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APPLICATION FOR COMPONENT ADDITION TO NRCS Practice Standard 317 (Evaluation 
Followed Process Standard 629 Protocol): 

Compost Aeration  

REQUEST 

Natural Resources Conservation Service (NRCS) Conservation Practice Standard 
Composting Facility (Code 317) “…is a standard for a facility that will accommodate and 
facilitate a desired composting process.” 

NRCS Practice Standard 629 Waste Treatment (CPS 629) is a broad standard for waste 
treatment which establishes a standard format for presenting the information related to 
evaluating manure treatment technologies. Newtrient has developed a testing and 
reporting protocol for manure treatment technologies based on CPS 629 that was used 
to evaluate aerated composting and heat recovery technology vs traditional turned 
windrow composting at Vermont Natural Ag Products, Inc. (VNAP), a subsidiary of the 
Foster Brothers Farm, Inc. in Middlebury, Vermont. This application is for inclusion of a 
supplement to code 317 under “Compost Aeration”. 

BRIEF DESCRIPTION OF COMPONENT CLASS 

Aerated Compost, also known as Aerated Static Pile Composting (ASP Compost) or 
Forced Air Compost, is an aerobic thermophilic composting process managed by 
incorporating positive (pushing air) and negative (pulling air) forced aeration to 
accelerate the composting process for manure, bedding, forest residuals, food scraps 
and other biomass.  

By delivering air through perforated pipes at the bottom of the pile, the pile stays 
oxygenated creating the best possible conditions for heat-loving microorganisms 
including bacteria, actinomycetes, and fungi to multiply and break down large quantities 
of organic matter over a relatively short period of time. Not only does the air flow 
maintain the population and diversity of the microbes within the pile but it also reduces 
foul odors that could occur if parts of the pile become anaerobic.  

DETAILED DESCRIPTION 

While specific technical approaches within the larger class have notable distinction, the 
technology is applied in the following systems approach, which also captures thermal 
energy via a heat recovery system, as described in Figure 1.  

Compost windrows are placed on a hard surface containing a shallow trench oriented 
longitudinally with the windrow. The trench contains perforated high-density 
polyethylene (HDPE) piping bedded in wood chips. These pipes are connected to solid, 
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insulated HDPE piping which runs to a shipping container outfitted with circulation fans 
and a heat exchanger. While the circulation fans are negatively aerating (i.e., pulling 
vapor from) the compost, warm vapor entering the system transfers heat energy to 
water piped through the heat exchanger.  

 
Figure 1. Compost aeration and heat recovery diagram. 

This system is set up with four zones of perforated piping.  At any given time, one of 
three scenarios is typically taking place.   

1. Vapor is pulled from one zone, run through the heat exchanger, and exhausted to 
the environment (negative aeration); 

2. Fresh air is pulled from the environment, heated, and used to positively aerate 
one zone; or 

3. Vapor is pulled from one zone, run through the heat exchanger, and pushed into 
another zone.  

Specific to a general compost aeration system, the following technical steps are at the 
core of processing and common to all technical versions commercially available. First, a 
high-volume blower is used to periodically deliver ambient air into the core of the 
compost pile. A typical cycle is 2- to 3-minutes on followed by 20- to 30-minutes off, 
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giving the operator the ability to maintain aerobic conditions within the pile, mitigate 
odors and greatly accelerate the rate of composting. This allows for control of the 
temperature within the pile because as airflow increases, the heat in the core of the pile 
is displaced and temperature decreases. The temperature within the pile must be 
maintained between 130°F and 150°F. In the most basic terms, a compost aeration 
system includes the following five components:  

 a blower which is typically connected to a timer or a temperature sensor 
triggering the blower fan 

 a manifold that delivers the air, often with PVC pipe or other piping materials 
outfitted with perforations or holes to allow uniform distribution of air into the 
bottom of the pile 

 a Plenum Layer, which is the bottom layer of the pile, usually comprised of wood 
chips to distribute air flow evenly across the pile and drain and absorb excess 
moisture away from the compost mix 

 a Compost Pile, with a Carbon to Nitrogen (C:N) nutrient balance around 20-40:1, 
bulk density around 550-950 pounds per cubic yard and moisture content of 50 
to 60 percent with pile height around 8 to 10 feet 

 a Biofilter layer that serves as an essential component cover to insulate the pile, 
reduce odors, retain nutrients within the pile, provide a barrier to vectors, shed 
rainfall and retain moisture 

HOW PROPOSED SYSTEM ACCOMPLISHES PURPOSES OF THE STANDARD  

As organic waste streams become increasingly abundant with increases in human 
population and livestock rearing, so increases the need for efficient management of 
these wastes. Organic wastes such as manure, biomass, food scraps, and straw, among 
others, hold immense value as compost feedstocks. Compost is a valuable soil additive 
for agricultural producers and homeowners alike, but compost generation, the process 
used to transform waste into a soil amendment, is a time and space-intensive process 
and not without challenges.  

To address these challenges, innovative composting technologies continue to emerge 
and crowd into the market with the potential to create new revenue streams and 
reduce greenhouse gas and water emissions as well as reduce time and space 
requirements for compost producers. However, adopting a new technology can be 
intimidating and nuanced and often presents financial and operational risks; therefore, 
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third-party evaluation is a necessary tool to help producers manage risk and make 
informed decisions. 

Newtrient (www.newtrient.com), a dairy industry-sponsored company focused on 
value-added and environmentally beneficial management of manure, has recently 
completed a review of technology classes within manure management and their impact 
on key critical environmental indicators. One such review, complete with quantitative 
analysis, summary discussion, and peer-reviewed literature citation is for Composting 
and is attached in Appendix A of this application. In summation and building upon that 
Appendix is the following brief discussion of key water, air, and other environmental 
indicators that are impacted by this class of technology and applicable to the purposes 
of Standard 317. Appendix B uses data from one commercial installation to offer both a 
visual and nutrient profile to show the impact that inclusion of a Compost Aeration 
system can have on an overall manure management system. Appendix C is the final 
report for the study conducted by the University of Vermont on the commercial 
installation. 

Reducing nutrient content, organic strength 

Composting is a stabilization process which can lead to nutrient losses that can both 
negatively affect the environment and render the compost less plant available; 
therefore, the balance of the carbon- and nitrogen-containing material in the pile is 
vital. During composting, complex chemical transformations are taking place within the 
pile to create a fully mature or finished compost. 

According to Yang et al. (2019), aerated compost when compared with three other 
compost methods, significantly reduces N losses via leachates. The cumulative N losses 
through leachate were the lowest for aerated compost and accounted for only 0.38% of 
the initial total nitrogen (TN). Additionally, the data from the commercial installation 
comparison study (Appendix C) largely suggest that the aerated compost was more 
effective than a conventional windrow compost in preserving the sum of nitrate-
nitrogen and nitrite-nitrogen (NOx-N) during the composting process, thereby likely 
curtailing undesirable nitrogen (N) losses via nitrate (NO3)- leaching and gaseous 
emissions (including emissions of nitrous oxide (N2O)). These observations suggest that 
compost aeration is a desirable composting method for efficient N management. 

Phosphorous (P) loss through runoff or leachate is the biggest concern during aerated 
composting. Data show that aerated compost treatment may provide better protection 
against P loss, possibly through immobilization by microbial communities and more 
stable redox-sensitive iron-phosphorus (Fe-P) due to more prominent aerobic conditions 
(Kjaergaard et al., 2012). Additionally, there may be a lower risk for P loss through 
leaching from aerated compost, as water extractable phosphorus (WEP) concentrations 
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were consistently higher in the conventional windrow compost. Though the windrow 
compost resulted in a slightly higher percentage of total P and WEP, the aerated 
compost was less prone to P leaching losses, indicating possible surface water and 
groundwater quality benefits from compost aeration systems (Appendix C). 

Reducing odor and gaseous emissions 

Compost aeration systems are designed to move air through the composting matter to 
promote the decomposition of material. During static aeration the pile does not require 
turning, reducing odor release through emissions of volatile carbon and sulfur 
compounds that occurs during the turning process. If odor becomes an issue, an 
aeration fan can expel returning vapor to the air through an exhaust manifold and scrub 
it through a biofilter, however one was not used at the site. Other odor management 
strategies include reducing the pile size and monitoring the moisture within the pile to 
prevent oversaturation. It is possible that higher methane generation potential exists in 
conventionally treated windrows, as regular aeration is not supplied, and anaerobic 
zones are more likely to form (Ma et al., 2020).  

Facilitating desirable waste handling and storage 

Compost aeration systems are designed to stabilize the manure and other biomass in 
the feedstock that contain P through drying and volume reduction; thus, simplifying 
storage, transportation, and redistribution. With a reduction in volume and the 
improved transport of the finished compost, compost aeration reduces excess 
phosphorous that can impair water quality by exporting it to where it can be beneficially 
utilized. 

With the heat capture and redirection capability within the compost aeration and heat 
recovery system (Appendix C), warm vapor can be redirected through the compost pile, 
enhancing decomposition when atmospheric temperatures are lower. Even without the 
forced aeration and heat recovery component, temperatures within a compost pile will 
remain sufficient, even in the coldest months, to allow for the composting process to 
continue. This allows producers to create a value-added product for growers that 
reduces nutrient losses throughout the planting season. 

Producing value added byproducts that facilitate manure and waste utilization 

Fully mature compost is similar in chemical and biological makeup regardless of the 
composting method; however, forced air composting dramatically shortens the process. 
The result of composting is an organic soil conditioner that has been stabilized into a 
humus-like product. The compost will be lighter and reduced in volume, have less plant 
and pathogen risk, won’t contain any viable seeds and will be much more stable than 
raw manure. The product will contain many essential nutrients that when applied to 
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land will improve both the soils chemical and physical properties. Compost benefits field 
productivity by improving soil organic matter, nutrient availability and water holding 
capacity. Additionally, it can reduce erosion, disease and weed germination.  

When comparing N-P-K by dry weight basis in Table 1 of Appendix C, we see that the 
conventionally treated compost was slightly superior, with an N-P-K content of 2.6-1.0-
2.5, slightly higher than the CAHR treated compost, which had an N-P-K content of 2.6-
0.9-2.3.  Time must be considered when interpreting these results, and it is reasonable 
to conclude that the CAHR system produced a comparable product in 13 weeks, four 
weeks shorter than the conventional treatment’s 17 weeks to maturity.  However, when 
comparing the primary nutrient values between treatments on an as-is basis in Table 2 
of Appendix C, conventional treatment slightly underperformed the CAHR treatment.  
Conventionally treated compost had an N-P-K content of 0.8-0.3-0.7, as compared to 
0.9-0.3-0.8 in the CAHR treatment. 

RANGE OF VOLUMETRIC AND MASS FLOW CAPACITIES AS WELL AS HYDRAULIC 
RETENTION TIME 
 
The scale of composting on a dairy is largely dependent on its individual manure 
management system (i.e., flush, scrape, flume, vacuum or a combination), size of the 
operation and economic viability of the composting solution.   

 Volumetric Flow: Typical batch size of 200 cubic yards is based on a solid 
feedstock mixture with a bulk density of 1000 lbs/cubic yard (CY) or less - actual 
operating ranges observed are 110 to 300 CY.  Typical batch retention time is four 
weeks - actual operating ranges observed are 2 to 16 weeks.  Annual volume 
composted in typical operating conditions - 20,800 CY/year - actual operating 
ranges observed are 14,000 to 30,000 CY/year for 8 zone systems. 

 Mass Flow: Typical operating conditions would see 10,400 tons/year - based on 
average bulk density of 1,000 lbs/CY of composting feedstocks. 

 Hydraulic Retention Times (HRT): Hydraulic retention is not utilized within 
Compost Aeration systems. Only solid feedstocks are composted. Liquids are 
added to some mixtures, but blends remain in solid form not exceeding 65% 
moisture content. 

DESIRED FEEDSTOCK CHARACTERISTICS  

Feedstocks are raw, organic by-products used for composting. Typical feedstocks 
include livestock manure (solid and separated solids), food and yard waste, straw, grass 
clippings, sawdust and/or other by-products of wood processing. To ensure optimum 
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success, several raw materials should be mixed to create the feedstock. On dairies, 
manure is typically combined with fibrous material, oftentimes cow bedding. The 
feedstock mixture must create a range of conditions within the pile including: 

 feedstock made with optimal sized particles, typically less than an inch in 
diameter 

 C:N nutrient balance around 20-40:1 
 pile moisture content of 50 to 60% by weight 
 oxygen (O2) concentrations greater than 10% 
 pH between 6.5 to 8.0 
 temperatures between 130°F and 150°F 

EXPECTED SYSTEM PERFORMANCE 

Although aerated composts may require more ardent monitoring, the time benefits of 
higher temperatures and constant aeration are noticeable. Typically, aerated compost is 
mature within two to four months, unlike windrow-treated compost that can take 
between six to twelve months. Due to the controlled flow of air, aerated composting 
allows for the construction of large piles, requiring less land than with traditional 
windrows. It should be noted that although most aerated composts are static piles, the 
system studied was turned as often as the traditional windrow in order to reduce the 
time required to operate the system, ensure that the entire pile was evenly composted, 
and get some of the added benefits of the heat recovery. 

 Changes in form or handling characteristics  

o As carbon dioxide is released during the composting process, the pile size 
is reduced and the particle size of the feedstock is lighter and smaller in 
volume, causing the pile to settle. For manure feedstock, the volume and 
density are reduced by approximately 50-65%. The resulting compost 
should have a uniform appearance that is dark brown or black in color and 
possess an earthy smell with no ammonia odor. 

 Nutrient fate or end use projections 

o The nutrients in mature compost are more stable and typically require a 
gradual release period of three or more years. Feedstock incorporating 
dairy manure contains nutrients such as nitrogen, phosphorous and 
potassium as well as a range of micronutrients and organic matter. After 
reaching maturity, the resulting pile will typically contain between 30-50% 
less carbon.  

 Macro-nutrient reductions or transformations 
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o Analysis of nitrogen species status throughout the study referenced in 
Appendix C suggests that greater nitrogen losses occurred during 
conventional treatment than during the aerated treatment, presumably 
due to higher rates of denitrification and ammonia volatilization. Data also 
suggest a lower risk for phosphorus loss through leaching from aerated-
treated compost, as water extractable phosphorous concentrations were 
consistently higher in the conventional treatment. 

 Pathogen reductions or eliminations 

o Compost aeration systems tend to have higher consistent temperatures 
and therefore, increased potential for pathogen kill. Composting decreases 
pathogens by up to 66% compared to recycled manure solids that are not 
composted. 

 Air emissions 

o In a recent study by Wang et al. (2021), the authors concluded that 
intermittent aeration is a useful strategy in limiting ammonia (NH3) and 
greenhouse gas (GHG) emissions as well as reducing carbon and nitrogen 
losses during aerated composting of cow manure. Though several factors 
affect gaseous emissions including C/N ratio, moisture content, pH and 
feedstock mix, aeration rate was considered a critical factor for 
determining nitrogen transformation and gaseous emissions. Deficient 
aeration rates can create anaerobic conditions leading to an increase in 
the emissions of methane (CH4) and nitrous oxide (N2O) as well as NH3 

volatilization. 

 Water emissions 

o Aerated composting provides a direct benefit to water quality impacts as it 
decreases leaching risks during storage and land application when 
compared with uncomposted manure. The lighter, more nutrient dense 
compost allows for easier transport which reduces over-application and 
enables better distribution of nutrients. This in turn reduces leaching of 
nitrates into the groundwater providing environmental and human health 
benefits.  

PROCESS MONITORING AND CONTROL SYSTEM REQUIRMENTS 

At its most basic level, aerated compost piles are regulated via temperature feedback. 
When the blower is on, the air will move through the pile, cooling the compost and 
adding oxygen to the pile. Installed systems are typically outfitted with main electrical 
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control boxes with Programmable Logic Controllers (PLC) or automated controls that 
automatically regulate the system. Therefore, monitoring and control are simplified and 
partially adaptable to changing input flow conditions during continuous operation.  

Aerated compost piles are highly dynamic microbial systems and monitoring and 
controlling for optimal conditions within the pile is not a static activity.  

 Required monitoring— Batches are monitored for temperatures, oxygen levels 
and energy yields, structure, and odor, as well as any management practices that 
need refinement. Improvement of irrigation and moisture management has been 
identified as one means to further improve process efficiency. 

 Required control—The blower settings will need to be controlled throughout the 
aeration process until a mature compost is reached.  

 Equipment included for monitoring— Sensors to track temperature, oxygen 
levels, and vapor flow rates to guide the settings of operating controls. Data 
logging captures historical trends for guiding operation and tracking energy yields 

 Equipment included for controlling— The blowers are controlled via an onsite or 
remote programmable logic controller with data logging capabilities. Timer 
settings control length of aeration cycle (negative aeration), duration of 
recirculation (positive aeration of heated exhaust vapor), and fan power/speed. 

 

TYPICAL OPERATIONS/MAINTENANCE PLAN WITH MONITORING REQUIREMENTS AND 
REPLACEMENT SCHEDULE 

This equipment has its own manufacture’s O&M plan, monitoring requirements, and 
parts list with scheduled replacement. These are large documents and difficult to 
include with this submission but would be available upon request from any technology 
provider as well as available on-site at a project. Electronic and/or hard copies could be 
made available for this review upon request. 

CHEMICAL INFORMATION 

Chemical inputs are not utilized within Compost Aeration systems. 

ESTIMATED INSTALLATION AND OPERATION COST 

The following cost data is based on the CAHR system and may not be indicative of all 
Compost Aeration systems. Notably, differences will exist from specific technology 
provider and project, but the range is an initial best effort of categorizing the costs by 
range across scales.   
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Equipment and Installation Capital Costs 

CAHR equipment comes in a range of sizes and Agrilab Technologies Inc. (AGT) also 
produces custom units.  Standard commercial-scale models range from $72,000 to 
$169,000 (AGT Compost Hot Box 250-8RD). The two units at Foster Brothers 
Farms/VNAP with equivalent 8 zone capacity were sold and installed in 2016 and 2017 
at a combined cost just under $120,000.  Total installation capital costs for two phases 
of installation were approximately $400,000.  Recent single-phase installation was 
completed for approximately $350,000.  Use of buildings can significantly change the 
installation capital cost range. 

Operation and Maintenance Costs (O&M) 

 Electrical— $600/year based 24/7 operation of two 3hp motors. 

 Labor— Variable but typical 1 hour/week of data observations and adjusting 
controls; compost processing labor typically reduced 25-50% versus prior turned 
windrow exclusively operation. (Connecticut Clean Energy Fund (CCEF) and 
Vermont Clean Energy Development Fund (CEDF) reports provided previously 
and available upon request). 

 Maintenance Replacement— Variable O&M- $3000/year typical - parts, internal 
labor and contractors. Primary system components warrantied 5 years to meet 
USDA funding requirements.  Wear items carry original equipment manufacturer 
warranties of 1 to 2 years (valve actuators, sensors, etc.). 

EXAMPLE WARRANTY 

Each technical approach commercialized within this class of technology will have its own 
warranty and warranty wording. However, expected warranties are as follows: 

 Warranty against defects in the workmanship of equipment and components for 
a period of one (1) year from the date of installation.  

 Obligation under warranty is limited to correcting, with no additional payment 
due from customer, any part or parts which shall be found defective or part or 
parts which have been installed improperly. Repair or replacement is at vendor’s 
option.  

 Vendor shall not be obligated to pay for, nor reimburse customer for, the cost of 
unauthorized repairs.  

 This warranty is the sole and exclusive warranty given by vendor and in lieu of all 
other warranties.  
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RECOMMENDED RECORD KEEPING 

A review of record keeping at facilities shows that beyond daily walk-through checklist 
items/observations related to the specific technology’s operational procedures, the 
most often recorded information is as follows: 

 Daily recording with time observation of temperatures within the pile. 
 Daily recording with time observation of aeration schedule, moisture content, 

oxygen content, pile structure and odor. 
 Recording of type and quantity of moisture added that day. 
 Estimated volume/mass of compost produced with discussion on quality. 
 Recording of specific maintenance work done that day and any working 

observations/concerns. 

Ideally, the daily checklist recordings on hard copy paper are memorialized via 
electronic scans with an Excel spreadsheet totalizing data overtime. 

ALTERNATIVES FOR THE USE OF BYPRODUCTS 

This class of technology produces a compost by-product from the treatment of the 
manure. More and more dairies are using recycled manure solids (RMS) or composted 
solids, for bedding in free stall barns to reduce costs and complexity associated with 
manure treatment when sand or other bedding is used. When not used as bedding, 
compost is typically used as a fertilizer to local fields, and with densification, is more 
suitable to be hauled to more distant fields for better maintenance of nutrient 
management plans or sold. There are other uses for composted solids, such as being 
used as a replacement for peat moss in potting soils or for erosion control. 

INDEPENDENT VARIFIABLE DATA DEMONSTRATING RESULTS/CREDENTIALS 

Appendix A is a summary of the independent review of peer-reviewed and technical 
data available for this class of technology and is available through Newtrient (2018). The 
Newtrient work involves an internal peer-review, comprised of ten national experts in 
the field of manure management, with the final output presently being prepared for 
external peer-review and publication.  While the reference list is not a complete listing 
of all related peer-reviewed literature it does highlight key references specific to this 
class of technology and how it relates to key performance indicators within this NRCS  
Standard 317.  

Appendix B is a summary of data obtained during a Newtrient-managed third-party 
review of a compost aeration and heat recovery system in the U.S. at Vermont Natural 
Ag Products (VNAP) in Middlebury, VT. The information was from a 17-week analysis of 
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the system and its performance by the University of Vermont—the work has not been 
peer-reviewed.  

Appendix C is the complete UVM report detailing the third-party review at Vermont 
Natural Ag Products (VNAP) in Middlebury, VT. 

Appendix D is the original study: 
Foster, R., Foster-Provencher, H., Kimball, W., Jerose, B., & McCune-Sanders, J. (2018). 
Compost aeration and heat recovery final report. 

CONTACT INFORMATION—VENDOR 

While not an absolute conclusive list, the list below identifies vendors that are active in 
the application of this class of technology on manure projects within the US.  

 Agrilab Technologies, Inc. – Heat from Compost
Agrilab Technologies Inc. standard products include the Drum Dragon, Hot Skid,
Hot Box and AerSkid units. This technology incorporates aeration to accelerate
the composting process for manure, bedding, forest residuals, food scraps and
other biomass. Contact and product information available at:
https://www.newtrient.com/catalog/agrilab-technologies-inc-heat-from-
compost/

 Engineered Compost Systems
Engineered Compost Systems develops and manufactures technology and
provides technical services for large-scale composting facilities. Contact and
product information available at:
https://compostsystems.com/about/

 Green Mountain Technologies
Green Mountain Technologies has developed a comprehensive product line that
includes sophisticated large-scale technologies for biosolids, windrows, Aerated
Static Pile (ASP) solutions, cutting-edge software and probes and some of the
most popular in-vessel systems in the country. Contact and product information
available at:
https://www.compostingtechnology.com/mission/

 O2Compost
O2Compost specializes in designing compost systems to process virtually all
organic residuals, including food waste, landscaping debris, animal manure,
biosolids and other source separated organics. Contact and product information

https://www.newtrient.com/catalog/agrilab-technologies-inc-heat-from-compost/13
https://www.newtrient.com/catalog/agrilab-technologies-inc-heat-from-compost/13
https://www.newtrient.com/catalog/agrilab-technologies-inc-heat-from-compost/13
https://compostsystems.com/about/
https://www.compostingtechnology.com/mission/
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available at: 
https://www.o2compost.com/why-o2compost.aspx 

CONTACT INFORMATION—USER 

Commercial facilities presently operating in the U.S. with this class of technology are 
identified below. The list is a best effort but may not be completely inclusive of all 
installations. 

Compost Aeration and Heat Recovery (CAHR) Technology 

Country Oaks Landscape Supply - Burton, Michigan  

Tamarlane Farm - Lyndonville, VT  

Catlin Farm – Winchendon, MA 

Foster Brothers Farm - Middlebury, VT 

Vern Mont Farm - Vernon VT 

City Soil & Greenhouse - Boston, MA 

Organic Dairy Research Farm - Durham, NH 

Jasper Hill Farm - Greensboro, VT 

Sunset View Farm - Schaghticoke, NY 

Diamond Hill Custom Heifers - Enosburg Falls, VT 

OTHER CONSIDERATIONS 

The NRCS documentation specifies that a third-party review shall contain 15 specific 
items that comprise the report above, but as part of working with the farm(s) and the 
technology provider during the 17-week evaluation period there are often other 
important and valuable learnings that may be helpful for NRCS and others as they 
consider this technology. Below is a list of Other Considerations that should be included 
in the evaluation of this technology: 

 Temperature Stratification – A key metric of a forced aeration system’s efficiency is 
its ability to maintain target temperature ranges throughout the pile. For example, in 
the comparison study, it was quickly noted that in the windrow treatment, 
temperature stratification was occurring within the windrow, likely due to low 
average oxygen levels at different depths from the windrow surface. To create an 
aggregate temperature for the windrow treatment, two temperatures were taken 
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and averaged for each sample point. One temperature reading at approximately 8”-
12” from the surface, where oxygen was likely plentiful and temperatures were 
higher, and one temperature reading at the full 36” depth.  As expected for the 
aerated treatment, temperature stratification was not observed. 
 

 Compost Temperature and Moisture Content – Composting efficiency relies heavily 
on process conditions such as temperature, oxygen, pH and moisture. In the 
comparison study, aerated-treated compost sustained higher internal temperatures 
than were observed in the windrow treatment. Because compost batches were 
mixed a few days before sampling began, initial compost temperatures had already 
risen well above ambient temperatures. Higher temperatures combined with 
constant aeration led to a consistently drier material for the aerated treatment. 
Therefore, VNAP staff increased monitoring to ensure temperatures did not rise too 
high and moisture contents did not drop too low. It should be noted that with more 
ardent monitoring, the time benefits of higher temperatures and constant aeration 
reduce composting time and therefore, over drying.  
 

 Pathogen Growth – Fecal coliforms surprisingly increased over the comparison study, 
namely for the CAHR system, which provided higher consistent temperatures and 
potential for pathogen kill.  Because fecal coliform data were only obtained for the 
first few and last samples of each treatment, trends were not established.  Increases 
in fecal coliform data could have arisen from a few sources, namely high bird activity 
at VNAP, localized high levels of coliforms that happened to be randomly sampled, 
and any pathogen growth between when frozen samples were shipped from UVM to 
when they were analyzed at the lab. 

Conclusion 
Aerated composting is a method of composting that utilizes forced air to accelerate the 
composting cycle and reduce odor by optimizing oxygen levels in the pile. These systems 
reduce labor and increase processing yields, all while helping to protect land and 
waterways. Additionally, aerated compost systems have the potential to decrease 
overall operational cost and increase revenue from sales of high-quality compost. 

  



16 
 
 

Appendix A 

NEWTRIENT CRITICAL INDICATOR ANALYSIS—COMPOSTING 

  

 

 

 

 

 

 

 

 

 

 

 

 

Overall Summary 

Dairy manure contains most of the macro and micronutrients needed to support healthy 
plant growth; however, raw manure poses pathogen risks for crops grown for human 
consumption, poses storage and handling problems, and can contaminate soil with 
excess nutrients. Aerated composting is a composting system that uses forced air to 
accelerate the decomposition process resulting in a finished, humus-rich product with 
little to no ammonium or soluble nitrate. Mature compost provides a less dense, 
nutrient-rich product that reduces many of the drawbacks of raw manure.  

Forced aeration compost systems optimize the composting process by evenly 
distributing air throughout the pile, most commonly by using a pipe-on-grade system 
with positive, negative, or reversing aeration (alternates between positive and 
negative). During composting, aerobic bacteria begin to break down the feedstock 
causing a depletion of oxygen and a rapid rise in temperatures within the pile. Aeration 
supplies optimal oxygen saturation levels, optimizing the pile, creating a more efficient 
biostabilization and diminishing odor emissions.  
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The advantage of using this type of compost system is that compost treated with forced 
air is suitable for market in much less time than a conventionally turned windrow, with 
less nitrogen loss. The quicker maturation, and reduced exposure time of an aeration 
system to precipitation reduces the time in which leaching, and surface runoff can 
occur; thus, reducing nutrient loss to surrounding waterways and producing a water 
quality benefit. The disadvantages associated with aerated compost systems include the 
high cost of infrastructure and management, the utilization of solid manure only and 
potential air and water emissions.  

Research shows that undesirable nitrogen losses via nitrate-leaching and gaseous 
emissions (including emissions of nitrous oxide) were likely curtailed because aeration 
was more effective in preserving nitrate and nitrite-oxygen during the composting 
process. Additionally, aerated-treated compost provided better protection against 
phosphorus loss through leaching, possibly through immobilization by microbial 
communities and more stable redox-sensitive iron-phosphate due to more prominent 
aerobic conditions (Appendix C).    
 

References 

Kjaergaard, C., Heiberg, L., Jensen, H. S., & Hansen, H. C. B. (2012). Phosphorus 
mobilization in rewetted peat and sand at variable flow rate and redox regimes. 
Geoderma, 173–174, 311–321. https://doi.org/10.1016/j.geoderma.2011.12.029  

Ma, S., Xiong, J., Cui, R., Sun, X., Han, L., Xu, Y., Kan, Z., Gong, X., & Huang, G. (2020). 
Effects of intermittent aeration on greenhouse gas emissions and bacterial community 
succession during large-scale membrane-covered aerobic composting. Journal of 
Cleaner Production, 266. https://doi.org/10.1016/j.jclepro.2020.121551  

Wang, Y.; Qiu, H.; Li, M.; Ghanney, P. Influence of Aeration Method on Gaseous 
Emissions and the Losses of the Carbon and Nitrogen during Cow Manure Composting. 
Appl. Sci. 2021, 11, 11639. https://doi.org/10.3390/app112411639  

Yang, X., Liu, E., Zhu, X., Wang, H., Liu, H., Liu, X., & Dong, W. (2019). Impact of 
composting methods on nitrogen retention and losses during dairy manure composting. 
International Journal of Environmental Research and Public Health, 16(18), 1–17. 
https://doi.org/10.3390/ijerph16183324  

  



18 
 
 

Appendix B 

Third-Party Review of Compost Aeration and Heat Recovery (CAHR) System at 
Vermont Natural Ag Products (VNAP) in Middlebury, VT. (Report Summary) 
 
University Partner 
Finn Bondeson 
Joshua Faulkner 
Eric Roy 
University of Vermont 
210 Aiken Center 
Burlington, VT 05405 

Publications 
This study has been accepted for publication in the Journal of Ecological Engineering Design. 
Bondeson, F.A.**, J.W. Faulkner, & E.D. Roy*. 2023. Performance of a compost aeration and heat 
recovery system at a commercial composting facility. Accepted.  Journal of Ecological Engineering 
Design.  
 
OCTOBER 2023 
 
BACKGROUND 
In the field of dairy sustainability, technology has played a crucial role in tackling environmental 
challenges. One innovation gaining traction is the utilization of the Compost Aeration and Heat Recovery 
(CAHR) system. This technology holds the promise of transforming the composting process, with the 
potential to lower expenses and minimize its environmental footprint.  

An early adopter of this technology is Vermont Natural Ag Products, Inc. (VNAP), a subsidiary of Foster 
Brothers Farm, Inc., located in Middlebury, Vermont. With a rich history dating back to 1941, Foster 
Brothers Farm has evolved into a fifth-generation family operation spanning over 2,000 acres of crops. 
The dairy has a herd of more than 630 cows, of which more than 370 are milking. Their commitment to 
sustainable farming practices culminated in the installation of the CAHR system, developed by Agrilab 
Technologies Inc. 

As the agricultural landscape faces escalating challenges due to global population growth and increased 
livestock rearing, the efficient management of organic waste streams has become paramount. Manure, 
biomass, food scraps, and straw, among other organic waste materials, hold immense value as compost 
feedstocks. However, traditional composting methods are resource-intensive and time-consuming. 

To address these issues, the Foster family, in collaboration with Agrilab Technologies Inc., implemented 
the CAHR system at VNAP, the largest composting facility in the state of Vermont. The central objective 
of this study was to evaluate the CAHR system's performance, particularly in comparison to 
conventional windrow manure composting practices, where aeration is primarily achieved through 
manual turning. 
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INTRODUCTION 
Starting in 2016 and continuing through 2017, VNAP collaborated with Agrilab Technologies to 
implement two CAHR systems. This initiative aimed to expedite composting, reduce costs, and harness 
thermal energy generated during decomposition. The captured heat serves various purposes, including 
facility heating, pre-heating wash water, drying products before screening and distribution, and enabling 
year-round composting operations. 

The fundamental design of the CAHR system includes compost windrows positioned on a paved pad 
with a longitudinally oriented shallow trench. This trench contains perforated HDPE piping nestled in 
wood chips, connecting to insulated HDPE piping leading to a shipping container equipped with an 
aeration blower (fan), sensors (temperature, oxygen and flow), controls, actuated duct gate valves and a 
heat exchanger. The system utilizes both positive and negative aeration mechanisms, achieved through 
aeration blowers. Positive aeration involves the introduction of fresh air into the system, while negative 
aeration involves the removal of stale air. Recirculation of hot vapor between windrows is an additional 
capability to jump start the process, particularly in cold weather conditions. These mechanisms enhance 
the heat transfer process, allowing efficient transfer of heat to the water within the heat exchanger. This 
recovered heat is employed for radiant floor heating in the bagging building and pre-drying finished 
compost, concurrently promoting quicker maturation, and reduced turning requirements, thus curtailing 
diesel, labor, and equipment maintenance costs.  

 
 
Figure 1. Flow Diagram of a CAHR System. 
 
The CAHR system consists of four pipe zones with holes. It operates in three ways: 

Removing Moisture: One zone removes vapor, passes it through a heat exchanger, and releases 
it outside. 

Introducing Fresh Air: Another zone draws in fresh air from the surroundings, helping to keep 
the system well-ventilated. 
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Recirculating Vapor: In a different setup, vapor is taken from one zone, heated in the heat 
exchanger, and directed into another zone. This not only warms the receiving zone but also 
encourages the growth of helpful microbes in compost piles, making the composting process 
faster. 
 

METHODOLOGY 
The methodology for evaluating the composting systems involved a systematic approach to sampling, 
testing, and recording. The study focused on two composting treatments: a Compost Aeration and Heat 
Recovery (CAHR)-treated windrow and a conventionally treated windrow without aeration except for 
manual, periodic turning. Sampling occurred over a thirteen-week period for both CAHR and 
conventionally treated compost windrows. Initial regular sampling of CAHR compost continued for 
thirteen weeks at which time it was determined that the CAHR-treated compost was ready for market, 
and it was then pulled for processing. Sampling continued once a week for the conventionally treated 
(TRAD) compost for an additional four weeks, at which point the TRAD windrow was also pulled for 
processing. In total, 43 TRAD compost samples and 39 CAHR compost samples were collected. Sampling 
points were established using a three-dimensional coordinate system based on windrow dimensions, 
with eight randomized points generating 5-gallon samples composited to create 40-gallon samples for 
analysis. Temperature readings were recorded at various depths, with TRAD windrows showing 
temperature stratification and CAHR windrows maintaining consistent temperatures throughout. Bulk 
density estimates were determined weekly using the "partial fill and drop" method. The study compared 
two compost windrows, TRAD and CAHR, with identical initial feedstock compositions, consisting of 
sawdust, dairy manure, dairy bed pack, chicken manure, and wood ash in specified ratios. 
 

DISCUSSION OF RESULTS 
KEY BENEFITS OF CAHR 

The CAHR system evaluation showed significant capability to provide farmers with several valuable 
benefits, including enhanced efficiency, nutrient-rich compost, positive environmental outcomes, and a 
practical heat recovery solution. 
 
Performance: The CAHR system successfully accelerated the composting process, achieving compost 
maturity in a mere 13 weeks, compared to the 17 weeks required by conventional methods. 
Additionally, the CAHR system consistently maintained nutrient levels comparable to those obtained 
through traditional composting methods. Therefore, not only does CAHR save time, but it also delivers 
compost with nutrient-rich qualities essential for soil health. Finally, CAHR's heat recovery feature, 
demonstrates its effectiveness in capturing thermal energy, which can be harnessed for various on-farm 
applications such as heating buildings, drying finished compost, preheating water for washing, and 
more. 
 
Cost Savings: While the initial assessment primarily focused on the operational costs incurred during 
compost production, it appeared the CAHR treatment may not be the most cost-effective option. In 
both energy consumption and financial expenditure, the study revealed that traditional composting 
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methods are more cost-effective than utilizing the CAHR system, primarily due to the significant usage 
of the aeration blower fan. However, a more comprehensive evaluation, accounting for factors such as 
time, space, energy efficiency, and cost savings, revealed the CAHR system's potential for substantial 
financial benefits. Notably, the reduced reliance on #2 heating oil for the bagging building and compost 
drying translated into significant energy and heating cost reductions. Furthermore, the streamlined 
operation of the managed aeration system not only required less labor but also averted the necessity for 
expanding the VNAP facility to accommodate additional traditional windrows. As a result, the CAHR 
system demonstrated its capacity to generate considerable operational and infrastructure cost savings 
(Foster, et al., 2018). 

Nutrient Comparison and Mass Balance Analysis: When comparing nutrient content by dry weight basis 
(Table 1), it was observed that the conventionally treated compost (TRAD) exhibited slightly higher N-P-
K content compared to the compost produced using the CAHR system. However, considering the shorter 
composting duration of CAHR, these results are promising, indicating that the CAHR system has the 
potential to produce a competitive product in a shorter time frame. 

Table 1. Dry weight basis compost test parameters, first and last days of study. 

Dry Weight Basis TRAD CAHR 

Test Parameter Units 
Initial value on 

8/24/2021 
Final value on 
12/15/2021 

Initial value on 
8/24/2021 

Final value on 
11/19/2021 

Total N % 1.42 2.62 1.44 2.55 
Total Kjeldahl N % 1.45 2.49 1.32 1.99 
Nitrate + Nitrite 
N % below detection 0.13 0.12 0.56 
Nitrate + Nitrite 
N % of TN below detection 4.96 8.33 21.96 
Phosphorus % 0.42 1.00 0.54 0.87 
WEP mg P /kg 885 869 1083 841 
P as WEP % of TP 21 9 20 9 
Potassium % 1.18 2.46 1.25 2.29 
N-P-K % 1.42-0.42-1.18 2.62-1.00-2.46 1.44-0.54-1.25 2.55-0.87-2.29 
Total Organic C % 45.28 40.5 46.79 44.38 
C:N Ratio  -  31.2 15.5 32.5 17.4 
N:P Ratio  -  3.38 2.62 2.67 2.93 
pH  -  8.1 7.8 8.3 7.5 

Fecal Coliforms 
MPN/g 
dry 2 10 2 4430 

Note that total Kjeldahl N appears greater than total N however, statistically, the values are the same.   

On an as-is basis (Table 2), the CAHR system outperformed the conventionally treated compost (TRAD), 
showcasing higher N-P-K values. This suggests that CAHR has the capability to yield a nutritionally 
superior product when it still has moisture present, which could be advantageous for specific 
applications. 
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Table 2. As-is compost test parameters, first and last days of study. 

As-is Basis TRAD CAHR 

Test Parameter Units 
Initial value on 

8/24/2021 
Final value on 
12/15/2021 

Initial value on 
8/24/2021 

Final value on 
11/19/2021 

Moisture Content % 64.73 70.53 64.22 63.85 
Total N % 0.50 0.77 0.52 0.92 
Total Kjeldahl N % 0.51 0.73 0.47 0.72 
Nitrate + Nitrite N % below detection 0.04 0.05 0.20 
Nitrate + Nitrite N % of TN N/A 5.19 9.62 21.74 
Phosphorus % 0.15 0.29 0.19 0.31 
WEP mg P/kg 312 256 387 304 
P as WEP % of TP 21.16 10.34 21.05 9.68 
Potassium % 0.42 0.72 0.45 0.83 
N-P-K % 0.50-0.15 -0.42 0.77-0.29-0.72 0.52-0.19-0.45 0.92-0.31-0.83 
Total Organic C % 15.97 11.94 16.74 16.04 
C:N Ratio  -  31.2 15.5 32.5 17.4 
N:P Ratio  -  3.33 2.66 2.74 2.97 
pH  -  8.1 7.8 8.3 7.5 

 
The mass balance analysis (Table 3) revealed values above 100% for many parameters, potentially due 
to measurement errors rather than nutrient input. Nevertheless, some trends emerged. The 
conventional treatment experienced nitrogen losses, likely through denitrification, nitrate leaching, and 
ammonia volatilization. On the other hand, the CAHR system retained more carbon, possibly due to its 
shorter composting duration. Additionally, CAHR showed stable phosphorus retention, which could be 
influenced by microbial activity and the maintenance of aerobic conditions throughout the composting 
process. These findings shed light on nutrient dynamics within each treatment and highlight the 
potential advantages of the CAHR system in terms of nutrient composition and retention. 

Table 3. Mass balance for major compost nutrients. 

Mass Balance TRAD CAHR 

Test 
Parameter Units 

Initial 
value on 

8/24/2021 

Final value 
on 

12/15/2021 
Retention 

(%) 

Initial 
value on 

8/24/2021 

Final value 
on 

11/19/2021 
Retention 

(%) 
Bulk Density lb/CY 910 1106 N/A 869 967 N/A 
Windrow 
Volume CY 480 234 49 549 320 58 
Nitrogen kg 991 903 91 1125 1291 115 
Phosphorus kg 297 340 114 411 435 106 
Potassium kg 833 845 101 973 1165 120 
Total Organic 
Carbon kg 31665 14009 44 36206 22514 62 
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Environmental Footprint: The CAHR system not only offers accelerated composting and cost-efficiency, 
but also has shown significant environmental benefits. Recent research by Wang et al. in 2021 reinforces 
the effectiveness of intermittent aeration, a key component of CAHR, in mitigating air emissions. 
Intermittent aeration reduces ammonia (NH3) and greenhouse gas (GHG) emissions while limiting 
carbon and nitrogen losses during composting. Aeration rates play a pivotal role in nitrogen 
transformation and gaseous emissions, and CAHR's regulated aeration system excels in this regard, 
preventing the release of methane (CH4), nitrous oxide (N2O), and NH3 volatilization due to anaerobic 
conditions. 

Additionally, the CAHR system has demonstrated its ability to contribute to enhanced water quality. 
Aerated composting, as employed by CAHR, reduces the risk of nitrogen loss through nitrate-leaching 
and lessens the likelihood of phosphorus runoff by enhancing phosphorous retention during storage and 
land application. The resulting lighter and more nutrient-dense compost simplifies transportation and 
handling, minimizes over-application, and ensures better nutrient distribution. Finally, its renewable 
thermal energy capture reduces operational costs and energy consumption, reinforcing its overall cost-
efficiency and sustainability. 
 

EVALUATION KEY ISSUES AND CHALLENGES 
During the study, several key operational issues were identified and addressed as outlined below.  

Temperature Stratification: A key measure of efficiency for a forced aeration system lies in its ability to 
maintain target temperature ranges throughout the compost pile. In the case of the conventionally 
treated compost (TRAD), an issue of temperature stratification emerged early on. This phenomenon was 
likely attributable to relatively low average oxygen levels at varying depths beneath the windrow 
surface. In contrast, the CAHR treatment exhibited no significant temperature stratification, as 
expected, signifying uniform temperature distribution throughout the compost pile.  

Compost Temperature and Moisture Content: Composting efficiency is contingent on various process 
conditions, including temperature, oxygen levels, pH, and moisture content. In the case of CAHR-treated 
compost, it maintained notably higher internal temperatures compared to the conventional treatment. 
This discrepancy was partly attributed to the fact that compost batches had been mixed a few days prior 
to the commencement of sampling, causing initial compost temperatures to surpass ambient levels. The 
combination of elevated temperatures and continuous aeration resulted in consistently drier compost 
material for the CAHR treatment. Consequently, VNAP staff increased their monitoring efforts to ensure 
that temperatures didn't escalate excessively, and moisture levels remained within an acceptable range. 
It's worth emphasizing that while diligent monitoring can harness the advantages of higher 
temperatures and constant aeration, ultimately reducing composting duration, it also mitigates the risk 
of over-drying, which can affect the compost’s quality and performance.   

Pathogen Growth:  Interestingly, fecal coliform levels exhibited an unexpected increase during the 
study, particularly in the CAHR system, which maintained consistently higher temperatures and had the 
potential for pathogen reduction. However, it's important to note that the fecal coliform data were only 
available for the initial and final samples of each treatment, making it challenging to establish definitive 
trends. The observed rise in fecal coliform data could have stemmed from various sources, such as 
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elevated bird activity at VNAP, localized pockets of high coliform levels that happened to be randomly 
sampled, or the possibility of pathogen growth between the time the frozen samples were shipped from 
the University of Vermont (UVM) and when they were eventually analyzed in the laboratory. 
 
IMPLICATIONS 
The CAHR system's ability to expedite composting while maintaining nutrient quality offers farmers an 
opportunity to enhance operational efficiency. The notable reduction in nitrogen and phosphorus losses 
and improved nutrient management underscore CAHR's environmental sustainability, urging further 
research to quantify long-term water quality improvements. While initial operational costs are higher, 
future research should explore comprehensive economic models to reveal the long-term cost savings 
potential. Investigating scalability, adaptation, and system performance across diverse farm contexts will 
be essential for realizing CAHR's broader applicability, practicality, and potential for advancing 
sustainable agricultural practices.  

For additional information on the vendor, environmental impacts, financial implications, and CAHR 
technology visit the Agrilab Vendor Snapshot on the Newtrient website. 
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Appendix C 

Third-Party Review of Compost Aeration and Heat Recovery (CAHR) System at 
Vermont Natural Ag Products (VNAP) in Middlebury, VT. (Full Report) 

EVALUATION OF AGRICULTURAL NUTRIENT MANAGEMENT TECHNOLOGIES AT 
VERMONT NATURAL AG PRODUCTS, MIDDLEBURY, VERMONT 

Prepared by: Finn Bondeson, Joshua Faulkner, and Eric Roy 

ABSTRACT 

This study evaluated nutrient status, financial cost, and energy cost for an existing 
manure Compost Aeration and Heat Recovery system (CAHR) by Agrilab Technologies, 
Inc. at the Vermont Natural Ag Products (VNAP) compost facility in Middlebury, 
Vermont in comparison to conventional windrow manure composting where aeration 
only occurs via turning.  From a time and space management standpoint, compost 
treated with a forced-aeration system was deemed suitable for market in approximately 
75% of the time as a conventionally turned windrow.  Analysis of nitrogen species status 
throughout the study suggests that greater nitrogen losses occurred during 
conventional treatment than during CAHR treatment.  Data also suggest a lower risk for 
phosphorus loss through leaching from CAHR-treated compost, as WEP concentrations 
were consistently higher in the conventional treatment.  Operational costs for CAHR 
compost were 2.1 times more expensive financially and 5.5 times more energy-intensive 
than a conventional compost on a per cubic yard basis.  However, the energy and 
infrastructure cost offsets provided by the CAHR system (as operated at VNAP) could 
provide a net savings of $1.16/CY finished compost.  In this study, it was shown that a 
CAHR system produced a comparable compost product, with higher operational input, 
in less time. 

Furthermore, the data suggest that land application of either compost treatment 
evaluated in this study may reduce phosphorus loss due to leaching versus direct 
manure application.  It is probable that either compost treatment, when applied to 
agricultural land, would release less phosphorus as WEP during rainfall events than 
direct manure application, providing water quality benefits. 

INTRODUCTION 

The objective of this study was to evaluate nutrient dynamics and operational costs 
within an existing manure Compost Aeration and Heat Recovery system (CAHR) by 
Agrilab Technologies, Inc. at the Vermont Natural Ag Products (VNAP) compost facility in 
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Middlebury, Vermont in comparison to conventional windrow manure composting 
where aeration only occurs via turning.  Constructed in 2016 and 2017, the CAHR has 
been fully operational since 2018 and has proven effective at reducing VNAP’s 
expenditures on #2 heating oil, propane, diesel fuel, and labor (Foster et al., 2018). 

The basic design of the CAHR system includes compost windrows placed on a paved pad 
containing a shallow trench oriented longitudinally with the windrow.  The trench 
contains perforated HDPE piping bedded in wood chips.  These pipes are connected to 
solid, insulated HDPE piping which runs to a shipping container outfitted with circulation 
fans and a heat exchanger.  While the circulation fans are negatively aerating (i.e. pulling 
vapor from) the compost, warm vapor entering the system transfers heat energy to 
water piped through the heat exchanger.  Heat recovered from compost windrows has 
been used to heat the site’s bagging building via radiant floor heating and to dry finished 
compost prior to the screening and bagging process.  Furthermore, due to elevated 
oxygen levels provided by positive and negative aeration, CAHR-treated compost has 
been reported to mature more quickly and require less turning, reducing diesel, labor, 
and equipment maintenance costs (Foster et al., 2018).   

The CAHR system is set up with four zones of perforated piping.  At a given time, one of 
three scenarios is typically taking place.   

 Vapor is pulled from one zone, run through the heat exchanger, and exhausted to 
the environment. 

 Fresh air is pulled from the environment and used to positively aerate one zone. 
 Vapor is pulled from one zone, run through the heat exchanger, and pushed into 

another zone.  In addition to warming the receiving zone, this configuration is 
hypothesized by VNAP to help “seed” a microbial community in an immature 
compost windrow, accelerating the process. 

While the financial benefits of the CAHR at VNAP have been documented, a comparison 
of nutrient content of CAHR-treated and non-CAHR-treated composts has not been 
undertaken.  The primary objective of this study was to determine how well, and how 
quickly, the CAHR system created a mature compost with soil health and fertility 
benefits as compared to a conventional composting system.  To test this hypothesis 
quantitatively, we measured several metrics that collectively approximate phosphorus 
and nitrogen contents and loss risk over time, as well as the overall compost maturation 
timeline, and compared these metrics across systems. Cost and energy use data were 
also collected and analyzed for each system. 
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1. METHODS 

The protocol for this study was adapted from “Protocol for Third Party Evaluation of 
Agricultural Nutrient Management Technologies” (Bronstad et al., 2019). 

1.1 STUDY SITE 

This evaluation was undertaken at the Vermont Natural Ag Products composting facility 
in Middlebury, Vermont.  VNAP produces compost products in batched windrows, with 
feedstocks sourced regionally from livestock producers, forest products processors, 
agricultural fairs, and food waste diversion programs. 

1.2 STUDY GROUPS 

Two compost windrows of equivalent feedstock contents and ratios were monitored.  
Our control, denoted as “TRAD”, was a conventionally treated windrow that did not 
receive aeration aside from periodic windrow turning with a Komptech Topturn x53 
compost turner.  Our experimental windrow, denoted as “CAHR”, received periodic 
positive and negative aeration via the CAHR system, as well as aeration through periodic 
turning.  The initial volumes of the TRAD and CAHR windrows were 480.2 CY and 548.8 
CY, respectively.   

The initial feedstock composition of both windrows was as follows: 

 Sawdust: 46.7% 
 Dairy manure: 23.3% 
 Dairy bed pack: 23.3% 
 Chicken manure: 5.8% 
 Wood ash: 0.9% 

1.3 SAMPLING AND IN-SITU DATA COLLECTION 

Compost samples were collected between August 24th, 2021, and December 15th, 2021.  
For the first thirteen weeks of the sampling period, samples were taken thrice weekly 
from both treatments.  At the end of the thirteenth week, on November 19th, VNAP staff 
deemed the CAHR treatment compost suitable for market and it was pulled for 
processing.  Sampling continued once weekly for the TRAD treatment for another four 
weeks, terminating on December 15th, when the TRAD windrow was pulled for 
processing.  This resulted in a total of 43 samples of TRAD and 39 samples of CAHR 
composts. 
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To establish sampling points, an (x,y,z) coordinate system was established for each 
treatment based on windrow dimensions.  For each sampling instance, a randomized set 
of 8 (x,y,z) coordinates was generated, and a 5-gallon sample was taken from each 
sample point with a steel drain spade and pail.  For each treatment, samples were 
composited on a tarp and mixed vigorously, resulting in 40 gallons of composited 
sample.  From each composite, a two-gallon sub-sample was collected and kept frozen 
prior to analysis, and a one-quart sub-sample was collected and kept refrigerated prior 
to analysis. 

At each sample point, a 36” compost probe thermometer was used to gather manual 
temperature data.  For the TRAD treatment, it was quickly noted that temperature 
stratification was occurring within the windrow, likely due to varied oxygen levels at 
different depths from the windrow surface.  Given this, for the TRAD treatment, one 
temperature reading was taken at approximately 8”-12” from the surface, where 
oxygen was likely plentiful and temperatures were higher, and one temperature reading 
was taken at the full 36” depth.  These two temperatures were averaged for each 
sample point to create an aggregate temperature.  For the CAHR treatment, 
temperature stratification was not observed, and a single temperature reading was 
taken at 36” depth at each sample point. 

Once weekly, an in-situ bulk density estimate was taken for each of the 5-gallon samples 
taken.  Bulk density was established using the “partial fill and drop” method outlined by 
Washington State University (Washington State University, 2021). 

1.4 ATMOSPHERIC DATA COLLECTION 

An Onset HOBO UA-003-64 data logger and accompanied tipping bucket rain gauge 
were deployed on August 24th, 2021, concurrent with the beginning of the sampling 
period.  Data were downloaded from this logger on September 24th, November 1st, and 
December 29th.  Rainfall during a short period between October 30th and November 1st 
was not recorded by the HOBO due to file size limits being exceeded.  Rainfall data from 
the nearby Middlebury State Airport (approximately 1.5 miles SE) was sourced from the 
National Oceanic and Atmospheric Administration’s Climate Data Online Search to fill 
this data gap. 

An Onset HOBO external temperature and relative humidity sensor was deployed on 
October 7th, 2021.  Deployment was delayed due to supply chain issues which 
permeated the scientific instrumentation market in 2021.  Data were downloaded from 
this logger on December 29th, but file storage had been exceeded on December 8th and 
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recording was terminated. Hourly temperature data from the nearby Middlebury State 
Airport were sourced from the National Oceanic and Atmospheric Administration’s 
Climate Data Online Search to fill the August 24th-October 7th and December 8th-
December 15th data gaps. 

1.5 SAMPLE ANALYSIS 

All frozen two-gallon samples were sent to A&L Great Lakes Laboratories (A&L) in Fort 
Wayne, IN for commercial compost analysis.  The initial and final samples of each 
treatment, in addition to samples from collection days 2, 3, 6, and 7 were tested for 
constituents in A&L’s C10 testing package, which includes the following: solids/moisture 
content, total nitrogen, phosphorus, potassium, potash, calcium, magnesium, pH, 
soluble salts, organic matter, total organic carbon, C:N ratio, fecal coliforms, aggregate 
size distribution, germination, respiration, foreign material, and 503 heavy metals.  All 
other samples were tested for constituents in A&L’s C6 testing package, which includes 
the following: solids/moisture content, total nitrogen, phosphorus, potassium, sulfur, 
calcium, magnesium, sodium, iron, aluminum, manganese, copper, zinc, organic matter, 
total organic carbon, C:N ratio, pH, and soluble salts (A&L Great Lakes Laboratories, 
2022). Total Kjeldahl nitrogen was analyzed once weekly and for the initial and final 
samples of each treatment.  All testing performed by A&L followed procedures outlined 
in the US Composting Council’s Test Methods for the Examination of Composting and 
Compost. 

All refrigerated one-quart samples were held for no longer than 72 hours before analysis 
for water extractable phosphorus (WEP).  This analysis was performed at the University 
of Vermont following Kleinman et al. (2007).  In summary, 10g-15g of each sample were 
weighed in triplicate and dried at 60° C for 18 hours to determine moisture and solids 
content.  Extracting vessels were filled with compost sample and deionized water to 
achieve a 2:200 mass ratio of solids (by dry-weight basis) to liquids.  The suspensions 
were shaken for one hour after which the supernatants were vacuum filtered at 0.45 
μm.  Filtered supernatant samples were frozen and stored for analysis to determine 
soluble reactive phosphorus (SRP) using the colorimetric malachite green method 
(Lajtha et al. 2009). 

1.6 NUTRIENT MASS BALANCE APPROXIMATIONS 

The following equation was used to approximate total nitrogen, phosphorus, potassium, 
and carbon masses contained in each treatment at the beginning and end of the study: 
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𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 (𝑘𝑔) = 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑎𝑠 − 𝑖𝑠) (



) × 𝐶𝑜𝑚𝑝𝑜𝑠𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ቀ
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 × 𝑊𝑖𝑛𝑑𝑟𝑜𝑤 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐶𝑌)  

After mass approximations were made, the following equation was used to determine 
nutrient mass retention: 

% 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =  
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 (𝑓𝑖𝑛𝑎𝑙)

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
 ×  100 

It should be noted that because the 5-gallon sample volumes used to calculate bulk 
density are orders of magnitude smaller than the volumes of the windrows, any errors 
in bulk density measurements are compounded.  Caution should be taken during 
interpretation of the mass balance figures.  Nutrient contents used in the calculations 
above were “as is” values (i.e., mass nutrients per wet-basis mass of compost at the 
moisture content observed in the sample). 

1.7 ENERGY AND EXPENSE MONITORING 

Data quantifying energy use and expenses associated with each treatment were 
gathered from VNAP and Agrilab Technologies.  Each compost turning event was 
recorded, and associated fuel use and labor expenses were calculated for each 
treatment during the study.  Agrilab Technologies assisted with electrical calculations 
associated with the operation of the CAHR system. 

The following two conversion rates were gathered from the US Energy Information 
Administration (US EIA) to normalize all energy consumption to kWh: 1 kWh = 3412 Btu 
& 1 gallon diesel fuel = 137,381 Btu.   

2. NUTRIENT AND COMPOST METRICS RESULTS & DISCUSSION 

Nutrient composition and other compost data gathered during this study were compiled 
in an Excel spreadsheet and plots were produced in R.  Manual temperatures and 
nutrient data shown are averages of the three sample points taken weekly.  Unless 
otherwise indicated, nutrient concentrations in plots and tables are expressed in 
percent nutrient by dry mass of compost.  Representing nutrient composition on a 
percent dry weight basis normalizes the results, allowing us to compare the two 
treatments independent of moisture content. Plots showing nutrient trends by mass of 
“as-is” compost (i.e., wet mass of compost at the moisture level during time of 
sampling) are provided in Attachment A. 
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2.1 COMPOST TEMPERATURE AND MOISTURE CONTENT 

As can be seen in Figure 1 below, the CAHR-treated compost sustained higher internal 
temperatures than were observed in conventional treatment.  Microbial communities in 
the CAHR system were provided with more oxygen, which in theory should increase 
microbial activity and in turn temperature (Yang et al., 2019).  Note that because 
compost batches were mixed a few days before sampling began, initial compost 
temperatures had already risen well above ambient temperatures.  

Figure 2 demonstrates the rapid decrease in moisture content following initially high 
aggregate temperatures in the thermophilic phase: maximum of 145.9 °F for 
conventional treatment and 171.1 °F for CAHR.  The conventionally treated and CAHR 
treated windrows each observed similar trends in moisture content and temperature 
over time, and the influence of rainfall on moisture content is evident.  However, higher 
temperatures combined with constant aeration led to a consistently drier material for 
the CAHR treatment.  

More careful monitoring of the CAHR compost was needed by VNAP staff to ensure 
temperatures did not rise too high and moisture contents did not drop too low, both 
factors which could have negative outcomes on microbial communities in the compost 
(Onwosi et al., 2017).  On September 15th, 2021, VNAP staff watered the CAHR-treated 
windrow with ~8800 gallons of leachate from the onsite stormwater runoff lagoon using 
a liquid manure tanker.  The conventionally treated windrow received ~4400 gallons.  
Composts were immediately turned to integrate the irrigated liquid, and a sample of the 
leachate used was collected and sent for analysis at A&L Labs. Nutrient contents in the 
leachate were determined negligible for consideration in this study.  A copy of the 
leachate nutrient report is included in Appendix C. 

Although CAHR-treated composts may require more ardent monitoring, the time 
benefits of higher temperatures and constant aeration were noticeable.  The CAHR-
treated windrow composted faster was deemed suitable for market by VNAP 4weeks 
before its conventionally treated counterpart. 
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Figure 1. Temperature over time in the conventional and CAHR compost windrows. 

 
Figure 2. Rainfall events and moisture contents over time in the conventional and CAHR compost windrows. 
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2.2 CARBON DYNAMICS 

Because the compost process is dependent on microbial communities oxidizing carbon 
sources in the feedstocks and respiring CO2 under aerobic conditions, we expect carbon 
losses to occur (Bernal et al., 2017).  Total organic carbon (TOC) relationships between 
composts are shown in Figure 3.  We see nearly identical trends in TOC concentrations 
between the treatments, suggesting similar microbial degradation rates between the 
treatments, which is surprising given higher temperatures noted in the CAHR treatment.  
As can be expected, the conventional treatment resulted in a lower TOC fraction, as 
microbes had a longer time to consume organic matter.   

 
Figure 3. Total organic carbon (TOC) in the conventional and CAHR compost windrows. 

Carbon to nitrogen ratio (C:N) began at 31:1 for the conventional windrow and 33:1 for 
the CAHR windrow, which is typical of fresh compost mixes at VNAP.  Because nitrogen 
concentrations increased more rapidly in the CAHR treatment, we saw the C:N ratio 
drop more rapidly throughout the early weeks of the study, as shown in Figure 4.  
Referencing Figure 2, we see that between weeks 10 and 11, C:N ratios dropped more 
slowly in the CAHR treatment, which displayed a greater gain in moisture content over 
this time.   
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Overall, a slightly lower C:N ratio was achieved for finished compost from the 
conventional windrow (16:1) than the CAHR windrow (17:1), which can be attributed to 
the conventional windrow having four additional weeks of composting time.  It is 
suggested by Bernal et al. (2009) that a C:N ratio below 20:1 can be a suitable metric for 
determining compost maturity.  This metric of maturity suggests that the CAHR compost 
reached maturity by week 11, 3 weeks before the conventional windrow. 

As we did not perform gaseous analysis as a component of this study, we cannot 
determine which treatment may have been more prone to carbon loss through 
methane release.  It is possible that higher methane generation potential existed in the 
conventionally treated windrow, as regular aeration was not supplied, and anaerobic 
zones were more likely to form (Ma et al., 2020). 

 
Figure 4. C:N ratios in the conventional and CAHR compost windrows. 
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2.3 NITROGEN DYNAMICS 

Total nitrogen (TN) concentrations in the composts both increased over time, as can be 
seen in Figure 5 below.  Since microbial communities rely on oxidation of carbon as an 
energy source, nitrogen (along with other nutrients and inorganic constituents) was 
concentrated in both composts over time.  Coincident with the high temperatures 
around week 2, we observed that TN percentages increased more quickly in the CAHR 
compost than the traditionally treated compost.  Trends were similar, but it is evident 
that frequent aeration facilitated more preservation of nitrogen, especially early in the 
study.  Conventional treatment resulted in an end product with an overall higher 
nitrogen concentration on a dry weight basis. 

 
Figure 5. Total nitrogen in the conventional and CAHR compost windrows. 

Total Kjeldahl nitrogen (TKN) relationships are shown in Figure 6.  TKN is the sum of 
organic nitrogen and ammonia nitrogen but differs from TN in that it does not include 
nitrate nitrogen (NO3-N) or nitrite nitrogen (NO2-N).  It is seen that TKN values track 
similarly week-to-week between treatments.  TKN was measured once weekly, so less 
smooth results can be expected.  Given that TN is TKN plus NOx-N (NO2-N + NO3-N), and 
TKN concentrations behaved similarly between the two treatments, NOx-N analysis can 
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provide valuable insight as we evaluate possible causation for the gap between TN 
trends seen in Figure 5.  

 
Figure 6. Total Kjeldahl nitrogen in the conventional and CAHR compost windrows. 

Figure 7 (below) shows the relationships between NOx-N and moisture content for both 
composts.  With the context of rainfall and turning events (Figure 8) in mind, we can 
begin to assess nitrogen dynamics.  Nitrate nitrogen is a highly available nitrogen source 
for plants and is ideal to preserve in composts.  NO2-N and NO3-N are produced by 
nitrifying bacteria in the presence of oxygen, but can be lost through leaching (i.e., 
during heavy rain events) or through denitrification the absence of oxygen, when NO3-N 
can be converted to gaseous forms of nitrogen, including dinitrogen gas (N2) and nitrous 
oxide (N2O), the latter being a potent greenhouse gas (GHG) (Johnson et al., 2005; Yang 
et al., 2019).  

In the conventionally treated windrow, we can see multiple instances of NOx-N 
increasing as moisture contents decreased and decreasing as moisture contents 
increased.  When NOx-N decreased, it is possible that some NO3-N was lost to the 
environment through leaching, but more was likely lost as gaseous forms of N.  Because 
the conventionally treated windrow received less oxygen and was more likely to form 
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anaerobic zones (especially when wet), we hypothesize that more denitrification, which 
requires anaerobic conditions, may have occurred in the conventional windrow, and 
that gaseous N losses resulted. While N2 is the dominant end product of denitrification, 
fugitive N2O emissions can also occur due to incomplete denitrification (note: N2O 
emissions can also result from incomplete ammonium oxidation) (US EPA, 2020).  The 
sharp drop in NOx-N concentrations between weeks 2 and 4 in the conventional 
treatment was not seen in the CAHR windrow, which explains the CAHR’s higher rate of 
TN increase during this time.  

Figure 7. Nitrate + nitrite N (NOx-N) in the conventional and CAHR compost windrows. 



38 
 
 

 
Figure 8. Rainfall and turning events in the conventional and CAHR compost windrows.  

We observed NOx-N losses for only a short period in the CAHR windrow, between weeks 
8 and 11, as moisture content consistently increased.  The large rainfall event between 
weeks 10 and 11 may have facilitated NO3-N leaching and denitrification in the CAHR 
treatment but appeared to facilitate nitrification in the conventional windrow based on 
a decrease in TKN (Figure 6).  Overall, the data largely suggest that the CAHR treatment 
and associated aeration was more effective in preserving NOx-N during the composting 
process, thereby likely curtailing undesirable N losses via NO3

- leaching and gaseous 
emissions (including emissions of N2O). Further research is needed to confirm these 
dynamics. Another possibility for TN loss from the conventional windrow is ammonia 
volatilization. If the conventional windrow was losing ammonia and the CAHR windrow 
was more effectively converting ammonium to nitrate, these two different processes – if 
of a similar magnitude - could result in similar TKN concentrations between the 
treatments despite the overall loss of N from the conventional windrow. 

2.4 PHOSPHORUS DYNAMICS 

As was seen in TN concentrations over time, total phosphorus (TP) increased in 
magnitude as carbon sources in the composts were metabolized.  In Figure 9, we see 
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only slight differences between traditional and CAHR-treated composts’ TP 
concentrations, with the conventionally treated windrow trending higher than the CAHR 
treatment in the final weeks of the study, most probably due to increased composting 
duration. 

 
Figure 9. Phosphorus in the conventional and CAHR compost windrows. 

Figure 10 shows water extractable phosphorus (WEP) concentrations over time.  WEP is 
the portion of TP most available to plants but is susceptible to leaching loss, and thereby 
was the only way for phosphorus to be lost from these composts (Hyland et al., 2005).  
There is no pathway for phosphorus to be lost to the atmosphere through volatilization.  
Our results show the CAHR treatment providing consistently lower levels of WEP 
throughout the study.  A portion of WEP in both treatments was lost, presumably to 
leaching, during the heavy rainfall event between weeks 10 and 11, but the data suggest 
that the CAHR treatment lost less WEP during this rainfall event. 

To assess the characteristics of phosphorus in each compost, as well as its susceptibility 
to leaching, we calculated the percentage of total phosphorus that existed as WEP.  As 
can be seen in Figure 11, CAHR-treated compost had a consistently lower percentage of 



40 
 
 

WEP than did the conventional treatment from week 4 on.  These data suggest that the 
CAHR treatment provided better protection against phosphorus loss, possibly through 
immobilization by microbial communities and more stable redox-sensitive Fe-P due to 
more prominent aerobic conditions.  Conventional treatment resulted in a slightly 
higher percentage of total P and WEP, but CAHR treatment seemed to be less prone to P 
leaching losses. 

 
Figure 10. Water extractable phosphorus (WEP) in the conventional and CAHR compost windrows. 
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Figure 11. Water extractable P (WEP) as % of total P in the conventional and CAHR compost windrows. 

2.5 POTASSIUM 

Potassium (K), a vital nutrient for plants, was also analyzed in this study.  As can be seen 
in Figure 12, total potassium concentration trends in both composts stayed almost 
identical through week 6, at which time the CAHR compost began to concentrate TK 
slightly more rapidly.  Overall, the conventional treatment provided higher 
concentrations of K, likely due to the extended duration of composting. 
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Figure 12. Potassium in the conventional and CAHR compost windrows. 

2.6 PH 

pH trends are shown in Figure 13.  pH values rose in the conventional windrow through 
the first four weeks of the study and roughly followed CAHR trends thereafter.  In the 
CAHR windrow, more rapid ammonia oxidation during nitrification and subsequent 
hydrogen ion production may have facilitated lower pH development during the first 
weeks of the study. In the conventional windrow, rising pH may have been an indicator 
for increased nitrogen loss through ammonia volatilization (Bernal et al., 2017). pH for 
both treatments was slightly basic throughout the process. 
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Figure 3. pH in the conventional and CAHR compost windrows. 

2.7 MAJOR COMPOST TESTING METRICS: OVERALL RESULTS 

Tables 1 and 2 below show the major compost testing metrics on a dry weight and as-is 
(wet) basis, respectively.  Values included in these tables are from the initial and final 
sampling dates for each treatment, as opposed to the weekly averages that were 
presented in previous plots. These data provide a succinct method of comparing the 
resulting composts produced by each treatment method. Note that total Kjeldahl N 
appears greater than total N however, statistically, the values are the same.   

When comparing N-P-K by dry weight basis in Table 1, we see that the conventionally 
treated compost was slightly superior, with an N-P-K content of 2.6-1.0-2.5, slightly 
higher than the CAHR treated compost, which had an N-P-K content of 2.6-0.9-2.3.  Time 
must be considered when interpreting these results, and it is reasonable to conclude 
that the CAHR system produced a comparable product in 13 weeks, four weeks shorter 
than the conventional treatment’s 17 weeks to maturity.  However, when comparing 
the primary nutrient values between treatments on an as-is basis in Table 2, 
conventional treatment slightly underperformed the CAHR treatment.  Conventionally 
treated compost had an N-P-K content of 0.8-0.3-0.7, as compared to 0.9-0.3-0.8 in the 
CAHR treatment. 
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Table 1. Dry weight basis compost test parameters, first and last days of study. 

Dry Weight Basis TRAD CAHR 

Test Parameter Units 
Initial value on 

8/24/2021 
Final value on 
12/15/2021 

Initial value on 
8/24/2021 

Final value on 
11/19/2021 

Total N % 1.42 2.62 1.44 2.55 
Total Kjeldahl N % 1.45 2.49 1.32 1.99 
Nitrate N % below detection 0.13 0.12 0.56 

N as NOx-N 
% of 
TN N/A 4.96 8.33 21.96 

Phosphorus % 0.42 1.00 0.54 0.87 

WEP 
mg P 
/kg 885 869 1083 841 

P as WEP % of TP 21 9 20 9 
Potassium % 1.18 2.46 1.25 2.29 
N-P-K % 1.42-0.42-1.18 2.62-1.00-2.46 1.44-0.54-1.25 2.55-0.87-2.29 
Total Organic C % 45.28 40.5 46.79 44.38 
C:N Ratio  -  31.2 15.5 32.5 17.4 
N:P Ratio  -  3.38 2.62 2.67 2.93 
pH  -  8.1 7.8 8.3 7.5 

Fecal Coliforms 
MPN/g 
dry 2 10 2 4430 

 

Fecal coliforms increased over the study, which is surprising, namely for the CAHR 
system, which provided higher consistent temperatures and potential for pathogen kill.  
Because fecal coliform data were only obtained for the first few and last samples of 
each treatment, we were not able to visualize trends.  Increases in fecal coliform data 
could have arisen from a few sources, namely high bird activity at VNAP, localized high 
levels of coliforms that happened to be randomly sampled, and any pathogen growth 
between when frozen samples were shipped from UVM to when they were analyzed at 
A&L Labs. 
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Table 2. As-is compost test parameters, first and last days of study. 

As-is Basis TRAD CAHR 

Test Parameter Units 
Initial value on 

8/24/2021 
Final value on 
12/15/2021 

Initial value on 
8/24/2021 

Final value on 
11/19/2021 

Moisture Content % 64.73 70.53 64.22 63.85 
Total N % 0.50 0.77 0.52 0.92 
Total Kjeldahl N % 0.51 0.73 0.47 0.72 
Nitrate N % below detection 0.04 0.05 0.20 

N as NOx-N 
% of 
TN N/A 5.19 9.62 21.74 

Phosphorus % 0.15 0.29 0.19 0.31 

WEP 
mg 
P/kg 312 256 387 304 

P as WEP % of TP 21.16 10.34 21.05 9.68 
Potassium % 0.42 0.72 0.45 0.83 
N-P-K % 0.50-0.15 -0.42 0.77-0.29-0.72 0.52-0.19-0.45 0.92-0.31-0.83 
Total Organic C % 15.97 11.94 16.74 16.04 
C:N Ratio  -  31.2 15.5 32.5 17.4 
N:P Ratio  -  3.33 2.66 2.74 2.97 
pH  -  8.1 7.8 8.3 7.5 

 

2.8 MASS BALANCE ANALYSIS 

A mass balance was performed for major compost nutrients, shown in Table 3 below.  
Colorized columns show the nutrient retention percentages for each treatment.  
Interestingly, we computed values above 100% for many parameters, which would 
suggest nutrient input.  This is unlikely, since there are no pathways for N, P, and K input 
from the atmosphere within the conditions of this study.  Errors contributing to these 
calculations most likely lie in the bulk density values, as discussed in section 1.3, or in 
error associated with measurement of initial and final cubic yard values.  Nutrient 
addition through watering with lagoon leachate was not considered consequential for 
mass balance.  For example, 2.59 kg of N were added to the conventional windrow 
through watering, which would account for only 0.29% of the total N calculated for the 
finished windrow. 

However, we can assess some general trends.  Of N, P, and K, the only mass loss 
estimated (i.e., mass retention <100%) was for N in the conventional treatment.  There 
were many pathways for nitrogen to be lost in this system but given the NOx-N 
dynamics discussed in section 2.2, it is likely that the conventional windrow suffered 
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more N losses through denitrification than the CAHR windrow, with nitrate leaching 
and/or ammonia volatilization also possibly playing a role.  The conventional windrow 
was also more susceptible to environmental losses due to an additional 4 weeks of 
composting time. 

We can reason that the CAHR system had higher carbon retention due to the shorter 
composting duration, allowing the conventional windrow more time to continue 
oxidizing organic matter.  This is supported by the final C:N ratio values. 

Table 1. Mass balance for major compost nutrients. 

Mass Balance TRAD CAHR 

Test 
Parameter Units 

Initial 
value on 

8/24/2021 

Final value 
on 

12/15/2021 
Retention 

(%) 

Initial 
value on 

8/24/2021 

Final value 
on 

11/19/2021 
Retention 

(%) 
Bulk Density lb/CY 910 1106 N/A 869 967 N/A 
Windrow 
Volume CY 480 234 49 549 320 58 
Nitrogen kg 991 903 91 1125 1291 115 
Phosphorus kg 297 340 114 411 435 106 
Potassium kg 833 845 101 973 1165 120 
Total Organic 
Carbon kg 31665 14009 44 36206 22514 62 

 
3. COST AND CONSUMABLES ANALYSIS 

In addition to laboratory testing and analyses of nutrient content, a cost and 
consumables analysis was performed to compare operational and energy costs between 
the CAHR and conventional treatments.  Results of this analysis are provided in Table 4, 
with the following operational activities and assumptions considered: 

 Compost turning with the Komptech Topturn x53 straddle turner 
o 10 L/hr fuel use during turning, provided by VNAP 
o 6.5 minutes to turn a 200’ windrow, provided by VNAP 
o $60/hr operator wage, provided by VNAP 
o 9 turning events for the conventional windrow 
o 8 turning events for the CAHR windrow 

 Compost watering with a 4400-gallon liquid manure tanker 
o 5L/hr fuel use during watering, estimated as half of turner fuel use rate 
o 20 minutes to fill and dispense 4400 gallons of liquid leachate, timed by FB 
o $60/hr operator wage, provided by VNAP 
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o 1 watering event of 4400 gallons for the conventional windrow 
o 2 watering events of 4400 gallons for the CAHR windrow 

 Aeration by the CAHR system 
o 746-watt (1 hp) power draw by the aeration fan, provided by Agrilab 

Technologies  
o 12 hours of aeration for the CAHR test window/day 
o 88 days of aeration for the CAHR test windrow 
o 17.33 cents/kWh average commercial electric rate in VT, provided by US 

EIA 

Table 2. Operational financial and energy costs in the conventional and CAHR composting systems. 

 TRAD CAHR 
CY finished compost 234 320 

Operational Activity 
Financial 
cost ($) 

Energy 
Cost (kWh) 

Financial 
cost ($) 

Energy 
Cost 

(kWh) 
Compost Turning  $        58.50  103.71  $     52.00  92.18 
Compost Watering  $        20.00  17.73  $     40.00  35.46 
Aeration Blower Fan  $               -    0.00  $  136.52  787.78 
Total  $        78.50  121.44  $  228.52  915.42 
Total (per CY 
finished compost)  $          0.34  0.52  $       0.71  2.86 

 
See Attachment B for detailed cost and consumables calculations 

From both an energy and financial cost standpoint, this analysis suggests that the 
conventional management of composts is less expensive than using the CAHR system.  
Important to note is that these calculations only account for normal operational inputs 
from the time compost batches were assembled until they were removed from 
production.  This study does not account for any time and space savings provided by a 
managed aeration system and does not include the energy and cost savings benefits of 
the CAHR system to an agricultural producer or waste manager, which have been well 
documented at VNAP and are summarized in Table 5 below (Foster et al., 2018). 
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Table 5. Cost savings per cubic yard of finished compost for the CAHR composting system relative to the 
conventional system. 

Cost Savings Parameter CAHR 
Operational cost savings  $     (0.37) 
Capital Cost (15 year life) (Foster, et al., 2018)  $     (2.90) 
Energy/Heating cost savings (Foster, et al., 2018)  $      2.05  
Avoided infrastructure cost savings (Foster, et al., 2018)  $      2.38  
Total savings (per CY finished compost)  $      1.16 

Considered in the energy and heating cost savings are the reduced demand for #2 
heating oil used to heat the VNAP bagging building and propane used to dry composts 
prior to bagging.  Heat captured from composts by the CAHR system reduces demand 
for these two fuel sources.  The avoided infrastructure cost savings approximate 
projected expansion expenses that VNAP avoids through adoption of the CAHR system.  
If the CAHR system were not implemented, the facility would need to be expanded, as a 
greater pad area and lagoon volume are required to process traditionally turned 
windrows while still meeting annual product demand.  Be mindful that these cost 
savings estimates are based on 2018 unit prices for #2 heating oil, propane, permitting, 
and earthwork, among others. 

4. CONCLUSIONS 

This study evaluated nutrient status, financial cost, and energy cost for a pair of 
commercial compost windrows in a normal production setting.  From a time and space 
management standpoint, compost treated with a forced-aeration system was deemed 
suitable for market in approximately 75% of the time as a conventionally turned 
windrow; 13 and 17 weeks, respectively.  Analysis of nitrogen species status throughout 
the study suggests that greater nitrogen losses occurred during conventional treatment 
than during CAHR treatment, presumably due to higher rates of denitrification and 
ammonia volatilization.  Data also suggest a lower risk for phosphorus loss through 
leaching from CAHR-treated compost, as WEP concentrations were consistently higher 
in the conventional treatment.  During the active composting process, it was found that 
operational costs for CAHR compost were 2.1 times more expensive financially and 5.5 
times more energy-intensive than a conventional compost on a per CY basis.  However, 
the energy and infrastructure cost offsets provided by the CAHR system (as operated at 
VNAP) could provide a net savings of $1.16/CY finished compost.  In this study, it was 
shown that a CAHR system produced a comparable compost product, with higher 
operational input, in less time. 
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Furthermore, the data suggest that land application of either compost treatment 
evaluated in this study may reduce phosphorus loss due to leaching versus direct 
manure application.  For example, WEP concentrations in the finished composts in this 
study ranged between 0.256 and 0.304 g/kg on a dry weight basis, while WEP 
concentrations in dairy manures have been found to range between 1.98 and 4.0 g/kg 
(P. Kleinman et al., 2007; P. J. A. Kleinman et al., 2005).  It is probable that either 
compost treatment, when applied to agricultural land, would release less phosphorus as 
WEP during rainfall events than direct manure application, providing water quality 
benefits. 
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ATTACHMENT A: NUTRIENT DYNAMICS PLOTS BY “AS-IS”, OR WET, BASIS 

 



51 
 
 

 

 



52 
 
 

 

 



53 
 
 

 

 



54 
 
 

ATTACHMENT B: COST AND CONSUMABLES CALCULATIONS 



 TRAD CAHR        

CY finished compost 234 320        

Operational Activity 
Financial 
cost ($) 

Energy Cost 
(kWh) 

Financial 
cost ($) 

Energy Cost 
(kWh)        

Compost Turning  $        58.50  103.71  $     52.00  92.18   Conversion Factors    

Compost Watering  $        20.00  17.73  $     40.00  35.46   Liters/ gallon 3.7854    

Aeration Blower Fan  $               -    0.00  $  136.52  787.78   BTU/gallon 137381    

Total  $        78.50  121.44  $  228.52  915.42   kWh/BTU 3412    

Total (per CY finished 
compost)  $          0.34  0.52  $       0.71  2.86        

            

 Compost Turning - Financial Costs    Compost Turning - Energy Costs 

 Turning 
events (ea) 

Time/turn 
(hr/event) 

Operator 
rate ($/hr) 

Total Cost 
($) 

   Turning 
events (ea) 

Time/turn 
(hr/event) 

Fuel use 
rate (L/hr) 

Total Cost 
(kWh)     

TRAD 9 0.108  $     60.00   $       58.50    TRAD 9 0.108 10 103.71 

CAHR 8 0.108  $     60.00   $       52.00    CAHR 8 0.108 10 92.18 

            

 Compost Watering - Financial Costs    Compost Watering - Energy Costs 

 Watering 
events (ea) 

Time/water 
(hr/event) 

Operator 
rate ($/hr) 

Total Cost 
($) 

   Watering 
events (ea) 

Time/water 
(hr/event) 

Fuel use 
rate (L/hr) 

Total Cost 
(kWh)     

TRAD 1 0.33  $     60.00   $       20.00    TRAD 1 0.333 5 17.73 

CAHR 2 0.33  $     60.00   $       40.00    CAHR 2 0.333 5 35.46 

            

 Aeration Blower Fan - Financial Costs   Aeration Blower Fan - Financial Costs 

 

Estimated 
power draw 

(kW) 

Hours 
run/day for 

study 
windrow 

Days of 
study 

Cost/kWh 
($) 

Total Cost 
($)   

Estimated 
power 

draw (kW) 

Hours 
run/day for 

study 
windrow 

Days of 
study 

Total Cost 
(kWh) 

TRAD 0 0 114  $         0.17   $          -     TRAD 0 0 114 0.00 

CAHR 0.746 12 88  $         0.17   $ 136.52   CAHR 0.746 12 88 787.78 

 



ATTACHMENT C: VNAP LAGOON LEACHATE NUTRIENT REPORT 
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Appendix D 

June 2018 Executive Summary – Compost Aeration and Heat Recovery Project Final 
Report  

VT Natural Ag Products - VT Clean Energy Development Fund  

The Foster Brothers Farm in Middlebury, VT has been an innovator for decades. They 
opened the first anaerobic digester in Vermont, started the composting enterprise VT 
Natural Ag Products (VNAP) 25 years ago, and were awarded the U.S. Dairy 
Sustainability Award in 2016.  VNAP is the state’s largest composting facility; it 
processes dairy, poultry and horse manure, forest product residuals, source-separated 
food scraps and other biomass into a number of compost and soil products.  

VNAP installed compost aeration and heat recovery (CAHR) systems working with 
Agrilab Technologies Inc. in 2016 and 2017.  These systems accelerate the composting 
process by optimizing oxygen levels, and also capture and utilize thermal energy – a 
natural co-product of the active decomposition process – for heating facilities, drying 
products prior to screening and bagging, and extending full composting operations 
through the coldest winter weather. Cost-share funding for the projects have been 
provided by USDA Rural Development Rural Energy for America Program (REAP) in 
Phase I, and VT Clean Energy Development Fund and the Closed Loop Foundation with 
support of the Walmart Foundation in Phase II.  Please see the full report for further 
details.  

Observations into spring 2018 include a reduction in active composting time for 
compost batches in the CAHR zones of 50%, from 4-5 months to 2-2.5 months, and 
reduced windrow turning and labor requirements, saving $7350 annually.  Remotely 
accessible sensors and data collection provide expanded insights and logged data is 
available for processing and documentation. Using these data points, avoided annual 
heating oil, propane and diesel costs are calculated at $17,205.  Remote control 
capabilities have helped reduce labor requirements and function as a training tool for 
on-site operators. Avoided site infrastructure expansion costs are valued at $20,000 
annually, from being able to process more feedstocks on the same physical footprint.  
Savings total $44,555 per year for this installation.  

The CAHR systems have primarily been used to process manure-based compost blends 
until spring 2018 when mixtures including food scraps began processing on the aerated 
zones.  The materials come from the Addison and Rutland Solid Waste Management 
Districts, and batches are being monitored for temperatures, oxygen levels and energy 
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yields, as well as any management practices that need refinement.  Overall system 
performance will be monitored for year-to-year changes and used to inform planning 
and design of future CAHR expansion at VNAP. Improvement of irrigation and moisture 
management has been identified as one means to further improve process efficiency.   

 

Compost windrows on the new VT 
Natural Ag Products working pad in 
November 2017 with Agrilab 
Technologies Hot Box 250-R CAHR 
unit at left.  The working pad was 
improved with recessed aeration 
channels, drained aeration ductwork 
and insulation for the pad and pipes. 



 




