It was difficult to retrofit insulation in the 

field because the auger shafts go through the ash box making it difficult to work on.  The ash box on 

the 12-auger unit was insulated before it is shipped. 

 Cain Heat Exchanger (CHE):  The CHE was not properly specified due to incorrect flue gas 

flow information given to FPPC.  The second problem was with particulate matter fouling the 

heating transfer surface.  The CHE was not specified with a soot blower or any way of cleaning the 

heat exchange surface while the unit was operating.  All solid fuels generate PM and the boiler 

industry has figured out how to keep their boilers clean and operating efficiently.  Other companies 

that have successfully demonstrated the ability to combust biomass fuels and generate hot water 

have used more traditional heat exchangers that are off the shelf boilers that have soot blowers to 

remove the particulate matter from the heat exchanger surfaces. 

 

 Electratherm ORC:  We were assured by the company that we could run their system at lower 

outputs given the amount of energy we could supply; 1,000,000 Btu/hr.  No changes were planned for 

the ORC unit. 

 

 

 

 

 

Graph 1: temperatures of the gases in the gasifier and the CHE.  
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Graph 2:  Calculated Btu going into the ORC from the CHE 

 

 

Graph 2 is a calculation of the Btu/hr from the 60-auger system going to the Electratherm from the 

CHE in the form of hot water.  The Btu/hr was fairly consistent and then we fired the burner to get 

more energy. After we fired the burner for a couple of hours, we turned off the burner and the 

temperature of the gasifier maintained the 1800 F to the CHE for the rest of the run time of over 12 

hours. This data is from a Tuesday till Thursday. 

These are the temperatures measured in the secondary chamber in the 6-auger gasifier. The 

temperatures are fairly constant and stable so the gasifier is working but it was not able to process 

the 300 lbs/hr needed.  It was also not recovering all the energy from the manure and putting out a 

clean ash when operated at higher feedrates. 
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 Ash handling:  The ash was conveyed out of the gasifier with an auger.  From there, the 

original ash system comprised of a 30’ 9” auger at about a 30-degree angle.  The augers were in a 

standard “U” trough.  It was conveyed in a large metal container.  The metal container was part of a 

dump trailer system.  The dump trailer worked well, but it is a bit cumbersome to operate especially 

by only one person.  A different, easier to use system was needed for the redesigned system. 

 

Summary of the original 6-auger unit 

Even though the 6-auger gasifier in combination with the CHE and the ORC did produce 

grid connected electricity, the system did not do so continuously.  The 6-auger was severely 

underperforming which resulted in the system not sustaining electricity generation. The BGP 

gasifier’s design was sound in principle, but it needed engineering and modifications to realize its 

potential. The Cain heat exchanger seemed to be working, but it was not equipped to handle 

particulate matter and was not working up to its potential. The ORC worked, but again, the match of 

components depended on full performance from each of the major components and the entire system 

could benefit from engineering review of component compatibility.  

 

4.) Use the 6-auger machine to produce biochar.  This option would involve minor 

modification to the existing gasifier to make it more robust (such as replacing the augers 

with a higher grade alloy). 

 

Current South Carolina Project 

 All the knowledge and lessons learned were taken from previous experience in South 

Carolina and reviewed to find the best path forward.  The decision was made to utilize a 12-auger 

BGP gasifier that was already partially built and install a new heat exchanger (standard boiler) to 

replace the CHE.  Some modifications were made to the 12-auger gasifier to improve performance.  

Below were the modifications made to the 12-auger gasifier. 

1.) Hopper:  Harsh increased the height of the existing hoppers 12-18” and then mounted a 9” 

transverse auger to the hoppers.  The auger and trough was mild steel with standard flighting 

and pitch.  The last 12” of flight (opposite end of the inlet to the transverse had reverse 

flighting.  This transverse hopper was removable.  It had a single inlet that was feed by the 

current feed auger in SC.  A removable lid will also be included for ease of inspection   

 

2.) Hopper shaft seal:  The feed hopper was modified so the shaft exit point was square and not 

angled.  This helped seal around the shaft to prevent excessive dust and rogue air from entering 

the PC.   
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3.) Hopper stir mechanism:  The 6 auger gasifier’s stirring mechanism worked very well, 

however the gear motor was underpowered.  A new gearbox that has slower RPM’s and more 

torque, but not more HP was installed.  

 

4.) Alternating augers:  To better spread the litter across the PC so that it did not pile up and 

create problems the use of left and right hand augers were used.  The unit had 12 right hand 

augers currently before modifications.  Six left hand augers were installed by Harsh with 

alternating design of L-R-L-R, etc.  The augers were made from the current metal of 304 SS.   

 

5.) Bypass flue stack:  Harsh designed a good method for bypassing the flue stack gases.  This 

method was used for the SC project instead of having all the flue gases going through the heat 

exchanger all the time.  This required the gasifier’s exit to be modified where the flue gases 

come out the back of the unit instead of the top.   

 

6.)  Feedrate:  An adjustable scalloped restrictor plate in the hopper was installed to control the 

feedrate.  This restrictor plate was manually controlled by using a wrench to lower or raise it.   

 

7.) Auger shafts:  The main auger shafts on both ends were keyed so air can could be used to 

pull heat away from the augers. 

 

8.) Ash box:  The ash was originally setup to have two different exit points.  This was modified 

so all the ash was conveyed through one exit.  This entailed changing the auger to either left 

or right where it did comprise of both.  The connection between the ash boxes used a round 

tube instead of a trough so rogue air was restricted and the temperature could be controlled in 

the PC.  The exit trough was changed to a round tube to again restrict air from entering 

through the ash box. 

 

9.) Support pier:  A support pier was installed under the first hearth tile.  This was the same spot 

where the SC support pier was added for the hearth tile repair.   

 

10.) Ash box seals:  A better type of shaft seal was used instead of insulation to seal around the 

shafts as they exit the ash box.  The more it was sealed, the easier it was to control rogue air 

from entering the PC.  The ash box was insulated from the factory by using appropriate 

insulation materials 

 

11.) Burner box insulation:  A new burner box was built that was at least 12” taller to allow more 

room for the flame from the burner and it used blanket insulation instead of cast ceramic 

insulation. 

 

Installation of the new 12-auger gasifier and the new boiler 
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 All the old equipment was removed from under the 40’ x 40’ shed.  The only remaining 

equipment was the ORC system.  Everything was relocated and moved including gas lines, controls, 

electrical lines, and plumbing because of the new gasifier’s size and the connection to the new boiler.   

 

Old system  

 
 

Arrival of new system of new system on truck 
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New system ready for inspection before installation 

 

Top:  Gasifier Installation  Bottom:  new boiler installation 
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Testing 

  

 The first test fire was conducted in November 2014.  The test fire was only with the gasifier.  

The boiler was not completely connected to the gasifier and was not plumbed to the ORC.  One of the 

modifications was to install a 100% bypass stack.  After the flue gases left the gasifier, a diverter plate 

would divert the hot gases to the bypass flue stack which vented to the atmosphere or to the boiler.  

This was done not only for testing purposes but also for safety.  This equipment in normal conditions 

would not have an operator at all times.  Instead someone from the farm would check on the unit a few 

times a day along with filling up the hopper and emptying the ash bin when needed.  Unlike most 

combustion systems that can ramp up and down quickly, this system acts like a large thermal flywheel 

that stores energy in its refractory insulation.  This helps maintains the system temperature when the 

feedstock varies, but it also can damage the boiler during a malfunction since it will continue to 

deliver heat to the boiler several hours after the fuel has been shut off to the system.   

 The gasifier was first heated up with only propane for 3 days to finish curing and drying out 

the refractory.  The system was slowly heated up to 1,000 F over a 36 hour time period, then slowly 

cooled down over the next 24 hours.  The first test fire with litter followed the next week.  The 

federate was kept low to allow observation of the system to try and find any problems before the 
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system was pushed to its typical operating limits.  The federate was kept to about 100 lbs/hr.  Below is 

a picture of the PC. 

 

 
Primary Chamber with feedstock 

 

 

The first picture was approximately the middle of the PC.  The second picture was about ¾ of the 

length of the PC, closer to the ash end.  This was the hottest part of the PC.  During this test run, the 

PC temperatures never exceeded 1400 F even when air was added to the PC.  The litter was spread 

evenly across the entire chamber, something that did not happen in the 6-auger unit.  The litter also 

was below the auger pipe as seen the second picture.  In the 6-auger unit, litter was usually covering 

the auger which was believed to help cause the overheating because the material was exothermic at 

this stage and it also acted as insulation and trapped heat around the auger. 

 The next test was after the boiler was installed and all the plumbing was completed so that the 

entire system could be tested.  The system was started and everything slowly brought up to 

temperature which took 2 days.  On the third day, the hot water was diverted to the ORC.  After 

several failed attempts to start the ORC, the water was diverted away from the ORC and Electratherm 

was contacted for troubleshooting.  It was discovered a solenoid valve that is a safety bypass valve for 

the refrigerant had a bad seal.  The replacement valve was replaced 4 weeks later.  During this test, the 
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gasifier produced 800,000 Btu/hr output of the boiler.  Even though this was not the target output, the 

federate was kept at just over 200 lbs/hr until the ORC was operational. 

 After the valve was replaced, the system was restarted.  The system was up to temperature and 

the ORC was ready to turn on in 48 hours after the gasifier was started.  The ORC still would not 

operate.  After working with Electratherm, it was determined there were a two problems.  The 

refrigerant level indicator in the overflow tank needed to be reset.  The second problem was the 

contactor to the grid had a bad connection not allowing the generator to connect to the grid.  Both were 

fixed and the ORC would operate.  The gasifier’s federate was set to 250 lbs/hr which provided 

1,000,000 Btu/hr output of the boiler.  Based on the efficiency provided by the Electratherm, the 

electrical gross output should have been 23.4 KWe output.  The ORC would start out at above 30 

KWe due to its algorithm that operates the system.  The ORC didn’t measure the amount of energy 

going into the system via usual methods such as temperature and water flow rates.  Instead it used 

ambient temperature and the hot water inlet temperature to calculate how much electricity the 

generator should be able to generate.  This presented a problem when the ORC is not provided the 

amount of energy close to its maximum input.  After discussing the issues with Electratherm, they 

offered some suggestions on how to manipulate the system in order to run at a lower KWe output.  

After several attempts to keep the ORC running continuously, system was shut down to allow 

everything to cool down in a controlled manor. 

 Data was gathered and sent to Electratherm to see if there was anything that could be done to 

continuously run the ORC with the amount of energy the gasifier could generate.  It was discovered 

that the ORC’s efficiency would steadily decline when not operating at the maximum output.  The 

efficiency at the conditions that were used to run the system were in the 4% range.  At 4% efficiency 

and 1,000,000 Btu/hr input to the ORC, the expected gross KWe was around 11.7 KWe.  Electratherm 

again offered some suggestions to manipulate the controls so the system would run at this lower output 

the entire time the ORC was running.  Unfortunately, the project was over at this time and this was the 

final attempted run for the system. 

 After the entire system was shutdown, a thorough inspection of the entire system was 

completed.  It was discovered that there was some damage to the last three feet of the main augers in 

the gasifier due to excessive temperatures.  During the last run, the temperatures in the PC near the ash 

of the chamber were in excess of 1600 F during the last 24 hours of operation.  While this temperature 

range was known to cause damage, the focus at the time was to operate the ORC and keep it running. 

 

Emissions 

  

 The emissions were not tested using a 3
rd

 party company as originally planned.  The emissions 

were checked periodically using a portable electronic emissions monitor. The monitor could check 

Oxygen, Carbon Monoxide, and NOx.  The concentration of CO were always under 50 ppm while the 

NOx ranged from 50 to 125 ppm.  These are not EPA methods and should not be used for anything 

other than a way of checking to make sure the system is operating within its designed operating 

parameters.  Although the amount of particulate matter was not measured, the particulate matter was 

visible and that could lead to permitting issues in some states.  j 

 



 23 

Conclusions 

   

 The BGP gasifier is a unique manure to energy system.  The BGP system uses a portion of the 

heat from combustion to drive the process allowing it to utilize wetter and less energy dense 

feedstocks.  Most systems use air to drive the oxidation reaction of the fuel, but this can be 

problematic with wet manure and manures that are dense where the air cannot sustain combustion or 

the air cannot lift the dense manure.  The augers in the main PC offer a good way of conveying the 

manure through the system as augers are used to convey materials in many industries.  The augers can 

handle bulky, dense, fine, and course materials.  However these benefits have also proven to be the 

weak point in the gasifier.  In order to keep the temperatures down in the PC, the gasifier must have a 

large footprint or the manure is not taken to complete ash and as a result a high amount of carbon is 

left in the ash.  There are possible solutions to this problem such as using a higher grade alloy for the 

augers, redesigning the system to keep the augers cool, using an alternate conveying system, or 

redesigning the system to reduce the temperature in the PC. 

 

 The BGP gasifier was seen as a simple design that was robust and inexpensive in both capital 

cost and operation, however this has not been supported by the South Carolina project.  Some of the 

problems encountered have been resolved and others will be addressed in subsequent efforts. 

 

 There is only one commercial ready technology that can utilize heat from combustion 

to generate electricity under 100 KWe and that is an ORC.  There are two commercial ready ORC 

technologies on the market; Electratherm and Infinity Turbine.  Infinity Turbine offers a 10 KWe 

and a 50 KWe unit.  Electratherm offers three sizes ranging from 38 KWe to 120 KWe.  The 

problem with small systems is the cost per KWe and the low efficiencies.  However, the gasifier 

produces high grade heat. A future option would be to work with companies to take advantage of 

the high grade heat available from manure gasification and modified combustion systems.  A 

modified ORC system could show promise and offer greater efficiencies than is currently available.  

There are other technologies that could be developed to operate at the farm scale that use a different 

type of technology.  These technologies include the Brayton cycle, the Stirling engine, and a small 

steam turbine.   

 Manure to energy systems are still in the development stages and manure to electricity for on 

farm use is not commercially ready.  More work should be focused on making systems able to handle 

a wide range of manures, able to run automatically with minimal operator time, low maintenance, 

work on emissions controls, increase efficiency of the electrical generator, and to reduce the price. 

 

 

 

 

 



 24 

Port Republic, VA Demonstration of the Global Refuel system 

Introduction 

 The Global Refuel (GR) system was chosen for this project due to its success on a poultry farm 

in Indiana.  The system operated for over a year at this farm and was seen as a success.  The GR 

system was also a relatively inexpensive manure to energy system designed for small farms with only 

1-2 houses.   

 The Global Refuel poultry litter to energy system was located at the Riverhill poultry Farm 

in Port Republic, VA was the second installation of its kind in the country, and served as an 

opportunity for the technology provider, Global Refuel (a division of Wayne Combustion 

Systems), to fine tune performance of the technology in a real-world, farm scale setting. 

 The Global Refuel technology was selected for demonstration by FPPC and the Eastern Shore 

RC&D because they were one of the few vendors with technologies available commercially that also 

had data on air emissions available for review by the project team and air permitting agencies. These 

preliminary emissions data indicated that criteria pollutant emissions from the Global Refuel system 

would meet Virginia’s permitting requirements.  

Installation 

 The installation of the GR unit was done during February and March of 2013.  The unit was 

installed on a 30’ x 30’ concrete pad a few feet from the poultry house.  The unit was positioned at the 

midpoint of the length of the poultry house so that the duct work would enter on the side wall at the 

middle of the house.  The poultry house does whole house brooding and this was considered the best 

place to ensure even heating across the poultry house from the GR unit.  The unit was first fired in 

March 2013.  

 

 GR unit being set in place on the concrete pad 
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Installation of the duct work into the poultry house 
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Duct work from the combustion unit to the poultry house 

 

 

Obstacles to finish construction 
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GR installation completed 

 

How the system works 

 The WC system is a two stage combustion system designed for poultry litter as the fuel source. 

The system was comprised of two chambers:  1.) the combustion chamber (CC) was the inner chamber 

and was mainly comprised of mild steel.  2.)  The second outer chamber (OC) was the heat exchanger.  

The CC was a rectangular box (almost square) that sat inside the OC.  A large HVAC fan blew air 

around the outside of the CC thus heating the air.  The air was directed around the around the CC via 

baffles and ultimately exited through duct work to the poultry house.  The return air came from the 

poultry house.  The WC system was designed for 180 lbs/hr max federate which is approximately 

900,000 Btu/hr input with the poultry litter having 5,000 Btu/lb (LHV).  This number was high for this 

farm.  This farms poultry litter had a moisture content of 24 % and a LHV of 4,030 Btu/lb.  Wayne 

Combustion claimed the GR system could handle raw poultry litter straight from the houses with a 

maximum moisture content of 35%.   

  The material handling system comprised of a large bulk hopper that used a drag chain to move 

the litter into a horizontal transfer auger.  The bulk hopper had a series of “beaters” that were used to 

delump the litter before it exited the hopper and into the transfer auger.  The transfer auger took the 

litter from the bulk hopper into an inclined belt conveyor that was mostly enclosed.  The belt conveyor 

conveyed the litter to a cone shape surge hopper located on top of the combustion unit.  Another 

delumper was located between the belt conveyor and the surge hopper.  The surge hopper had a 

material sensing switch that controlled all prior material handling components in an on/off fashion.  

When the surge hopper was empty, the material handling components were energized and stayed 

energized until the surge hopper was full.   

 The surge hopper had a rotating assembly inside to keep the litter from bridging.  An auger was 

used at the bottom of the surge hopper to meter litter from the surge hopper onto the top distribution 
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plate inside the combustion chamber.  The surge hopper acted as an airlock as long as litter was inside.  

The top plate had a sweep arm that rotated inside of the top plate.  The top plate was designed with 

holes in it so that the litter was dried/pyrolyzed before it fell through the holes and onto the main 

combustion grate centered 2-3’ below.  Another stir arm was used to keep the litter moving on the 

bottom combustion grate.  The concept that GR was hoping for was that the litter would combust 

quickly as it fell from the top plate to the bottom plate with little residence time on the bottom plate.  

The bottom plate acted as an air distribution grate and ash removal system.  The bottom combustion 

grates consisted of two plates that were slotted.  The bottom plate remained stationary while an air 

cylinder was used to “shake” or rotate the top bottom grate a few degrees in a back and forth motion to 

shake the ash through the holes in the grates and allow the ash to fall through the grates into an “ash 

pan” below.  The ash pan also had a shake mechanism to keep the ash moving.  The ash pan had 2 

separate 3” flexible augers that were perpendicular to each other. They were used to remove the ash 

from the system.  The combustion air came from a blower that blew air through the bottom 

combustion grate slots.   

 The CC was roughly square and the combustion grates were round.  The bottom grates were 

surround by one layer of firebrick approximately 12” in height.  These bricks were used to keep heat 

inside the combustion zone and keep ash inside the grate.  The combustion air would blow vertically 

upwards through the grate where it would come in contact with the litter and off gasses from the litter.  

The heat from combustion would transfer through the CC’s mild steel walls.  On one side of the 

combustion chamber was a vertical steel wall that separated the combustion zone from the flue stack 

which was located at the top on one side of the chamber 

  The control system utilized a PLC to control the entire system.  It was mainly an on/off system.  

The federate was feed in increments of a few seconds on and a few seconds off.  The combustion air 

was manually adjusted.  There was no draft control on the system.  The ash system was on/off which 

was timed using the federate to set the time interval.  The HVAC fan was set at one speed.  It used one 

thermocouple in the system located a few inches above the top combustion grate for control.  It used a 

propane fired burner to start the system.  Once the system reaches a certain temperature, it starts 

feeding litter.  This usually took 30-45 minutes.  It did have a startup program where it limited the 

federate until the system had reached a certain temperature.  It had safety features with limit switches 

on motors and access doors and a high limit temperature alarm for the CC. 

 

Performance 

 The GR unit was initially commissioned and the unit was able to combust poultry litter and 

generate usable heat for the poultry house.  The unit only ran for a few days at a time due to a variety 

of malfunctions in the system.  During this first period of operation, three temperature sensors were 

located in the poultry house. An additional sensor was placed outside.  All three sensors were placed in 

the middle of the house, width wise.  Along the length of the house, one was placed in the middle, the 

other two were placed equal distance between the middle and the ends of the house.  The Graph below 

shows that the temperatures in the house.  The house was also used radiant hydronic floor heat 

powered by a wood fired boiler.  Pancake style propane heaters were also used to provide 

supplemental heat when needed.  The GR did not run constantly due to several problems.  The lesson 

learned here is that the sensors did not indicate when the GR system was on or off.  This indicates that 
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using a single point entry for a heat source such as hot air from the GR system can be done so that the 

heat is evenly distributed throughout the house and that it can be integrated with other heating systems 

to keep the house at the correct temperature despite the fluctuating outside temperatures.  The GR 

system was tested several times since the initial test in March 2013.  In some tests, the system ran for a 

few days before failure while others, it required constant maintenance to keep it going for a single day. 

Each test concluded that the system does provide heat to the houses and can combust poultry litter, 

however it had several problems that kept it from operating continuously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Infrared camera images of the poultry house with the WC unit running 
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Nice and dry around the watering lines thanks to the extra heat from the WC unit 

 

 

Problems: 

 The GR unit had several problems that prevented it from operating continuously.  These 

problems are listed below. 

 Belt conveyor jammed 

 Bulk hopper not moving 

 Surge hopper sensor not working correctly 

 Severe corrosion on top distribution plate 

 Bottom grates becoming stuck and shake mechanism not able to move grates 

 Ash augers frequently jamming 

 HVAC duct work louver jamming 

 Combustion temperatures too low 

 Dust problem on litter handling equipment 

 High CO and PM emissions 

 Visible emissions from stack 

 Not efficient heat exchange 

 Ash having too much remaining carbon 

 Foreign objects like rocks jamming combustion stir arm 
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Solutions: 

 Hopper:  The current hopper had a lot of moving parts that could be eliminated such as the 

beater mechanism inside the hopper.  A standard manure spreader does not require such a mechanism 

to operate and is built specifically for poultry litter.  The controls would operate the same and the 

safety would improve with only one moving part (the drag chain) which moves at similar speeds to the 

existing WC hopper drag chain.  Another benefit is having the ability to increase the size of the 

manure spreader by simply ordering a larger size.  They come in different lengths which could be an 

option to farmers. 

  Conveyor:  The belt conveyor used in the GR system allows dust from the poultry litter to 

build up on the surrounding equipment and floor.  This could be a problem in an enclosed building.  

The belt conveyor also uses more horse power then an alternate conveying method, a screw auger.  

The screw auger has been successfully used with poultry litter as long as a “U” trough is used and not 

a round tube.  Screw augers are very reliable and are readily available with many suppliers.  If the 

industry standard components are used, than various manufactures of augers can be used in the same 

unit without any problems.  An auger would also completely eliminate dust because it can be sealed. 

Surge Hopper:  The surge mechanical parts of the hopper worked, however the level sensor should be 

changed to a mechanical rotary bin level switch.  Also the connection between the conveyer belt (or an 

auger) will need modification to prevent a pinch point where litter can bridge and jam.   

 Feedrate:  The feeding system and the stirring mechanism needs to be driven by separate 

gearboxes that are independently controlled. This will allow more control of the federate and the stir 

arm.  Currently they use the same gearbox and the same shaft.  The federate needs to be a continuous 

system instead of the current on/off control. 

 Combustion Chamber:  The GR unit has a small combustion zone and would benefit from 

making this zone larger.  The key to combustion is time, temperature, and turbulence.  The GR utilizes 

the steel shell of the combustion box to transfer heat to the surrounding air.  This heat transfer stops 

combustion and limits the combustion to the area inside the ceramic bricks.  The height of the bricks 

could be increased around the combustion zone.  The combustion gases could also be rerouted to pass 

back through the combustion zone before exiting through the stack.  In future designs the height of the 

combustion chamber might need to increase by a couple of feet to allow for a higher combustion zone 

to be lined with refractory (brick).   

 Air Handling:  To reduce the horsepower of the HVAC fan, the duct work around the 

combustion box could be changed to reduce the resistance of the air flow.  Fins could also be added to 

the outside of the combustion box in order to increase heat transfer. 

 Stack Draft: The draft in the system was not being controlled.  Draft is used to measure the 

flow of gases in the system.  If the draft is too high then the air could be moving too fast and vice 

versa for the draft being too low.  An exhaust fan where all the flue gases go through the fan or a 

barometric damper could be used to control the draft.   

 Ash components: All ash components need to be constructed from stainless steel to provide 

corrosion resistance.  The bottom of the chamber should be designed to have one ash auger and this 

auger should have a rigid shaft in order to handle rocks which are present in litter. 
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 Startup propane burner:  The startup burner needs to be modulating instead of on/off.  

Currently it is set to fire at 400,000 Btu/hr.  This has caused uneven heating on the combustion grates 

which are cast and they tend to crack due to the uneven heat. 

  

 Combustion air:  The combustion air fan should be changed to a fan with a motor controlled by 

the PLC so it can easily change to accommodate changing operating conditions in the system. 

  

 Emissions controls:  Particulate matter emissions will need to be addressed with future GR 

units.  Emissions testing from a 3
rd

 party tester at GR’s facility in Indiana have shown that the system 

has particulate matter emissions that would prevent it from being permitted in some states in the 

Chesapeake Bay Watershed. 

  

 

Summary: 

 The Global Refuel system did provide heat to the poultry house as designed.  A small manure to 

energy system like GR’s system can combust poultry litter that was generated on the farm.  However, 

the many mechanical problems prevented it from being a useful tool for the farmer to provide an alternate 

source of heat for his poultry house and concentrating the raw poultry litter to ash.  Also visual 

indications along with 3
rd

 party emissions testing emissions controls will be needed. 

 It was also learned that reacting poultry litter thermochemically is somewhat unique at each 

farm. The composition of the poultry litter (including moisture content), the retention time and 

temperature of the process, and heating chamber geometry are all factors affecting thermochemical 

reactions.  

  It is one of the few systems that has proven to some extent to be able to combustion poultry 

litter and provide useful energy to the farmer.  The system is relatively easy to use, easy to maintain, 

easy to fix, and inexpensive when it was operational.  Small farmers (4 houses and smaller) need a 

system this size for their farms.  While the GR unit does have its problems, the concept is unique in 

that it delivers the heat to the poultry houses with relatively inexpensive duct work while all other 

systems use hydronic systems that require expensive plumbing and in house heaters.   
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ROI Chart for Poultry Litter to Energy Projects 

 

Overview 

 This chart is for overall ROI calculations for on farm poultry litter projects.  The numbers are just 

place holders since exact figures are not available to generate a complete ROI.  Each farm is very different 

and in cases of organic farms the expenses can be significantly higher for propane and bird mortality with 

the ROI being potentially better.  There are only a few systems using poultry litter as fuel in the US on 

farm and the complete financial picture is not fully understood.  

   There are two types of farms:  regular commercial birds and organic birds. an “*” is used in the 

categories that would have a significant change for organic birds vs. regular.  System costs include 

installation costs.   

 

Existing 

Farms costs 
Costs 

System costs and 

New farmer costs 
Costs Potential savings 

Savings;  

assume a 4 

house farm 

*Propane per 

house/year 

5,000 – 

10,000 

Gasifier 300 lbs/hr 200,000 60-100% of propane 

costs 

20,000 to 40,000 

/year 

Electricity per 

house/year 

3,000 Material handling 

equipment 

50,000 0-200 % of costs, 

depending on grid 

connection and 

contract with utility 

12,000 to 

24,000/year 

Ammonia 

Litter treatment 

per house 

2,500 Water Boiler 50,000 50-100% reduction in 

use of litter treatment 

if houses heated 

Up to 

10,000/year 

*Mortality 

costs farmers 

money in 

payout 

reduction 

 Plumbing to heat 

houses/house 

30,000 Unknown, but the 

healthier the birds the 

less mortality and that 

means more money 

per flock 

? 

*Increase in 

feed/gain ratio 

 Emissions 

equipment** 

30,000 Reduces the amount of 

feed used during flock 

which increases 

farmers pay 

? 

*Faster growth 

of birds 

 Electrical 

generator; ORC 

260,00 Less time on farm 

which means more 

flocks which means 

more money 

? 

Ash or biochar 

sales; 150/ton 

with 120 

tons/year 

18,000 Grid connection 15,000   

  System building 30,000   

  Maintenance and 

operation time: 2 

hours /day = 730 

hrs/year 

10,000   
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  ***Lost revenue 

of selling litter at 

$15/ton with 1200 

tons/year 

18,000   

  Parasitic loads; 

propane to start 

and electricity to 

run/year 

5,000   

 *Organic would add to this cost 

 ** If needed 

 *** Getting rid of litter could become a cost in certain states in the CBW in the next few years. 
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On-farm Demonstration of Energy Generation and Phosphorus Recycling as an Alternative to  

Land Application of Poultry Litter on the Delmarva. 

 

Mark S. Reiter, Associate Professor of Soils and Nutrient Management, Virginia Tech, Painter, VA 

 

1.1 INTRODUCTION 

Despite being drier than other livestock manures, a significant problem with PL is bulkiness (Sharpley et al., 2007; Lynch et 

al., 2012). Poultry litter bulkiness makes transportation problematic. The bulkiness imposes economical limits from a nutrient value 

standpoint, often making it infeasible to ship out of the watershed; which leads to the PL application to fields for agronomic 

production near its source (Figure1.1 and Figure 1.2). The 5-year price average of nutrients N, P, K, and S were computed using the 

fertilizer price list compiled by USDA-ERS (2014) and equaled $1.26 per kg N based on urea, $1.50 per kg P2O5 based on TSP, $1.17 

per kg K2O based on KCl, and $0.84 per kg S based on ammonium sulfate. Using the shipping costs per loaded km of $1.55 (Weaver, 

2015) and $2.48 (DeVuyst and Burton, 2008) and the total value of the fertilizers (N-P-K-S) the distance per metric ton (Mg) was 

calculated (Table 1.1). When factoring in the average load weight allowed on a commercial tractor trailer in Virginia, approximately 

21.79 Mg, the added value of the ash co-product becomes clear (Table 1.2) (VDOT, 2015). When graphed against a map of the United 

States PL is only economical transported to the Ohio/Indiana boarder and the PLA can feasibly be shipped anywhere in North 

America.  
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1.3 Tables 

Table 1.1: Fertilizer worth versus transport distance for PLA†, fresh PL‡, and standard fertilizers. 

 Fertilizer Worth§ High Mileage Estimate¶ Low Mileage Estimate# 

 $ Mg-1 ---------------------km Mg-1-------------------- 

PLA 384.98 248 155 

PL 58.46 37.6 23.5 

KCl 700.44 451 282 

TSP 688.98 444 277 

†Based on average nutrient concentrations of PLA (Lynch et al., 2013). 

‡Based on average nutrient concentrations of PL (Bolan et al., 2010). 

§Based on 5-year price average of nutrients computed using fertilizer use and price list compiled by USDA-ERS (2014). 

¶Calculated using the shipping costs per loaded km of $1.55 (Weaver, 2015). 

#Calculated using the shipping costs per loaded km of $2.48 (DeVuyst and Burton, 2008). 
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Table 1.2: Fertilizer worth versus transport distance with trucking estimation for PLA†, fresh PL‡, and standard fertilizers. 

 Fertilizer Worth§ Fertilizer Worth per truck load¶ High Mileage Estimate# Low Mileage Estimate 

 ----------$ Mg-1-------

- 

--------------------$ load-1-----------------

- 

----------------------------------km load-1--------------------------

- 

PLA 384.98 8388.71 5412 3383 

PL 58.46 1273.84 822 514 

KCl 700.44 15262.59 9847 6154 

TSP 688.98 15012.87 9686 6054 

†Based on average nutrient concentrations of PLA (Lynch et al., 2013). 

‡Based on average nutrient concentrations of PL (Bolan et al., 2010). 

§Based on 5-year price average of nutrients computed using fertilizer use and price list compiled by USDA-ERS (2014). 

¶Calculated using the average load weight allowed on a commercial tractor trailer in Virginia of 21.79 Mg (VDOT, 2015) 

#Calculated using the shipping costs per loaded km of $1.55 for high mileage (Weaver, 2015) and using the shipping costs per loaded 

km of $2.48 for low mileage (DeVuyst and Burton, 2008). 
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1.4 Figures 

Figure 1.1: High distance estimate transport radius map based on average nutrient (N, P, K, and S) concentrations of PLA†, 

fresh PL‡, and standard fertilizers§ 

 

†Based on average nutrient concentrations of PLA (Lynch et al., 2013). 

‡Based on average nutrient concentrations of PL (Bolan et al., 2010). 

§Calculated using the shipping costs per loaded km of $1.55 (Weaver, 2015). Based on 5-year price average of nutrients computed 

using fertilizer use and price list compiled by USDA-ERS (2014) and .the average load weight allowed on a commercial tractor 

trailer in Virginia of 21.79 Mg (VDOT, 2015). 
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Figure 1.2: Low distance estimate transport radius map based on average nutrient (N, P, K, and S) concentrations of PLA†, 

fresh PL‡, and standard fertilizers§ 

 

†Based on average nutrient concentrations of PLA (Lynch et al., 2013). 

‡Based on average nutrient concentrations of PL (Bolan et al., 2010). 

§Calculated using the shipping costs per loaded km of $2.48 (DeVuyst and Burton, 2008). Based on 5-year price average of nutrients 

computed using fertilizer use and price list compiled by USDA-ERS (2014) and the average load weight allowed on a commercial 

tractor trailer in Virginia of 21.79 Mg (VDOT, 2015).  
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2. Characterization of Poultry Litter Ash Co-Products 

2.1 Materials and Methods 

 A study was initiated to evaluate the chemical characteristics of PL co-product 

sources (Table 2.1) compared to triple super phosphate (TSP) and muriate of potash (KCl). The 

fertilizers were arranged in a randomized complete block design (RCBD) with 4 replications. 

2.2.1 Elemental Analysis 

 Fertilizer samples (0.5 g) were digested in nitric acid and hydrogen peroxide using 

method 3050B (USEPA, 1996), and then analyzed using ICP-OES (Spectro Analytical 

Instruments, Kleve, Germany) at the Virginia Tech Soil Testing Laboratory (Maguire and 

Henkendorn, 2011). Using dilute salt and water extraction testing protocols for 0.1M CaCl2 

(Aslyng, 1964), 1:10 water (Olsen and Sommers, 1982), and 1:100 (van Diest, 1963) the correct 

ratio of sample to solution was placed in 60 ml straight-walled plastic extracting beakers. The 

samples were shaken for 1 hour on a reciprocating shaker (Eppindorf, Enfield, CT, 06082) set at 

200 oscillations per minute (opm). The extracts were filtered through Whatman no. 2 filter paper 

into plastic vials and then analyzed using ICP-OES (Spectro Analytical Instruments, Kleve, 

Germany) at the Virginia Tech Soil Testing Laboratory (Maguire and Henkendorn, 2011). A 

total N, C, and S combustion procedure was conducted for the samples using the Dumas method 

with a Vario EL Cube (elementar Americas, Mt. Laurel, NJ, USA) (Bremner, 1996). 

2.2.2 Balance Comparison 

 Balance comparisons of the poultry litter going in and ash coming out of poultry litter 

burners took place as litter burners began running at the farm locations. Each thermo-conversion 

system was unique to the farm location in its physical construction, operating conditions; 

residence time and initial feedstock (PL) (Table 2.2); individual system sampling methods are 

listed below. Samples were tested for percent moisture (Wolf and Haskins, 2003), calcium 
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carbonate equivalent (CCE) (Wolf and Haskins, 2003), and elemental concentration using the 

EPA method 3050B. Densification was calculated by taking the ash nutrient concentration 

percentage and dividing by its corresponding feedstock PL nutrient concentration percentage. 

(Times Concentrated= Ash nutrient %/ PL nutrient %) 

Wayne Combustion Global Refuel (Port Republic, VA): ASH3 

  Samples were taken at three sampling locations in accordance to the residence time 

of the system: fresh PL going in, the main bulk ash auger, the fly ash auger from the side at the 

heat exchanger. The residence time was observed to be 30 minutes from the start to the main 

bulk ash auger and the fly ash auger. The time and temperature of the combustion chamber was 

recorded for each sampling.  

2.2.3 Total Carbon Content 

 Total carbon content of the ash co-products were determined using a total N, C, and S 

dry combustion procedure was conducted for the samples using the Dumas method with a Vario 

EL Cube (elementar Americas, Mt. Laurel, NJ, USA) (Bremner, 1996).  

2.3.4 Statistical Analysis 

 Statistical analysis was conducted using analysis of variance (ANOVA), SAS PROC 

MIXED procedures and Fisher’s LSD with an alpha level of 0.10 using SAS 10.1 statistical 

software (SAS Institute, 2007). 

2.3 Results and Discussion 

2.3.1 Elemental Analysis 

Acid Digestion 

 The nitric acid/hydrogen peroxide digestion is a complete elemental digestion that 

quantified the total concentrations of elements (Table 2.3a; Table 2.3b). The industry standard 
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TSP had the highest P concentration (201.81 g kg-1) and a significant concentration of Ca 

(168.22 g kg-1). The KCl had the highest K concentration (493.11 g kg-1) as expected.  

 When compared to the industry fertilizer standards no co-product was similar to TSP 

for P concentration (Table 2.3a, 2.4, 2.5, 2.6). For K concentration, no co-products were similar 

to KCl, but all co-products had concentrations greater than or similar to the fresh PL standard 

(Table 2.3a, 2.6). For S concentration, the fresh PL had the greatest concentration, and all co-

products had significant less S (Table 2.3a). 

 Micro nutrients or trace elements were present in all of the co-product samples (Table 

2.3a; Table 2.3b) and were below the level of environmental concern according to the fertilizer 

law (USDA-NRCS, 2015). Micro-nutrients such as boron (B), manganese (Mn), Copper (Cu), 

and Zinc (Zn) are vital to health growth in plants, in highly managed  and high yielding farming 

systems farmers are looking to supplement these nutrients to crops. By using a PL co-product, 

these farmers will get the extra benefit of these nutrients not normally found in inorganic 

fertilizers.  

Dilute Salt and Water Extractions 

 While there is no single recommended protocol for measuring WEP, we analyzed our 

sources using three of the most recommended protocols (Kleinman et al., 2007). The dilute salt 

extraction is used in place of water to obtain a clearer filtrate, but the amount of soluble P will be 

smaller due to Ca2+ ions enhancing P sorption in the soil (Aslyng, 1964). Our results found 

known significant differences between the three extractions for P concentration. There was a 

significant difference for K concentration; the 1:100 water extractions produced higher 

concentrations than the others. Trends show that although no significant differences were 
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produced from our data the 1:10 CaCl2 extraction concentrations (Table 2.4) were tended to be 

slightly less than the 1:10 water extract concentrations (Table 2.5). 

2.3.2 Balance Comparison 

 The composition of poultry litter varies greatly from location to location depending 

on the practices of the individual poultry producer (Bolan et al., 2010; Kelley et al., 1996; 

Tasistro et al., 2004). Thus, the resulting ash from the different thermo-combustion systems is 

influenced by not only the unit, but by the starting material (Table 2.7). The literature states that 

the typical concentration factor is 6 or 7 times that of the original feedstock nutrients (P, K, and 

S) of the PL (Bock, 2004). Our study found that this varied between systems based on moisture, 

but falls well within our range of 4-10 concentration for P (Table 2.9). The systems tested in our 

balance comparison trials were not equipped with cyclones or bagging units, so the majority of K 

and S escaped the systems through the exhaust (Kelleher et al., 2002) and resulted in lower 

concentrations 2.5-5 for K (Table 2.9), and 2-3 for S (Table 2.9).  

2.3.3 Ash Co-Product Carbon Content 

 The carbon content of PL co-products also varies greatly on the thermo-conversion 

system and the initial PL feedstock (Table 2.10).  

2.4 Conclusion 

 Our study found that nutrient densification for P concentration fell within a range of 

4-10 times concentrated, K concentration ranged 2.5-5 times concentrated, and S ranged 2-3 

times concentrated. Our comparisons between total nutrient digestions and water soluble 

extractions found that the ash products were significantly less plant available than the standard 

fertilizers (TSP and KCl). A greater amount of the co-products will have to be applied to meet 

the same nutrient availability of the standards. Overall, if all ideal combustion criteria are met 
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(ie. 700-1000ºC; 25% moisture), then poultry litter co-products are feasible to use a fertilizer 

sources, but will need to be individually analyzed for nutrient content before making application 

recommendations. More research into balance comparisons are needed to be able to identify 

stronger relationships within the nutrients.  
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2.6 Tables 

Table 2.1: Descriptions of PL co-product sources used in all studies. 

Source Co-Product Type Farm Name Thermo-Conversion System 

Ash3 Bulk Ash RHO Combustion 
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Table 2.2: Source information and background information for poultry litter co-product thermo-conversion systems. 

Source Location System Burn Temp 
Residence 

Time 

Mode of Energy 

Dispersal 

PL 

Type 

Co-Product 

Type 

ASH3§ 
Port Republic, 

VA 

Wayne Combustion Global 

Refuel 

593ºC in 

chamber 
30 min Forced Air Turkey  Ash 

§Thermo-Conversion systems used in the balance comparison study. 
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Table 2.3a: Total elemental concentration of ash co-products, fresh PL and standard fertilizers. 

 P K S Ca Mg Mn Na Fe Al B Zn Cu 

 

----------------------------------------------------------------g kg-1---------------------------------------------------------------------

-- 
---------------------mg kg-1------------------ 

ASH3 104.90b 129.77d 28.42b 162.58a 36.59b 4.60a 25.24c 16.88b 2.15f 220.56d 2888.41a 3429.68a 

KCl 0.03j 493.11a 0.25b 0.72g 0.88i NDi‡ 15.01g 0.22g 0.07h 0.73h 0.15g 0.16j 

PL 12.51i 29.06g 370.92a 23.64f 174.73g 1.39h 9.38h 0.04g 1.02g 43.66g 588.35f 519.43g 

TSP 201.81a 1.70h 247.95a 168.22a 4.54h 0.11i 3.03j 2.55fg 3.08e 643.96a 425.41f 22.56ij 

LSD0.10 3.44 9.62 166.85 8.44 1.84 0.14 1.13 3.96 0.77 16.84 173.78 79.84 

† A different letter within the column designates significance at the 0.10 level. 

‡ ND= Non-detectable, below the detectable limit of the instrumentation (<.0001 mg L-1). 
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Table 2.3b: Total elemental concentration of ash co-products, fresh PL and standard fertilizers. 

 As Be Cd Co Cr Hg Mo Ni Pb Sb Se Si 

 

----------------------------------------------------------------------------------------mg kg-1-----------------------------------------------------------------------------------------------

---- 

ASH3 13.51c 0.12h NDc 8.97d 15.45d ND 48.84a 50.00cde 5.58d 1.07de 4.59b 35.04bc 

KCl 0.27fg NDi NDc 0.04i 0.05d ND NDh 0.24f NDf NDf NDf 19.64cdef 

PL NDg 0.14gh NDc 1.25hi 4.83d ND 1.19h 3.35f 2.02e NDf 0.67ef NDf 

TSP 5.99d 1.59a 8.28a 1.71h 159.13b ND 4.57g 26.58ef 3.08e 2.53b NDf 81.92a 

LSD0.10 2.81 0.03 0.67 1.50 69.94 --------- 1.59 38.17 1.25 0.65 0.92 25.59 

† A different letter within the column designates significance at the 0.10 level. 

‡ ND= Non-detectable, below the detectable limit of the instrumentation (<.0001 mg L-1). 
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Table 2.4: Weak Salt (0.1 M CaCl2) Extraction of ash co-products, fresh PL and standard fertilizers. 

 P K S Mg Mn Zn B 

 

----------------------------------------------g kg-1----------------------------------

--- -----------------------------------------------mg kg-1------------------------------------------ 

ASH3 0.08b 72.81d 30.06c 646.97e 0.17c NDc 21.10e 

KCl 0.28b 483.89a 0.27j 563.96e 0.28c NDc 0.90i 

PL 0.82b 26.07h 13.11f 567.07e 21.43b 79.93b 25.00d 

TSP 219.57a 1.64j 3.09i 5138.78a 112.70a 443.26a 38.74b 

LSD0.10 16.56 3.89 1.13 250.89 8.07 20.65 3.29 

† A different letter within the column designates significance at the 0.10 level. 

‡ ND= Non-detectable, below the detectable limit of the instrumentation (<.0001 mg L-1). 
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Table 2.5: Water Extraction (1:10) of ash co-products, fresh PL and standard fertilizers. 

 P K Ca S Mg Mn Zn B 

 

-------------------------------------------------------g kg-1---------------------------------------

--- -----------------------------------------mg kg-1------------------------------------- 

ASH3 0.27c 70.31d 0.12c 25.23c 167.43e 0.29d 0.05d 20.85e 

KCl 0.02c 516.14a 0.30c 0.23j 503.46c 0.03d NDd 1.49j 

PL 0.82c 22.52h 0.48c 10.94f 346.69d 16.78b 77.39b 23.50d 

TSP 209.68a 1.80j 132.40a 3.37h 4158.25a 108.80a 294.95a 38.96b 

LSD0.10 5.23 5.40 3.40 1.24 109.58 4.41 3.90 1.17 

† A different letter within the column designates significance at the 0.10 level. 

‡ ND= Non-detectable, below the detectable limit of the instrumentation (<.0001 mg L-1). 
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Table 2.6: Water Extraction (1:100) of ash co-products, fresh PL and standard fertilizers. 

 P K Ca S Mg Mn Zn B 

 

------------------------------------------------------g kg-1-----------------------------------------

- ------------------------------------------mg kg-1----------------------------------- 

ASH3 1.97d 86.56cd 0.35c 28.40bc 1063.69c 2.94de NDe 25.26d 

KCl 0.06f 479.70a 0.41c 0.23g 571.76de 0.67e 0.28e 1.06h 

PL 3.55c 27.23i 0.85c 11.44e 990.78c 25.93b 74.21b 22.08de 

TSP 190.42a 1.54j 133.86a 12.01e 4571.50a 118.17a 359.51a 43.20b 

LSD0.10 1.25 16.53 3.40 4.27 344.82 4.40 13.28 5.09 

† A different letter within the column designates significance at the 0.10 level. 

‡ ND= Non-detectable, below the detectable limit of the instrumentation (<.0001 mg L-1). 
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Table 2.7: Characterization of fresh poultry litter sample feeding the combustion unit.  

  Moisture CCE† N P K S Mg Ca Na Fe Al Mn Cu Zn B K2O‡ P2O5‡ 

  -------------------------------------------------%------------------------------------------------ -----------------------------------mg kg-1----------------------------- ----------%------- 

ASH3 22.56 0.29 4.58 1.70 2.19 0.88 0.59 2.64 5696 678 116 749 616 620 57 2.02 3.04 

† CCE- Calcium Carbonate Equivalent. 

‡Available fertilizer equivalent. 

 

Table 2.8: Characterization of Poultry litter ash samples. 

  Moisture CCE† N P K S Mg Ca Na Fe Al Mn Cu Zn B K2O‡ P2O5‡ 

  ---------------------------------------------------%-------------------------------------------------- -----------------------------------------mg kg-1------------------------------------ ---------%---------- 

ASH3 0.20 22.54 0.30 10.70 11.04 2.32 3.83 17.68 33980 10320 1806 4102 3262 2170 261 13.26 24.50 

† CCE- Calcium Carbonate Equivalent. 

‡Available fertilizer equivalent. 
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Table 2.9: Concentration of nutrients from the densification of poultry litter entering the thermo-conversion unit and poultry 

litter ash exiting the unit from four different units in the Mid-Atlantic. 

  N P K S Mg Ca Na Fe Al Mn Cu Zn B K2O P2O5 

  ----------------------------------------------------------------------------Times Concentrated†--------------------------------------------------------------------------------  

ASH3 0.07 6.41 5.04 2.63 6.62 6.93 5.98 22.93 15.71 5.54 5.36 3.52 4.61 6.55 8.26 

†Times Concentrated= Ash nutrient Concentration %/ Feedstock PL nutrient concentration %).  

 

Table 2.10: Differences in carbon content of PLA and fresh PL by thermo-conversion system. 

 Bulk PLA Fresh PL 

 ---------------------------------------------------C--------------------------------------------------- 

 ---------------------------------------------------%------------------------------------------------- 

ASH3 5.30b 37.95b 
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3. Incubation of Poultry Litter Co-Products for Phosphorous and Potassium Availability 

3.1 Materials and Methods 

3.1.1 Experimental Design 

 A non-leached aerobic incubation study was conducted with a Bojac sandy loam soil 

(Table 3.1) (Coarse, loamy, mixed, semiactive, thermic, Typic Hapludult) (USDA-NRCS, 2012) 

with a bulk density of (1.14 g cm-3) (Table 3.2) to evaluate the P and K mineralization 

characteristics of PL co-products. To evaluate the P and K mineralization of PLA (ASH3) 

compared to TSP and KCl applied at a rate of 85 mg P kg-1 and the amount of K applied per 

source was recorded. The fertilizers were arranged in a randomized complete block design 

(RCBD) with 4 replications and incubated for 0, 3, 7, 14, 28, 56, 84, 112, and 140 days as 

described by (Reiter et al., 2014). The Fertilizers were mixed in 50 g of air-dried soil in 500 ml 

plastic bottles. Bottles were then raised to approximately 60% water-filled pore space (0.15 g 

water g soil-1; Schomberg et al., 2011) with double de-ionized water. Final weights were taken so 

the water content could be adjusted on an as needed basis. Uncapped bottles were placed into 

incubation chambers at 80% humidity and 25°C.  

3.1.2 Sample Analysis 

 At each sampling day, four replications were extracted per treatment source. For 

extraction, each bottle was filled with 500 mL of 0.01 M CaCl2 solution (Aslyng, 1964) and 

shook for 1 hour at 200 opm (Kuo, 1996). The suspension settled for an hour and the supernatant 

was decanted and filtered through Whatman 42 filter paper into 25 mL scintillation vials and 

stored at 4°C until analyzed. Samples were analyzed for P and K concentration using ICP-OES 

(Spectro Analytical Instruments, Kleve, Germany) at the Virginia Tech Soil Testing Laboratory 

(Maguire, R. O. and S. E. Henkendorn, 2011). The P and K concentrations of the untreated 

control soil samples were averaged and subtracted out. The percent remaining in the sample was 
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calculated by the concentration of the sample divided by the original amount of fertilizer added 

and multiplied by 100. (
Sample Concentation

Original Amount Added × 100 = % remaining). 

3.1.3 Statistical Analysis 

Statistical analysis was conducted using analysis of variance (ANOVA), SAS PROC 

MIXED procedures and Fisher’s LSD with an alpha level of 0.10 using SAS 10.1 statistical 

software (SAS Institute, 2007). 

3.2 Results and Discussion 

Overall availability of soil P from fertilizer sources was low due to the acidic nature of 

the soil. Water pH readings from the incubation soil averaged 5.4 (Table 3.2); which would 

decrease overall recoverable P. Phosphorous fixation occurs rapidly in the acidic pH ranges 

reacting with Al, Fe, and Mn ions and oxides to form insoluble compounds that are not plant 

available (Brady and Weil, 1996). When comparing the percentage P recovered/ P fertilizer 

applied over time for each fertilizer source (Figure 3.1), a significant P interaction between 

fertilizer source and incubation sampling day (Table 3.5) was observed. As expected the standard 

fertilizer TSP was initially the most available and water soluble at 0 d (55.50%), followed by 

fresh PL (9.13%). Triple super phosphate became less available over time as Fe-oxides and Al-

oxides in the soil absorbed P (Sims et al., 1998; Brady and Weil, 1996). Fresh PL decreased in 

availability until day 28 (4.35%) and began significantly increasing in availability, 56 d (6.36), 

until peak availability at 112 d (7.19%). The increase in availability over time is likely from 

microbial activity, as the fresh material releases the P from PL organic matter (Sharpley et al., 

2007). Fresh PL was found to be far less available (9.13%) than the 60-100% bioavailability 

range the literature field studies suggested (Slaton et al., 2013; Barbazan et al., 2009; Sneller and 

Laboski, 2009)  
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The ASH3 co-product remained at a consistent solubility across time and had a range of 

around 2-4% available P; which was lower than the TSP and fresh PL standards.  

When comparing the percentage K recovered/ K fertilizer applied over time by each of 

the sources (Figure 3.2) a significant K interaction between fertilizer source and incubation 

sampling day (Table 3.6) was observed. Fresh PL had the greatest initial K availability at 0 d 

(97.99%). Our results for K availability were closer to the estimated availability in the literature; 

which stated that K should be highly soluble and should be 100% plant available (Jackson et al., 

1975; Slaton et al., 2013). At 56 d there was a significant increase in K availability for ASH3 

(54.54%). Fresh PL was by far the highest supplier of water soluble K, which was expected as 

the standard unprocessed material. 

3.3 Conclusion 

 The industry inorganic standard fertilizer (TSP) and fresh PL had the greatest initial 

availability for P and K. Further ash research will be needed for each thermo-conversion system 

and feedstock as the burning process significantly alters the overall nutrient water solubility over 

time. 
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3.5 Tables 

Table 3.1: Mehlich-I background analysis of nutrients of the Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, 

Typic Hapludult) used in the incubation studies. 

 P K Ca Mg Zn Mn Cu Fe B 

 -----------------------------kg ha-1------------------------

- 

-------------------------------------mg kg-1--------------------------------

- 

Soil 194 146 832 95 1.4 25.4 1.3 25.0 0.2 

 

Table 3.2: Chemical and physical properties of the Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, Typic 

Hapludult) used in the incubation studies. 

 pH Buffer Index Estimated CEC† Bulk Density Acidity Base Saturation 

   ---meq 100 g-1--- g cm-3 ----------------------%------------------- 

Soil 5.4 6.14 3.9 1.136 39.5 60.6 

†CEC- Cation exchange capacity 
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Table 3.3: Nutrient content of PL co-products, fresh PL and standard fertilizer for P and K incubation study. 

Source N P K S 

 ----------------------------------------------------------------%------------------------------------------------------------

-- 

ASH3 0.280 10.39 11.25 2.29 

PL 3.55 1.08 1.91 1.10 

TSP 0.00 20.09 0.00 0.00 
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Table 3.4: Phosphorus availability as a percentage of total P recovered or total P applied over a 140 d incubation study with a 

Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, Typic Hapludult) for PL co-products and fresh PL and 

standard P fertilizer. 

 

--------------------------------------------------------------Incubation Day------------------------------------------------------------

--- 

 0 3 7 14 28 56 84 112 140 

 

-----------------------------------------------------------% P Recovered----------------------------------------------------------------

-- 

ASH3 2.44 3.40 3.24 2.72 2.72 3.12 3.75 3.95 3.45 

PL 9.13 4.50 5.21 4.64 4.35 6.36 6.65 7.19 5.25 

TSP 55.50 15.12 12.32 11.31 11.36 7.43 6.68 5.25 5.88 

† Phosphorus source x incubation time interaction LSD0.10=1.99%. 
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Table 3.5: Potassium availability as a percentage of total K recovered or total K applied over a 140-d incubation study with a 

Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, Typic Hapludult) for PL co-products and fresh PL. 

 --------------------------------------------------------Incubation Day-------------------------------------------------------------------- 

 0 3 7 14 56 84 112 140 

 --------------------------------------------------------% K Recovered-------------------------------------------------------------------- 

ASH3 41.29 53.59 51.17 39.48 54.54 62.74 61.77 57.59 

PL 97.99 88.58 88.36 87.94 88.19 93.24 92.75 87.73 

†Potassium source x incubation time interaction LSD0.10=8.99%. 
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3.6 Figures 

Figure 3.1: Phosphorus availability as a percentage of total P recovered or total P applied over a 140 d incubation study with a 

Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, Typic Hapludult) for PL co-products and fresh PL and 

standard P fertilizer. 
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Figure 3.2: Potassium availability as a percentage of total K recovered or total K applied over a 140 d incubation study with a 

Bojac sandy loam soil (coarse, loamy, mixed, semiactive, thermic, Typic Hapludult) for PL co-products and fresh PL. 
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4. Nutrient Availability of Poultry Litter Co-Products in Field Trial Applications 

4.1 Materials and Methods 

4.1.1 Experimental Design 

We initiated a study on sandy loam soils (Table 4.1) to test P and K availability 

from poultry litter ash (PLA) on corn, soybean, and wheat. Overall, three corn P studies, 

two full-season soybean K studies, three double-crop soybean K studies, three wheat P 

studies, and three wheat K studies were conducted. 

Corn studies were conducted at the Virginia Tech Eastern Shore Agriculture 

Research and Extension Center (AREC) in Painter, Virginia (2013, 2014) and at the 

Virginia Tech Tidewater AREC in Suffolk, Virginia (2014). Studies consisted of 4 

replications and 25 total fertilizer treatments arranged in a RCBD. The ASH3 was surface 

broadcast applied at 3 P rates (22, 44, and 88 kg P2O5 ha-1). Potassium was applied with a 

balanced application using KCl to ensure all plants had identical total K rates. Poultry 

litter co-products were compared to a no-fertilizer control and inorganic P (TSP) fertilizer 

at similar rates.  

Full-season soybean studies were conducted at the Virginia Ag Expo location in 

the Land of Promise, Virginia (2013) and Lottsburg, Virginia (2014) (Table 4.1). Double-

crop soybean studies were conducted on the Eastern Shore of Virginia at 2 sites in 

Accomack County (2014) (Table 4.1). The studies consisted of 4 replications and 10 total 

fertilizer treatments arranged in a RCBD. ASH3 was surface broadcast applied at one K 

rate (67 kg K2O ha-1) and P was applied with a balanced application using TSP. Poultry 

litter co-products were compared to a no-fertilizer control and K (KCl) fertilizer at 

similar rates.  

Phosphorus wheat studies were conducted at three locations on the Eastern Shore 
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of Virginia in Accomack County (2014) (Table 4.1). The studies consisted of 4 

replications and 13 total fertilizer treatments arranged in a RCBD. One PLA product 

(ASH3) (Table 4.2) was surface broadcast applied at 4 P rates (34, 67, 101, and 134 kg 

P2O5 ha-1) and K was applied with a balanced application using KCl. Poultry litter co-

product was compared to a no-fertilizer control and inorganic P (TSP) fertilizer at similar 

rates.  

Potassium wheat studies were conducted at three locations on the Eastern Shore 

of Virginia in Accomack County (2014) (Table 4.1). The studies consisted of 4 

replications and 13 total fertilizer treatments arranged in a RCBD. One PLA product 

(ASH3) (Table 4.2) was surface broadcast applied at 4 K rates (34, 67, 101, and 134 kg 

K2O ha-1) and P was applied with a balanced application using TSP. Poultry litter co-

product was compared to a no-fertilizer control and inorganic K (KCl) fertilizer at similar 

rates. 

4.1.2 Sample Analysis 

Yield, grain moisture, and grain test weight were collected at the time of harvest. 

Grain weight was captured in field by the combine’s software (ALMACO Seed Spector 

LRX, Nevada, IA). Sample moisture and grain test weight was collected using a GAC® 

2100 Agri DICKEY John Moisture Tester (Churchill Industries, Minneapolis, MO). 

Yield was corrected for percent moisture to industry bushel standards: 25.4 kg (56 lbs) 

per bushel for corn at 15.5% moisture, 27.2 kg (60 lbs) per bushel for soybeans at 13% 

moisture, and 27.2 kg (60 lbs) per bushel for wheat at 13.5% moisture (Murphy, 1993).  

Plant tissue samples were dried until a constant weight at 55°C. Samples (corn ear 

leaf, corn grain, soybean tissue at V3 and V5, soybean whole plant at R2, soybean grain, 
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wheat whole plant prior to bloom, and wheat grain) were coarse ground to pass a 2 mm 

sieve. Ground samples (0.5 g) were digested in nitric acid and hydrogen peroxide using 

method 3050B (USEPA, 1996), and then analyzed using ICP-OES (Spectro Analytical 

Instruments, Kleve, Germany) at the Virginia Tech Soil Testing Laboratory (Maguire and 

Henkendorn, 2011) for P and K. 

Mehlich-I extractable nutrients were analyzed with ICP-OES (Mehlich, 1953). 

Soil samples were taken pre-fertilization at 3 depths: 0-15 cm, 15-30 cm, and 30-60 cm 

and at harvest at the 0-15 cm depth. Soils were air-dried and ground using a hammer mill 

to pass through a 2 mm screen. Using the Mehlich-I soil testing protocols, 8 grams of soil 

were extracted with 40 ml of Mehlich I solution (1:5 soil to extractant ratio) in 60 ml 

straight-walled plastic extracting beakers. The samples were shaken for 5 minutes on a 

reciprocating shaker set at 180 opm. Extracts were filtered through Whatman no. 2 filter 

paper into plastic vials and was then analyzed by ICP-OES for nutrient concentration. 

To estimate P currently available in soil solution, 4 grams of soil were extracted 

with 40 ml of 0.01 CaCl2 solution (1:10 soil to extractant ratio) in 60 ml straight-walled 

plastic extracting beakers (Aslyng, 1964; Olsen and Sommers, 1982). The samples were 

shaken for 1 hour on a reciprocating shaker set at 200 opm. Extracts were filtered through 

Whatman no. 2 filter paper into plastic vials. The solution was analyzed by ICP-OES for 

nutrients. 

Soil organic matter samples were determined using the Loss-On-Ignition (LOI) 

Method as described by Ben-Dor and Banin (1989). The sample was air-dried at 105°C 

for 24 hours, cooled in a desiccator and weighed. The sample was then placed in a muffle 

furnace and ignited at 400°C for 16 hours, cooled in a desiccator and weighed. Organic 
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matter is assumed to equal the % LOI. The LOI was determined by the equation % LOI = 

(Weight105 - Weight400 / Weight105) x 100 (Ben-Dor and Banin, 1989). 

4.1.3 Statistical Analysis 

Statistical analysis was conducted using analysis of variance (ANOVA), SAS 

PROC MIXED procedures and Fisher’s LSD with an alpha level of 0.10 using SAS 10.1 

statistical software (SAS Institute, 2007). 

4.2 Results and Discussion 

4.2.1 Corn 

There were significant differences between site year so data is presented 

separately and the P source x P rate interaction was not significant. For the P rate main 

effect, yield increased in a linear relationship with P rate in the first year (Painter 2013) 

(Figure 4.1), averaged across P fertilizer sources. Phosphorus was limited in this 

experiment because a plateau was not reached due to the initial low P testing soil (9 mg 

kg-1). Yield increased linearly in the second year (Suffolk 2014), until it reached a plateau 

at 22 kg ha-1 (Figure 4.1). After this point, no further benefit to P fertilizer was realize due 

to high initial soil P concentrations (29 mg kg-1). Yield data from Painter 2014 was 

omitted due to significant deer damage across all replications.  

Overall, for P source, Suffolk 2014 data indicated that PL was significantly the 

highest yielding source (7891 kg ha-1), averaged over P rate. We speculate that heavy 

rains during the early growing season leached or denitrified significant amounts of N 

fertilizer and the slow release N from PL was available to the corn crop and gave a 

significant yield advantage. The PL ash co-products were similar to TSP but higher than 

the no P fertilizer control (Table 4.3). Overall, our data agrees with Slaton et al. (2013) 
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who, found that PL provided an additional yield benefit above that of commercial 

fertilizer at one of their eight responsive sites and similar yields at the other sites. The 

cause of the yield benefit was unknown and could not be attributed to another essential 

nutrient present in the PL but not in the commercial fertilizer (Slaton et al., 2013). The 

Painter 2013 site was not significant and the average yield was 4565 kg ha-1. 

When averaged by site year and P fertilizer source, corn grain moisture had a 

significant linear response to P rate. Moisture increased with P rate at Suffolk 2014 (y= 

0.0049x + 13.5; p=0.0640) and the no fertilizer control had the lowest grain moisture 

(15.85%). No fertilizer plots matured more quickly with lower yields and lower available 

nutrient concentrations, resulting in lower grain moisture concentrations at harvest. 

There were no observed significant differences of P concentration in the corn ear 

leaf. The ear leaf concentrations averaged (2.2 g kg-1) across all treatments and site years; 

which is below the optimal range of 2.5-.5.0 g kg-1 for tissue P (Bryson et al., 2013).  

Averaged across site year, grain P concentrations varied with P rate and P source. For P 

rate, the highest rate 88 kg ha-1 had the greatest concentration; which increased linearly 

(y= 1.589x + 2129; p= 0.0578). For P source, the standard, TSP (2.33 g kg-1) had the 

highest grain P concentration. 

4.2.2 Soybeans 

Full Season Soybeans 

Full season soybean yield, moisture, and test weight varied only with location and 

K fertilizer source was not significant. The Promise 2013 (2858 kg ha-1) location had a 

statistically lower yielding crop than Lottsburg 2014 (5115 kg ha-1). 

The Lottsburg 2014 had statistically higher moisture concentrations (15.8%) than 
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Promise 2013 (13.1%). The Lottsburg 2014 grain test weight (1839 kg m-3) was 

statistically denser than Promise 2013 (709 kg m-3). Therefore, the fertilizer ash co-

products were tested under variable growing conditions around Virginia, but source did 

not matter. Similar data and results were seen in other Virginia studies conducted during 

these same years at the same locations as ample growing conditions did not necessitate 

additional K fertility (Stewart, 2015). 

All V3 tissue concentrations averaged across all treatments and site years (27.0 g 

kg-1) were above or within the optimal range of 17.0-25.0 g kg-1 for tissue K (Bryson et 

al., 2013). Tissue K concentration of V5 and R2 tissue varied with location. Lottsburg 

2014 (21.0 g kg-1 and 25.0 g kg-1 for V5 and R2, respectively) had statistically higher 

concentrations than Promise 2013 (19.0 g kg-1 and 14.0 g kg-1, respectively). All V5 and 

R2 tissue concentrations were within the optimal range of 18.0-25.0 g kg-1 for V5 tissue 

K and 15.0-22.5 g kg-1 for R2 tissue K (Bryson et al., 2013). The only significant result 

from K fertilizer source occurred at the Promise 2013 site location for grain K 

concentration. All ash co-products were statistically similar to the fresh PL and TSP 

standards. 

Double Crop Soybeans 

The ASH3 was similar to applying no fertilizer at all (Table 4.6). The R2 tissue K 

concentration averaged across location, Willis Wharf B site had significant differences 

between K sources. Poultry litter had the highest tissue K concentration at R2 (28.0 g kg-

1) than other co-products. All other co-products were similar to the no-fertilizer control. 

However, all R2 tissue concentrations were within the optimal range of 15.0-22.5 g kg-1 

for R2 tissue K (Bryson et al., 2013). Muriate of potash (18.4 g kg-1) had the highest 
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grain K concentrations.  

4.2.3 Wheat P 

Overall, there were no major differences between ash co-products for wheat yield. 

Average yield by location for Gospel Temple was 4133 kg ha-1, Cheriton was 3722 kg ha-

1, and Quinby was 3360 kg ha-1. Grain moisture was only significant at the Cheriton site 

in P rate main effect, averaged over P source. Grain moisture content increased linearly 

with P addition (y= 0.0025x +13.8; p= 0.0100). Similarly, grain test weight decreased 

linearly with the addition of P (y= -0.0712x + 766; p= 0.0351).  

For tissue P concentration averaged across P rate, the Gospel Temple site had a 

significant P source effect. The co-product ASH3 (2.5 g kg-1) was statistically similar to 

TSP (2.8 g kg-1), but had lower concentrations than PL (3.0 g kg-1). However, all tissue P 

samples were within the range of 2.0-5.0 g kg-1 for tissue P (Bryson et al., 2013). Codling 

et al. (2002) found that PLA treatments produced higher tissue P concentrations than the 

standard, although their concentrations were below the optimum range due to initial low 

soil P concentrations. Overall, there were no major differences between ash co-products 

grain P concentration and averaged 3.9 g kg-1 for Quinby, 3,8 g kg-1 for Gospel Temple, 

and 3.7 g kg-1 for Cheriton. 

4.2.4 Wheat K 

Averaged across location and K fertilizer rate, PL was statistically the highest 

yielding (3744 kg ha-1). Muriate of potash and ASH3 were similar to the no fertilizer 

control treatments (3398 kg ha-1) (Table 4.7). Therefore, the PL provided additional yield 

benefit just as in a soybean study by Slaton et al. (2013) although; the source of the 

additional benefit was unknown. Moisture exhibited similar results to yield when 



38 
 

averaged over K rate, as PL (13.8%) was statistically the driest source and KCl and 

ASH3 were statistically similar to each other and drier than the control plot (14.3%) 

(Table 4.7). 

The tissue K concentration increased linearly with increasing fertilizer rate (y= 

21.29x + 13051; p= 0.0017) (Figure 4.2); which is indicative of K availability and plant 

uptake from the fertilizer sources. Averaged across location and K rate, tissue K 

concentration from fresh PL (16.2 g kg-1) was statistically higher than KCl and ASH3 

(Table 4.6). Only the PL source had tissue K concentrations within the optimal range of 

15.0-30.0 g kg-1 for tissue K (Bryson et al., 2013). Quinby had a significant difference 

between K fertilizer sources, averaged across K rates. The ASH3 co-product (4.3 g kg-1) 

was statistically similar to PL (4.3 g kg-1) and had higher grain K concentrations than KCl 

(4.1 g kg-1) and the control plot (4.1 g kg-1) Therefore, the co-product was equally plant 

available compared to the standard sources. 

4.2.5 Soil Mehlich-I and Soil Organic Matter 

Following harvest, the P and K concentrations in the soil increased linearly with 

rate of fertilizer application, averaged over fertilizer source. Soil P concentrations 

increased linearly with the addition of fertilizer at the Painter 2014 corn location (y= 

0.0549x + 3.8; p= 0.0115) (Figure 4.3) and soil K concentration for the wheat K locations 

(y= 0.1873x + 81.7; p= 0.0088) (Figure 4.4). 

For the Gospel Temple site year P source main effect, PL (32.5 mg P kg-1) had 

higher P concentrations than the TSP standard (29.7 mg P kg-1) most likely due to its 

greater residual P although not significantly different than the ASH3 ash co-product (29.7 

mg P kg-1) or no fertilizer control (27.7 mg P kg-1).  
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The vast majority of micro elements increased linearly with increasing rate of 

fertilizer application and was observed with Al, Ca, Cu, B, Mg, and Zn. The overall Fe 

concentration in the soil made it difficult to see an Fe response from the application of the 

fertilizers. Overall, Zn tended to be less concentrated in the soil fertilized by ash co-

products leading us to believe that Zn is more plant available in the ash form. Soil B 

concentration trended to be higher following PL applications. Soil Cu concentrations 

tended to be higher following PL and ash, as Cu is typically absent from inorganic 

fertilizers. None of the soil applied elements exceeded concentrations that would cause 

environmental concern based on comparison of background concentrations in US soils 

according to the elemental limit recommendation charts from the USDA-NRCS (2015).  

4.3 Conclusion 

Overall, PL ash sources derived from PL are suitable and comparable P and K 

fertilizer sources for crops on sandy loam soils in the Mid-Atlantic. If all ideal 

combustion criteria are met, then PL co-products are feasible to use as fertilizer sources, 

but will need to be individually analyzed for nutrient content before making application 

recommendations. In our study, we found that the combustion systems seemed to have 

those ideal conditions and produced co-products that were highly plant available. A 

greater amount of the co-products will have to be applied to meet the same nutrient 

availability of the standards due to their lower availability. Fresh PL tends to be the better 

fertilizer due to its added N content, which is lost in thermo-conversion systems and 

would have to be supplemented with the ash co-products. More research using the water 

soluble availabilities instead of the total concentration nutrients of the co-products are 

needed to be able to identify stronger relationships with standard fertilizers.  
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4.5 Tables 

Table 4.1 Locations, soil types, and soil characterization for all field trial site locations. 

Year Location Crop Texture Classification CEC† pH P K Ca Mg 

     --meq 100 g-1--  ------------mg kg-1---------- 

2013 Painter, VA C‡ SL§ Typic Hapludults 5.6 5.7 9 71 641 92 

2014 Painter, VA C SL Typic Hapludults 5.4 6.1 5 60 686 95 

2014 Cheriton, VA W FSL Typic Hapludults 4.2 6.3 37 87 460 117 

2014 Quinby, VA W SL Typic Hapludults 4.8 5.6 36 109 473 71 

2014 Willis Wharf, VA SB/W SL Typic Hapludults 6.0 5.3 86 128 646 49 

2014 Gospel Temple, VA W SL Typic Hapludults 5.3 5.7 31 143 592 63 

2014 Keller, VA SB LS Typic Hapludults 4.2 6.0 14 102 569 55 

2013 Land of Promise, VA SB L Typic Hapludults 8.6 5.8 48 54 958 145 

2014 Suffolk, VA C LS Typic Hapludults 2.8 5.0 29 94 247 51 

2014 Lottsburg, VA SB FSL Aquic Hapludults 5.9 6.6 84 108 783 207 

† CEC- cation exchange capacity 

‡ C-Corn, W- Wheat, SB- Soybean 

§SL- sandy loam, L- loam, FSL- fine sandy loam, LS- loamy sand 
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Table 4.2: Nutrient content of Ash and Biochar Treatment Sources for field studies. 

Source N P K S 

 ----------------------------------------------------------------%------------------------------------------------------------

-- 

ASH3‡ 0.280 10.39 11.25 2.29 

PL 3.55 1.08 1.91 1.10 

TSP 0.00 20.09 0.00 0.00 

KCl 0.00 0.00 53.57 0.00 

‡ Combustion 
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Table 4.3: Corn yield at the Suffolk 2014 site year comparing poultry litter co-product fertilizers to industry standard 

fertilizers 

Source Suffolk 2014 

 ---------------------------------------------------kg ha-1------------------------------------------------ 

ASH3 6476b 

PL 7891a 

TSP 6871b 

Control 5566c 

LSD0.10 834† 

† A different letter within the column designates significance at the 0.10 level. 
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Table 4.4: Average corn grain test weight and grain P concentration across 3 site locations comparing PL co-products, fresh 

PL, and standard fertilizers. 

Source Test Weight Grain P Concentration 

 --------------------------kg m-3------------------------ 

-----------------------------------g kg-1----------------------------------

-- 

ASH3 686.1a 2.16c 

PL 688.3a 2.26b 

TSP 690.9a 2.32a 

Control 688.9a 2.16c 

LSD0.10 8.5 0.06 

†A different letter within the column designates significance at the 0.10 level. 
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Table 4.5: Double crop soybean yield response to K source for WWA site location comparing PL co-products, fresh PL, and 

standard fertilizers. 

Source Yield 

 -----------------------------------kg ha-1-------------------------------- 

ASH3 2397a 

PL 2414a 

KCl 2195ab 

Control 2222ab 

LSD0.10 321 

†A different letter within the column designates significance at the 0.10 level. 

  



47 
 

Table 4.6: Double crop soybean moisture, test weight, and grain K concentration by source over 3 site locations comparing PL 

co-products, fresh PL, and standard fertilizers. 

Source Grain Moisture Test Weight Grain K Concentration 

 -------------------%---------------- 

----------------kg m-3-------------

- 

-----------------g kg-1------------

- 

ASH3 12.9cd 714.7cd 17.3d 

PL 13.1a 718.1abc 18.0b 

KCl 13.0a 721.4a 18.4a 

Control 13.0a 713.8d 17.9bc 

LSD0.10 0.1 3.9 0.4 

†A different letter within the column designates significance at the 0.10 level. 
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Table 4.7: Wheat yield, grain moisture, and tissue K concentration response to K source across 3 site locations comparing ash 

co-product, fresh PL, and standard fertilizers. 

Source Yield Grain Moisture Tissue K Concentration 

 ----------------kg ha-1------------- 

------------------%----------------

- 

---------------g kg-1--------------

- 

ASH3 3214b 14.0b 14.1b 

PL 3744a 13.8c 16.2a 

KCl 3319b 14.0b 14.2b 

Control 3397b 14.3a 12.8c 

LSD0.10 222 0.1 0.7 

†A different letter within the column designates significance at the 0.10 level. 
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Table 4.8: Soil K Concentration by fertilizer source for the Painter 2014 corn site location. 

Source Painter 2014 

 -----------------------------------------------K------------------------------------------ 

 --------------------------------------------mg kg-1-------------------------------------- 

ASH3 77.0b 

PL 74.9bc 

TSP 69.4bc 

Control 74.4bc 

LSD0.10 10.0 

†A different letter within the column designates significance at the 0.10 level. 
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4.5 Figures 

Figure 4.1: Corn yield by P rate for 2 corn site locations. 
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Figure 4.2: Wheat K tissue K concentration response to rate of K across 3 site locations. 
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Figure 4.3: Soil P concentration by treatment rate for the Painter 2014 site location. 
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Figure 4.4: Soil K concentration by treatment rate for Wheat K site locations. 
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5. Granulation of ash co-products.  

5.1. Materials and Methods 

We demonstrated the ability of ash co-products to be granulated into spheres similar to inorganic 

fertilizer sources using commercial granulation equipment. Granulation binder additives were 

necessary to introduce the liquid needed for the granule formation using centrifugal force. 

Binders included water, urea-ammonium nitrate solution, and lignosulfonate. Urea was added to 

several treatments to introduce inorganic N back into the fertilizer formulation. The ASH3, from 

combustion  

5.2. Results and Discussion 

In all cases, suitable spheres were formed, regardless of binder. It did take several tries for the 

proper ratio of binder and ash to be mixed, but after trial and error a suitable product was 

developed. All ash granules had suitable hardness, size, and shape as commercial fertilizer 

sources. As each binder and/or additive was changed, a new ratio of ash and binder was needed 

for optimal performance.  

5.3 Conclusion 

Ash co-products can be granulated into commercial fertilizer sources that look similar to those 

fertilizers already used by commercial farmers. Ash each ash product and fertilizer formulation 

comes into production, that particular fertilizer product will need to be researched to ensure 

overall fertilizer characteristics are maintained.  
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6. Summary and Conclusions 

 Several factors impact the overall nutrient concentrations of PL ash co-products and 

their resulting availability. The thermo-combustion system is one variable; which includes the 

temperature of combustion, the fuel to oxygen ratio for combustion, the residence time of the PL 

feedstock, and if the system has an exhaust scrubbing system to catch fly ash co-products. 

Another major factor is the PL from which the co-product is formed; the initial concentration of 

nutrients, the bedding material, and the moisture content of the PL impact the end co-product. 

Our study found that nutrient densification varied between P concentrations of 4-10 times 

concentrated, K concentration ranged 2.5-5 times concentrated, and S ranged 2-3 times 

concentrated. Our comparisons between total nutrient digestions and water soluble extractions 

found that the ash products were significantly less plant available than the standard fertilizers 

(TSP and KCl). A greater amount of the co-products will have to be applied to meet the same 

nutrient availability of the standards. Overall, if all ideal combustion criteria are met, then PL co-

products are feasible to use a fertilizer sources, but will need to be individually analyzed for 

nutrient content before making application recommendations. More research into balance 

comparisons are needed to be able to identify stronger relationships within the nutrients.  

The industry inorganic standard fertilizer (TSP) and fresh PL had the greatest initial 

availability for P and K. Overtime, some of the ash co-products reached similar availabilities 

comparable to the standards but differed due to the variability in their systems of formation. 

Further ash research will be needed for each thermo-conversion system and feedstock as the 

burning process significantly alters the overall nutrient water solubility over time. 

Poultry litter co-products vary greatly based on thermo-conversion system and initial 

feedstock. If all ideal combustion criteria are met (ie. 700-1000ºC; 25% moisture), then PL co-

products are feasible to use as fertilizer sources, but will need to be individually analyzed for 
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nutrient content before making application recommendations. A greater amount of the co-

products will have to be applied to meet the same nutrient availability of the standards due to 

their lower availability. Fresh PL tends to be the better fertilizer due to its added N content, 

which is lost in thermo-conversion systems and would have to be supplemented with the ash co-

products. More research using the water soluble availabilities instead of the total concentration 

nutrients of the co-products are needed to be able to identify stronger relationships with standard 

fertilizers.  
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