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EXECUTIVE SUMMARY (200 word limit) 
The main outcomes of this reporting period were as follows: 

1) Thorough testing and characterisation of anaerobic treatment technologies for both pork bedding waste and 
caged chicken egg layer manure. 

A preliminary commercial pathway to adoption of the technologies was presented, with a break-even price for 
energy of over 40 cents/kW.h in the case of electricity generation, or over $1/L LPG as the fuel displaced in the 
case of fuel substitution. These energy prices are based on a payback period of 5 years for the required upfront 
capital investment. 

2) A simulation model was developed for manure stockpile emissions. This model simulates and estimates 
emissions of nitrous oxide and methane from manure stockpiles. The main benefit of the model would be to 
support future decision making in the design and operation of manure stockpiles, to reduce emissions and 
nutrient losses. 

3) The project also conducted extensive testing and characterisation of solid manure residues, both in fresh and 
stockpiled aged manures. The results highlighted the nutrient value of solid manure residues in terms of nitrogen, 
potassium and phosphorus contents. The results also showed the presence and activity of a complex consortia 
of micro-organisms in fresh and stockpile-aged manures.  
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1. BACKGROUND AND OVERVIEW 
Solid manure residues are a key by-product of livestock and egg production. For pigs, this consists of a mixture of 
manure, and a stubble-based bedding litter, consisting of straw, rice husks, saw dust that is added to the animal 
sheds to absorb manure and maintain animal welfare. An estimated 30-40% of Australian piggeries use bedding 
in some or all of their pig housing, thus producing the solid manure residue. With hen eggs, production is still largely 
in caged systems (67%, Scott et al., 2005), with semi-dry conveyer belt manure being a substantial output. Usual 
practice is to stockpile such solid manure residues to passively compost before being spread on land as a fertilizer. 
Such composting practices lead to methane, nitrous oxide and ammonia emissions (Figure 1). To describe and 
better understand manure stockpile emissions, the present project developed an emissions simulation model 
described in Section 3 below. 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

 

Figure 1. Illustration of stockpiling of solid manure residues leading to emissions of methane, nitrous 
oxide and ammonia (and indirect nitrous oxide emissions).  
 

Composting does not usually recover energy from carbon in the solid manure residues, and leads to nitrogen losses. 
For these reasons, the present project explored an anaerobic treatment pathway for solid manure residues. 
Anaerobic treatment provides financial benefit by producing methane as a fuel for on-farm use, and also by 
mobilizing nutrients in the manure residue to enhance recovery and/or use for crop growth (Figure 2). This project 
tested this technology at small to large bench-scale (100mL-200L), to identify and address technical challenges of 
the technology that could have prevented future adoption on-farm. 

 
 
Figure 2. A depiction of the proposed processing of solid manure residues into green power for on-farm 
use and potentially saleable fertilizer products 
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Project Aim: This project primarily explored anaerobic treatment for solid manure residues, to identify and address 
key technical challenges that could have prevented future adoption of the technology on-farm. In this way, the 
project sought to progress technology options towards future adoption in the participating pork and hen egg layer 
industries. 

The project also included extensive testing and characterisation of solid manure residues, for calibration of the 
stockpile emissions model developed by the project, but also to characterise solid residues to be tested with the 
treatment technology. However, the data obtained and presented also highlighted the nutrient value of solid manure 
residues. 

Report structure: The report below is divided into and deals separately with: 

Section 2 - Manure sampling and characterisation: Describes the sampling activities and analysis of the 
chemical and microbial composition of solid manure residues, which provides detailed compositional data 
including nutrient value, and is the basis for further testing and analysis of the project. 

Section 3 - Model simulation tool of manure stockpile emissions: This section focuses on the development 
of an integrated aerobic-anaerobic stockpile compost model. The model is intended as a future support tool for 
predictive design and operation of manure stockpiles, to reduce nutrient losses and greenhouse gas emissions. 

Section 4 - Testing of anaerobic treatment and nutrient recovery: Outlines the technology testing on pig 
and hen egg layer manure. 

Section 5 – Test case and economic feasibility: Discusses the fictitious but representative scenario test 
cases in the participating pork and hen egg layer industries, which were used to perform a high level 
economic analysis of future adoption.  

 

Each report section also starts with a separate scope table which compares actual project activities delivered with 
those proposed in the original funding deed. 
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2. MANURE RESIDUE SAMPLING AND ANALYSIS 

This section outlines methods, results, discussion and implications of solid manure sampling and analysis, which 
is Activity 1 of the project as per the funding deed, leading to Project Output 1 and addressing KPIs 1.3, 1.4, 2.1, 
3.1 and 4.1. Table 1 compares the scope of actual project activities carried out with the scope of activities defined 
in original Funding Deed.  

 

Table 1. Comparison of actual project activities with that stated in the Funding Deed, for the manure 
field sampling and analysis work. 

Funding Deed Actual Project Activities Carried Out 

 Sample sites will be identified with the help of 
industry partners.  
 
 

 Representative samples of solid manure and 
spent litter will be collected fresh out of the sheds 
(with usual clean-out practices) and from 
stockpiles at various depths and for various 
lengths of storage and for winter and summer 
exposure separately. It is expected that these 
samples will be collected throughout the Activity 1 
timeline (2 years).  

 Representative samples of "fresh" manure 
residue will be collected from sheds or pens with 
varying production dwell times and shed exposure 
conditions (e.g. pre-dried/wet egg manure, 
winter/summer, stocking rates) which will be 
recorded with each sample.  

 Stockpiled/windrow samples (aged) are to be 
collected at three vertical depths (sub-sampled 
from a vertical column) for representative long 
and short storage/process times, winter/summer 
separately and for representative 
frequent/infrequent turning (excluding forced 
aerated systems).  

 To capture all the relevant variables for both the 
fresh and stockpiled samples, triplicate analysis is 
to be performed on a total of 80 pig litter samples 
and 60 layer egg manure samples.  

 Using industry-standard physical, biochemical 
and chemical testing techniques available at the 
University of Queensland, the samples will be 
analysed for chemical (and microbial) 
composition.  

 Data will also be exchanged with other relevant 
Filling the Research Gap program Round 1 
projects. 

 

 Consultation with partner industries occurred via 
Service Delivery Agent Feedlot Services Australia 
and via a project steering group meeting on 4 
December 2013. 

 As per the Funding Deed. Samples were 
collected over the period 31/10/2013 to 
8/05/2014. 
 
 
 
 
 

 As per the Funding Deed, except that pre-dried 
egg manure was not collected (only conveyer belt 
manure), based on guidance from the project 
steering group. Stocking rates/exposure 
conditions were inferred from moisture content 
and visual appearance of samples collected. 

 As per the Funding Deed, except that all 
stockpiles were static (not turned) to rather reflect 
common industry practices.   
 
 
 
 

 Far in excess, with 300 sub-samples collected, 
including 219 individual pig litter samples, and 81 
hen egg layer manure samples.   

 As per the Funding Deed. 
 
 
 

 

 As per the Funding Deed. 
 

 

2.1 Methodology  

Manure sites and sampling practices 

As per Schedule A4 of the Funding Deed, Feedlot Services Australia (FSA) was engaged as Service Delivery 
Agent to assist with the collection of solid manure field samples. FSA is highly experienced in this area. FSA 
identified sites with practices that represented a “typical” manure management scenario in the participating pork 
and hen egg layer industries.  

For pigs, spent bedding with barley straw, wheat straw and rice husks were selected, because these are most 
commonly used. For hen egg layers, caged layer manure from dry conveyer belts was selected, because this is 
currently still the majority mode of egg production in Australia.  
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FSA arranged for dedicated stockpiles to be set up at each of the sampling sites. To ensure ample manure or 
litter was available on the day of windrow construction, each site was asked to supply 35 to 40 m3 total for the 
dedicated test stockpile. With each sampling event, at least 10 sub-samples of stockpiled manure or spent litter 
were collected, at various locations (typically one meter apart) along the stockpile and at three depths 
representing the top, middle and bottom layers across the windrow or stockpile (excluding 1m from either end, 
Figure 3), and separately from depths of 1-20cm (surface layer), 40-60cm (mid layer) and 90-120cm (deep layer) 
into the stockpile. These depths were vertical depths at 1.5 meters into the stockpile width measured from the 
base (Figure 3). These 10 sub-samples were as representative as possible. These 10 sub-samples were 
combined into separate surface layer, mid layer and deep layer samples, thoroughly mixed and a representative 
subsample of about 500g collected for further analysis. Each lumped subsample was placed in a zip-locked bag, 
the air displaced from the bag as much as possible, the bag sealed, and the sample immediately placed on ice 
and later frozen before transporting to The University of Queensland, St. Lucia campus, for analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Illustration of target stockpile dimensions from where solid manure residue samples were to be 
collected at three different depth layers (deep, mid and surface) 

 

To ensure that representative samples from each depth were obtained without weakening the stockpile structure, 
the following sampling procedure was implemented; for the first sampling event, the first samples (at all depths) 
were typically collected while the stockpile was created with a front-end loader. This negated the need to dig into 
the stockpile when collecting samples, and provided the initial measure of variability for starting composition 
throughout the stockpile. This material is classed as “fresh” below, because it was solid manure residue as 
collected directly from the sheds on-farm. Samples during this first sampling event were collected with a hand 
trowel.  

In subsequent sampling events (after approximately three months of the stockpile resting), the top surface 
samples were carefully collected using a scoop, from the mid layer by inserting a pipe into the manure or litter to 
prevent it from caving in while accessing the middle of the stockpile, and the manure samples were scooped out 
using a sampling bucket attached to an arm. The bottom layer samples were collected using the same pipe 
supporting technique ensuring that the stockpile remained stable while scooping out samples. In a third 
subsequent sampling event (at around six months of stockpile ageing), care was taken to avoid locations on the 
stockpile where previous samples were collected. The purpose-built stockpiles remained undisturbed onsite, for 
each of the repeat sampling events. 

Dimensions shown are desired and are in meters, unless otherwise 

stated. Each open circle represents a planned sample point. 

ends 



Department of Agriculture and Water Resources p7 

 

The sample sites, with some specific details of site notes, were: 

 Caged layer hen eggs conveyer belt chicken manure, QLD.  

Initial stockpile set-up and fresh manure sampling - Stockpile established 01/10/2013. The stockpile was 
constructed from fresh manure collected in trucks from manure belts. 5 truckloads of manure, with 
approximately 45-50 tonnes in total was used. The dimensions of the specific stockpile sampled were, L: 
12m, W: 4m, H: 1.6m. The ten samples collected along the length of the stockpile for each depth were added 
to a wheelbarrow, before thoroughly mixing using a hand trowel. Once mixed, 500 grams of representative 
sub-sample was collected in an air-tight plastic bag. The sample bags were labelled and kept cool on ice 
during transport before being frozen for final transit. The farm fenced off the stockpile to ensure it was not 
interrupted or disturbed. 

 

Figure 4. Caged layer manure stockpile (Fresh) 

 

Figure 5. Caged layer manure stockpile after 6 months ageing/resting 
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 Rice husks spent piggery litter, VIC.  

Initial stockpile set-up and fresh manure sampling - Stockpile established 31/10/2013. A windrow (stockpile) 
was constructed with piggery litter removed from the sheds. The dimensions of the specific stockpile sampled 
were, L 14 m and was ~ 1.5 m high. The material was described by the manager as coming from “a dry 
shed”. The windrow was dry on surface and inconsistent underneath with some parts quite wet and other 
parts dry, and distinct lumps of manure were visible. Ten core temperatures were measured along the pile as 
66, 58, 61, 57, 71, 56, 63, 62, 52.1 and 32.5⁰C (last point was at the end of the pile which was ~ 1 m high). 
The ambient temperature was about 25⁰C and conditions were breezy. Ten samples were collected from 
each of the three depths in the pile (near top, mid, ~ 1‐1.2 m deep). The light, dry material from the surface 
tended to cave into the holes but was excluded as much as possible from all samples. The subsamples were 
passed from bucket to bucket ten times to mix, before a composite sample was collected, which was 
immediately refrigerated and kept cold while in transit from the site before being frozen for transport. 

 

Figure 6. Rice husk stockpile 
 

 Barley straw spent piggery litter, QLD.   

Initial stockpile set-up and fresh manure sampling - Stockpile established 1/11/2013, sample collected 
5/11/2013. Litter had been taken to stockpile site and piled in a stockpile of 8m wide and 10m long, with 
variable heights between 0.6m and 1m. Samples were taken from 10 locations across the stockpile, at the 
surface, middle and deep levels. Temperature of the stockpile layers were also measured and found to be on 
average; surface 39.9 °C, mid 50.1°C, deep 57.0°C. The ten samples were collected from the three 
respective depths in the pile, placed on a plastic tarp, thoroughly mixed and a vertical cut was collected, 
sealed in a zip-lock bag with most of the air pushed out by hand, placed on ice bricks for transit, and frozen 
before final shipping frozen to the University of Queensland for chemical analysis.  
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Figure 7. Barley straw stockpile 
 

 

 Wheat straw spent piggery litter, QLD.  

Initial stockpile set-up and fresh manure sampling - Summer stockpile established 8/11/2013. The stockpile 
had been constructed over the two days prior to the date of sampling (6/11 to 8/11). Spent litter used to 
construct stockpile was taken from 2.5 sheds. The stockpile was 18m long, 1.5m high and 3.5m wide. 
Samples were taken from 10 locations along the stockpile at surface, middle and deep. Temperature of the 
stockpile layers were also measured and found to be on average; surface 39.8 °C, mid 62.8 °C, deep 49 °C. 
Deep samples had a higher moisture content as was clearly apparent from visual observation. The same 
sample handling procedure was followed as for the Barley straw spent piggery litter.  

 

  

Figure 8. Wheat straw spent litter stockpile – 3 months aged 
 
For wheat straw piggery bedding, winter fresh shed residue samples were also collected on 8 May 2014. For 
chicken manure, winter fresh shed samples were also collected on 6 May 2014. 
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Chemical Composition Analysis techniques 

Figure 9 shows the typical appearance of frozen manure residue samples as received (left) and while being sub-
sampled (middle) prior to analysis (right). The samples were analysed for chemical and microbial composition. 
Methods used aligned with those by Peters et al. (2003), which were also adopted by other projects of the 
National Agricultural Manure Management Program (NAMMP). However, analysis of 1st round of samples 
identified a need to better establish methods for dissolved ingredients such as soluble chemical oxygen demand, 
ammonia and volatile fatty acid. A side test of method alternatives considered the following approaches; a 
weighed amount of solid residue sample was added to a measured amount of deionized water (either 1:10 or 1:5 
weight ratio). The mixture was then either: 

1. immediately filtered through a 0.45 micrometer filter without additional mixing, blending or storing; 

2. mixed in a sample shaker for 30 minutes before filtering and analysis like (1); 

3. mixed in a sample shaker for 2 hours before filtering and analysis like (1); 

4. left unmixed on the bench for 30 min before filtering and analysis like (1) (ambient room conditions of around 
20⁰C); 

5. left unmixed on the bench for 2 hours before filtering and analysis like (1); or 

6. left unmixed in the refrigerator for 2 days without mixing before filtering and analysis like (1). 

Measured soluble chemical oxygen demand content, ammonia nitrogen content and volatile fatty acid contents 
were compared for each of these listed treatments, in order to select the method of treatment that would provide 
for adequate extraction of the freely available liquid phase properties but not cause substantial microbial 
degradation of the solid phase during the sample handling procedure. This analysis suggested the preferred 
method to be;  

1. 1 in 10 dilution of solid manure residue sample in deionized water, by weight, because the measured values at 
1:5 were lower than at 1:10, indicating inadequate contact. Dilution beyond a ratio 1:10 did not significantly 
change the measured results.  

2. the diluted mixture shaken in a sample shaker at ambient temperature for 30 minutes only, because measured 
values were significantly different when samples had been shaken for longer periods, and measured results were 
highly variable when this mixing was not applied before analysis.  

3. Filtering the sample with 0.45 micrometer filter and collecting the liquid for analysis of dissolved constituents. 

 

Physico-chemical properties that were measured included: 

• Total nitrogen and carbon by combustion analysis for selected samples. Samples were dried, ground and 
analysed in triplicate by the Dumas protocol using a LECO TruSpec CHN analyser; 

• Phosphorus (dissolved reactive), total ammonical nitrogen (ammonia nitrogen plus ammonium nitrogen); nitrate 
nitrogen and nitrite nitrogen, all by flow injection analysis with an automated LACHAT 8000QC flow injection 
analyser (FIA) (Lachat instruments, Colorado, USA). Total Kjeldahl nitrogen (TKN) and phosphorous (TKP) were 
also analysed in accordance with APHA (1998). 

• Total solids (TS) and volatile solids (VS) and moisture contents were measured according to standard methods 
procedures 2540G (APHA, 2005), which uses wet, dry and furnaced weights;  

• Total and soluble chemical oxygen demand, both determined following the closed colorimetric method 5220D of 
the standard methods for testing of water and wastewater (APHA, 1998) using a Merck COD Sprectroquant® test 
kit (range 500-10000 mg COD L-1) in combination with a Varian Cary 50 Conc UV-visible spectrophotometer 
(Varian Inc., USA);  

• Volatile fatty acids concentrations (VFAs) that included acetic acid, propionic acid, iso-butyric acid, butyric acid, 
iso-valeric acid, valeric acid and hexanoic acid were analysed with an Agilent 7890A gas chromatograph (GC) 
equipped with an Agilent DB-FFAP column. The column was maintained at 140°C while the injector and FID 
detector were operated at 220 and 250°C, respectively with Ultra High Purity (UHP) Helium used as a carrier gas. 
All samples were mixed with formic acid prior to the analysis with all injections into the GC done in a splitless 
mode.  

• Elemental analysis for metals including potassium, and phosphorus (also as a cross-check to TKP) was done 
with Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) on samples that had been pre-
digested with concentrated nitric acid. 

Biochemical methane potential (BMP) tests were performed to determine the quantity of methane that could be 
produced from each of the solid manure residues, and how rapidly this methane could be produced. These BMP 
tests used a method similar to that described by Angelidaki et al. (2009). The BMP testing was performed at 37⁰C 
in 310 mL non-stirred media bottles (liquid working volume of 200 mL). The results provided baseline maximum 
methane yield (B0). Inoculum for the BMPs was from a stable in-vessel mesophilic digester in South East 
Queensland (Australia) treating primary and secondary municipal sludge, and was added to provide an inoculum-
to-substrate ratio (ISR) of two on a VS basis. After adding the inoculum and solid manure residue, the test bottles 
were flushed with 100% N2 gas for about 1 min (4 L/min) to remove any excess oxygen, after which the bottles 
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were immediately sealed with a rubber septum retained with a screw cap. The tests were performed in triplicate 
in parallel to blank tests which only contained inoculum (no solid manure residue) to determine the background 
amount of methane produced by residual material present in the inoculum added. Biogas samples were 
periodically collected from the headspace of each bottle to monitor the methane production. Biogas volume was 
measured using a water manometer and methane content was determined by gas chromatography (GC). Tests 
were mixed by swirling before and after every sampling event, but not between sampling events. The BMP data 
was analysed by fitting a first order with or without a lag, using the model package Aquasim 2.1e (Reichert, 
1994), and as described by Jensen et al. (2011). 
 

 

 

Figure 9. Frozen manure residue samples as received at The University of Queensland (left), while being 
representatively sub-sampled before analysis (middle photo), and while being analysed (right). 

 

Microbial Composition Analysis Methods  

DNA was extracted from the manure samples using a Fast DNA Spin for Soil kit (MP-Biomedicals, Santa Ana, 
California, USA) in accordance with the manufacturer’s protocol. Typically 300 ng of DNA for each sample was 
provided to the Australian Centre for Ecogenomics (ACE) for 16S Amplicon sequencing using an Illumina Miseq 
Platform with 926F (5’-AAACTYAAAKGAATTGACGG-3’) and 1392wR (5’-ACGGGCGGTGWGTRC-3’) primer 
sets (Engelbrektson et al., 2010). Raw paired reads were first trimmed using Trimmomatic (Bolger et al., 2014) to 
remove short (less than 190bp) and low quality portions (lower than Phred-33 of 20). The trimmed paired reads 
were then assembled using Pandaseq (Masella et al., 2012) with default parameters. The adapter sequences 
were removed with a FASTQ Clipper of FASTX-Toolkit (Pearson et al., 1997). The joined high quality sequences 
were analysed using QIIME v1.8.0 (Caporaso et al., 2010) with an open-reference Operational taxonomic unit 
(OTU) selection strategy by uclust (Edgar, 2010) at 3% phylogenetic distance and assigned taxonomy by uclust 
against the greengenes database (13_05 release, McDonald et al., 2012; Werner et al., 2012). OTUs with only 
one read were filtered from the OTUs table by command filter_otus_from_otu_table.py in QIIME. An in-house 
script Normaliser (https://github.com/minillinim/Normaliser) was used to find a centroid normalized OTU table. 
The normalized OTU table was imported into R (version 3.0.1) to generate heatmaps with the function pheatmap 
in package “pheatmap” (Kolde, 2015). An initial attempt to monitor the microbial profile used Terminal Restriction 
Fragment Polymorphism (T-RFLP) with restriction enzyme MspI (5'-C^C G G-3') (Fermentas, Canada) as 
described in Lu et al. (2012). T-RFLP is a less superior technique than pyrosequencing (see subsequent), in that 
T-RFLP only provides a fingerprint of microbes but does not tell the user the identity of micro-organisms for which 
DNA was present in a sample. However, T-RFLP can be and was used here to provide a quick and lower cost 
measure of microbial community differences, so that more samples could be analysed to identify microbial 
changes during storing in stockpiles. Conceptually, the fingerprint from T-RFLP may be linked to full microbial 
community characterization by comparison with the much more comprehensive pyrosequencing results, but the 
correlation of results from these two techniques is a novel concept.  
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2.2 Results and Discussion 

Chemical composition 

Table 2 summarises physico-chemical properties measured for solid manure residue samples, as collected fresh 
during winter and summer, and from the test stockpiles after ageing in the stockpile for the indicated period of 
time. Some key observations were: 

1. Moisture contents were moderate to high, and variable with ageing, probably due to secondary weather effects 
such as rain exposure.  

2. Similar to observations of Craddock and Wallis (2013), the solid manure residues had notable quantities of 
useful plant nutrients. The observed levels of nitrogen, phosphorus and potassium were similar to that found by 
Craddock and Wallis (2013) for spent piggery litter.  

3. The nitrogen content in the chicken egg layer manure was notably higher, and indeed it is this high nitrogen 
content that is often of concern with anaerobic treatment of chicken manure, because nitrogen can be toxic to 
anaerobic treatment biology at high concentrations (More on this in Section 4 below).   
 
4. The methane yield (B0) for spent piggery litter on rice husks was low (Figure 10), indicating low value as a 
source of methane energy by anaerobic treatment. In contrast, the spent piggery litter on wheat straw and barley 
straw and the chicken egg layer manure produced encouraging quantities of methane at about 200-270m3 of 
methane per tonne of dry volatile solids (Figure 11). Based on this dataset, spent piggery litter on wheat straw 
was selected as the preferred material to test in the leachbed system. As also shown in Figure 11, the spent litter 
on barley straw broke down during anaerobic digestion into methane at a significantly slower rate as compared to 
spent piggery litter on wheat straw and chicken egg layer manure. Overall, the B0 values were similar for the 
different depths of sampling (surface, mid and deep), reflective of the fact that the short time of stockpiling prior to 
sampling had not yet caused significant biological changes in the solid manure residues. 

 

Table 2. Comparison of measured chemical properties of solid manure residue field samples 

Aggregated 
samples 

Aged in 
stockpile  

Season Moisture% 
Nitrogena 
g/kg 

Phosphorusa 
g/kg 

Potassiuma 
g/kg 

Sulphura 
g/kg  

Chicken manure 

Fresh Winter 66 ± 1 12 ± 4 4.6 ± 0.8 - - 

Fresh 

Summer 

66 ± 1 16 ± 3 6.5 ± 0.4 9 ± 1 1.9 ± 0.1 

3 months 36 ± 8 23 ± 2 21.5 ± 2.2 21 ± 2 4.3 ± 0.1 

6 months 54 ± 7 - - - - 

Pig litter rice husk 
Fresh 

Summer 
32 ± 2 20 ± 5 6.3 ± 0.6 17 ± 1 3.8 ± 0.3 

3 months 17 ± 5 12 ± 1 5.4 ± 0.2 18 ± 1 3.9 ± 0.2 

Pig barley straw 
litter 

Fresh 

Summer 

34 ± 4 - - - - 

3 months 21 ± 4 11 ± 1 6.3 ± 4.2 14 ± 8 3.4 ± 1.9 

6 months 34 ± 5 10 ± 1 5.6 ± 0.4 10 ± 1 2.7 ± 0.2 

Pig wheat straw 
litter 

Fresh Winter  51 ± 5 11 ± 0 2.9 ± 0.1 12 ± 1 2.1 ± 0.1 

Fresh 
Summer 

54 ± 2 14 ± 0 4.3 ± 0.1 10 ± 1 2 ± 0.1 

6 months 35 ± 7 24 ± 2 7.2 ± 0.4 18 ± 1 3.8 ± 0.3 
a Given in units of grams per kg of wet mass. To convert to a dry mass basis simply divide the respective value by ((100-
Moisture%)/100) 
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Figure 10. Methane potential test results (B0) for samples from the 1st stockpile sampling, showing 
methane yield (in cubic meters) per tonne of volatile solids fed into the digester. The data presented here 
are the average measured values for respective depths of sampling at the surface of the stockpile, at a 
mid-depth and at a deep layer. The error bars show the 95% uncertainty. The methane yield for fresh pig 
manure is 450 m3/tonne VS. 
 

 
Figure 11. Methane potential test results (B0) for samples from the 1st stockpile sampling, showing 
methane yield (in cubic meters) per tonne of volatile solids present in the fresh solid manure residue. The 
data presented here are the average measured values for all the samples collected from the surface, mid 
and deep layers of the stockpile for each respective residue type. The error bars show the 95% 
uncertainty. For comparison, the methane yield for fresh pig manure only (no litter) is typically 450 
m3/tonne VS.  
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Microbial composition 

Figure 12 presents results from TRFLP (lower resolution, fingerprinting method) with that of pyrosequencing 
(detailed and specific, but costlier method), and shows that the lower resolution TRFLP result broadly aligns with 
the higher resolution pyrosequencing result for selected identifiable TRFLP peaks. These results suggested that 
there was alignment between the TRFLP and pyrosequencing methods at least at the Order level, and thus 
TRFLP was valid for tracking of changes in micro-organism composition. Figure 12 also presents the results for 
two fresh samples (designated “Sur” and “De” which indicates depths at which these samples were collected). 
However, as shown by the biochemical methane potential tests above, the fresh samples effectively were 
identical at different collection depths in the stockpile, because these were collected as the stockpile was formed. 
A comparison between the “Sur” and “De” sample suggests that both the TRFLP and the pyrosequencing 
methods were reasonable reproducible, again at the Order level. 

 
Figure 12. Alignment between Pyrosequencing and TRFLP, and reproducibility. 

Figure 13 presents various TRFLP analyses for pork spent litter and egg layer manure samples, and shows that 
the microbial community was similar in all samples collected from pig sheds. The dominance of peak 111 was 
observed to be independent of bedding type and stockpile collection depth. Peak 137 and Peak 123 did however 
change with ageing time, reflecting a change in microbial community. Fresh chicken manure samples were 
markedly different from the spent pig litter samples, but stockpile ageing appeared to cause convergence.  

 
Figure 13. TRFLP monitoring the microbial community shift in time series. “Pig_BS”, “Pig_WS”, “Pig RH” 
designate piggery spent litter based on barley straw, wheat straw and rice husks, respectively. “Chicken 
CM” is chicken manure. “Sur”, “Mid” and “De” designate the sampling depths in the stockpile of surface, 
middle and deep, respectively (See above). Stockpile ageing period is also indicated as 3M for three 
months ageing, 6M for six months ageing. 
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Figure 14 shows pyrosequencing results. These results were largely consistent with the T-RFLP at higher 
taxonomy level. There were no dramatic microbial community changes with ageing in the stockpile and also none 
with the bedding or manure types, indicating that the major activity in manure stockpiles were being carried out 
by dominant and similar groups (possibly hydrolysers). Order Actinomycetales and Bacillales were observed to 
be the major niches in all samples, which are normally recognised to be fermenters. Fungi accounted for a high 
amount of DNA extracted from the surface samples of barley and wheat straw piggery litter aged in stockpiles for 
3 and 6 months.  

 
Figure 14. Total microbial community of samples analyzed by pyrosequencing.  See caption of Figure 13 
for details of sample labelling. 

With respect to microorganisms that cause greenhouse gas emissions such as methane and nitrous oxide, Figure 
15 shows focussed pysosequencing results for relevant specific functional groups. The presence of ammonia 
oxidising microorganisms, including AOA and AOB, were noted in the middle and deep layer after storage (3 and 
6 months) but to a minor proportion. Instead, anammox (orders under Planctomycetes) was observed, which are 
organisms that can play an important role in ammonia fixation. These were detected in relatively higher abundance 
than AOAs and AOBs in the piggery spent litter samples, mainly in the middle and deep layers, except barley straw 
spent litter, which instead showed an even distribution across all layers. There was a much higher abundance of 
methanogens in the fresh rice husk spent bedding than in the other spent bedding samples. Neither anammox nor 
methanogens could be detected in the fresh chicken manure samples. The stockpile simulation model detailed 
below connects these observed microbial communities to the biochemistry that causes emissions. 

 

Figure 15. Specific functional groups of samples analyzed by pyrosequencing. See caption of Figure 13 
for details of sample labelling.  
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3. MODEL SIMULATION TOOL FOR MANAGING MANURE STOCKPILE EMISSIONS 

 

3.1 Introduction 

Current handling practices with solid manure residues lead to significant nutrient losses via volatilization, fixation 
or leaching/run-off (Gopalan et al., 2013). These nutrient losses also cause direct and indirect greenhouse gas 
emissions. For instance, as much as 48% of nitrogen can volatilize during manure storage and handling (Webb et 
al., 2012), also producing nitrous oxide as key greenhouse gas. There have been significant efforts towards 
reducing nutrient losses and affiliated GHG emissions by altering manure management practices. For solid 
manures this has included covering of manure stacks, adding straw as a bulking agent (Yamulki, 2006), reducing 
moisture content (Yamulki, 2006) and adding sorbers to sequester nitrogen. There are still many opportunities to 
better understand and manage manure to reduce nutrient losses. A whole cycle approach needs to avoid shifting 
emissions downstream to agriculture, as decreased losses in storage may result in higher loads, and hence 
higher emissions in land applied manure (Dammgen and Webb, 2006).  

Mass balance models (Dammgen and Webb, 2006) have been particularly useful in tracking nutrient flows and 
transformation across manure supply chains. However, such models provide no deterministic/mechanistic 
information about individual links in the supply chain, which limits the mechanistic understanding of how 
intervention might influence emissions. 

While emissions measurements on an actual stockpile would provide direct estimates of gaseous emissions for 
particular scenarios, a calibrated simulation model is a valuable tool to understand emission sources and to 
examine by virtual trials the influence of potential variables of interest. For example, mixing of piles facilitates 
oxygen intrusion into the compost thus encouraging growth of aerobic bacteria while suppressing oxygen 
sensitive methanogenic activity (Angnes et al., 2013).  

Mixed mechanistic-empirical models are extensively used in the wastewater industry, to describe aerobic (Henze 
et al., 2000) and anaerobic (Batstone et al., 2002) conversion processes, including nitrogen transformation, with 
a strong focus on mechanistically describing important emerging issues such as greenhouse gas emissions from 
wastewater processes (Ni et al., 2011; Ni et al., 2013).  These models are empirical in the sense that they lump 
microbial populations into functional groups, and utilize empirical kinetic relationships such as 1st order 
hydrolysis, Monod kinetics for growth, and non-competitive inhibition (continuous switch functions).  They are 
mechanistic in the sense that they describe processes which are known to occur on a fundamental level, and the 
functional grouping generally aligns with phylogenetic grouping (Batstone et al., 2002). 

The mechanisms which occur in wastewater are likely to be the same as those that occur in solid phase 
environments such manure stockpiles, and indeed, extension of these models to solid phase systems has been 
identified as a key future focus (Batstone et al., 2015), with the processes being entirely compatible (Oudart et al., 
2015), noting that under aerobic conditions, the heat balance starts to become important. Manure stockpile and 
compost modelling is an emerging field, and while models that consider nitrogen production and nitrogen emissions 
have been developed (Oudart et al., 2015; Petric and Mustafić, 2015), they do not generally consider anaerobic 
processes, and have not considered more recent analysis of the wastewater nitrogen cycle (Sperandio et al., 2016). 
In particular, manure stockpiles will have nitrogen, carbon, and oxygen profiles with varying levels of oxidation state 
throughout the stockpile, which can have a strong impact on potential emissions levels and microbial activity. This 
section focuses on development on an integrated aerobic-anaerobic stockpile compost model, which assesses 
such factors, with the hope of setting up a simulation tool to aid the design and management of stockpiles for 
reduced nutrient losses and reduce greenhouse gas emissions. 
 
This section outlines methods, results, discussion and implications of the stockpile model development, which is 
Activity 2 of the project as per the funding deed, leading to Project Output 2 and addressing KPIs 2.2, 3.2 and 
4.2. Table 3 compares the scope of actual project activities carried out with the scope of activities defined in 
original Funding Deed.  
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Table 3. Comparison of actual project activities with that stated in the Funding Deed, for the stockpile 
modelling work. 

Funding Deed Actual Project Activities Carried Out 

 An extension of the industry-standard anaerobic 
digestion model, (ADM1), will be used to track 
the fate of biologically degradable carbon as a 
measure of fermentation, oxidation and losses as 
methane.  

 Typical biomass yields will be assumed for 
aerobic and anaerobic degradation pathways in 
the model. Fermentation/leaching losses will be 
determined from soluble organic carbon content 
and rainfall data for the sample sites of Activity 1. 

 Nitrous oxide emissions will be estimated with 
existing UQ nitrification and denitrification 
models. The ADM1 and nitrous oxide models will 
be extended from its original application in 
municipal wastewater treatment to now be 
applied with agricultural wastes, assuming that 
the methane and nitrous oxide production 
pathways are generally applicable.  

 The model will also be partly validated using 
direct emissions measurement data from parallel 
Filling the Research Gap Program Round 1 
(FSA) and Round 2 projects (composting of solid 
manure, QUT).  

 To capture the processes in a manure residue 
stockpile, the stockpile will be approximated as a 
2D structure and a steady-state model applied 
which has been calibrated according to the 
measured nitrogen fractionation at various 
stockpile depths (using an estimate for diffusive 
gas flux obtained from well-known mass transfer 
theory). Rainfall data will be sourced from 
weather monitoring stations nearest to the 
sample sites of Activity 1.  

 The model will be available to further study the 
impact of altered handling practices of stockpiled 
manure on emissions (such as by turning the 
stockpile more or less frequently).  

 The model analysis will provide estimates of 
nitrous oxide and methane production kinetics for 
baseline emissions estimation and the emissions 
estimates and knowledge obtained using the 
model tool will be useful to inform future updates 
to NGER guidelines. 

 A peer reviewed journal paper submitted for 
publication to the Journal of Environmental 
Management or similar on the broad topic of 
greenhouse gas emissions from and nitrogen 
and carbon cycling in stockpiled manures.  

 A peer reviewed scientific report will be written 
suitable for reference during future updates to 
NGER guidelines and to define the baseline for 
abatement potential data and analysis of the new 
technologies. 

 As per the Funding Deed. 

 

 

 

 As per the Funding Deed. 

 

 

 

 As per the Funding Deed. 

 

 

 

 

 

 

 As per the Funding Deed. Data obtained from 
FSA direct emissions measurements on spent 
piggery litter in stockpiles. 

 

 Largely as per the Funding Deed. Rainfall data to 
be sourced and applied for expanded journal 
version of model. Also, model was set-up as a 1D 
structure to align with manure sampling and 
analysis as per Section 2 above. 

 

 

 

 

 As per the Funding Deed. 

 

 

 As per the Funding Deed. 

 

 

 

 

 Will be an expanded version of the below. 

 

 

 
 As per the Funding Deed. The report below. 
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3.2 Methods 

Overall model concept 

Purpose of model – To estimate nitrous oxide and methane emissions from a stockpile based on 
biotransformation of solid manure residue in the stockpile. The model is to also capture the effects of diffusion 
limited gas transfer of oxygen into the stockpile and leaching due to residual rainwater flows. 

Geometry. The model concept simplifies the stockpile structure into a 1-dimensional column as illustrated in 
Figure 16 with three depths representing three zones at various distances away from the air-exposed outer 
stockpile surface, namely, the surface zone (0-30cm), the mid layer (30-60cm), and the deep layer (60-120cm). 
This level of complexity for the geometrical description of the stockpile was considered justifiable by the dataset 
that was collected during the present project (stockpile samples collected at three depths and characterised for 
composition). The model has been established with a view towards extension into a 1D continuum (i.e., fixed bed 
reactor), but is currently modelled as three mixed compartments. 

Each layer is modelled as two mixed constant volume compartments, liquid (+solid) and gas, with both anaerobic 
and aerobic processes in each compartment.  Transfer mechanisms between are bidirectional gas diffusion, and 
liquid advective flow (with the environment – rain from the outer compartment) being the source.  This becomes 
leachate once it enters the stockpile, and may discharge from any of the liquid compartments.  

 

 

Figure 16. A conceptual physical representation of a solid manure residue stockpile as a 1 dimensional 
column in the stockpile model 

 

All volumes are currently fixed, with the implicit assumption of constant liquid holdup (moisture content) in the 
liquid/solid phase, and constant pressure in the gas phase.  All gas flows are diffusive, with diffusion rate 
coefficient (kg) being maintained at a high enough level to maintain atmospheric pressure. A dilute assumption in 
the liquid/solid phase is also applied, though this may be relaxed by modification of the equations as required. 
  



Department of Agriculture and Water Resources p19 

 

The overall hydraulic (advective) mass flow for stage i is as follows:- 

 

02,,,,,1
,   ohibiolilsievapilii
ils rVRqqq

dt

dV
     (1) 

 

Where Vls is the liquid holdup in stage i, qi is the inter-stage hydraulic flow from stage i, Revap is the evaporation 

rate from stage i (calculated from diffusion), and ql,i is the leachate flow from stage i, and  ibiolohr ,,2  is the 

volume specific net biological production rate of water.  This effectively is imposed to calculate qi with the 
constant liquid holdup assumption.  Component balances for the liquid stages are formulated as:- 

       ibioljilsilsjibiolohilsievapilsjilsji
ilsj rVCrVRCCq

dt

dC
,,,,,,,,2,,,,1,,1

,,
  (2) 

where Cj,ls,i is the liquid phase concentration of component j, in compartment i, and rj,biol,i is the volume specific net 
biological production rate of component j. Main symbols S and X are used in place of C for soluble and 
particulate components respectively. Solids are currently fully retained in the current compartment (i.e., a return 
flow of qiXi is returned for all outflows).  This may be amended by a retained fraction fXI. 

Gas-liquid transfer has been implemented as a two-film gas transfer constitutive equation of the form:- 

rgas,lg,i = kLa(Ci,ls – KH.Ci.g)         (4) 

where rgas,i is the gas transfer in layer i, kLa is the gas transfer coefficient, and KH is the Henry’s law coefficient. 

Gas-gas transfer is likewise implemented as follows:- 

rgas,gg,i = kLa(Ci-1,g – Ci.g)         (5) 

The molar concentration in the gas phase is converted to partial pressure units (pgas,i) by multiplying by R*T 
(where R is the ideal gas constant and temperature T is in units of deg K) in accordance with the ideal gas law. 

An energy balance has not been added in the current model, but the approach is described here, because the 
plan is to add this also. The general constitutive energy balance for a non-compressible system is (Cameron et 
al., 2001):- 

QHrVTTcq
dt

dT
Mc RinP

p

j
inP in

 


)()(     
1

    (6) 

where M is the volume mass, cp is the volume specific heat capacity, T is the temperature (ºC), RH is the heat 

of reaction, and Q is the convective/conductive heat loss or gain between bounding control volumes and/or the 
environment.  Applying this to our specific system results in the following:- 

     ijrxnibioljilsvapievapiiipi
i

ipi QHrVHRTTcq
dt

dT
cM ,,,,,11,1,  (7) 

This applies a number of assumptions, including ideal mixture, and that all losses and reactions occur at system 
temperature.  Only solid/liquid phases are subject to heat balances at this point, and enthalpy of gas transfer 
(apart from water) has not been included.  This may be readily added.  For heat of reaction, the aerobic reactions 
are most important (Higgins and Walker, 2001) recommended a heat of reaction of 16000 kJ kg-1, but the 
consensus of other sources (Parker, 1977; Huggett, 1980) indicates 12700-13200 kJ kg-1.   
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Convective/conductive heat transfer is done through a first order relationship in temperature difference:- 

Qi = UA(Ti-1-Ti)         (8) 

The surface layer may also be subject to radiative heat losses and gains.  The conductive heat transfer 
coefficient (U) (W m2 K-1) is a model parameter, but generally in the order of 10 W m-2K-1 for gas/liquid/solid 
boundaries. 

 

Biochemistry 

The biochemical reactions define the reaction rates ibioljr ,, in the above mass balance equations. They form the 

core of the model, with processes switching in rate depending on environmental conditions. 
 
Table 4 below presents a stoichiometric matrix summarizing all biochemical processes included in the model, 
formulated as for the IWA models (Henze et al., 2000; Batstone et al., 2002). These include anaerobic decay 
processes which produce methane and aerobic and anoxic processes which oxidizes carbon (probably the major 
heat source) and produces nitrous oxide via the activity of ammonia oxidisers (AOBs) or via heterotrophic 
denitrification. AOBs may produce nitrous oxide via two individual pathways as outlined by Ni et al., 2011 and Ni 
et al., 2014. The exchange of sulphur and phosphorus is not considered (emphasis is on methane and nitrous 
oxide production), and the net production/consumption of inorganic carbon by hydrolysis and decay is assumed to 
be negligible, but included as an implicit balance term as in Batstone et al. (2002). 
 
pH is included in the model as a parameter for the purposes of acid-base speciation, but is not currently calculated 
from acid-base equilibria.  This system is likely to be sufficiently buffered that pH is stable, and readily 
biodegradable substrate (SS) is not currently fractionated into organic acids. 
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Table 4. Stoichiometric matrix summarizing all biochemical processes included in the stockpile emissions simulation model 
Component i 1  

SS 
2  
XI 

3  
XS 

4  
XH 

5 
XAOB 

6 
XNOB 

7 
Xmeth 

8 
SO 

9 
SNO2 

10 
SNO3 

11 
SNO 

12 
SN2O 

13 
SN2 

14 
SNHx 

15 
SNH2OH 

17 
SIC 

18 
SCH4 

Process Rate, ρj [ML-3T-1] 

j 
Proces
s 

COD/S 1 1 1 1 1 1 1 -1 -3.43 -4.57 -2.86 -2.29  0 -1.14 0 1 
N/S 0 ,  ,  ,  ,  ,  ,  0 1 1 1 1 1 1 1 0 0 
C/S (Cmole-
basis) 

0.0313 0.0313 0.0313 0.0313 0.0313 0.0313 0.0313 0 0 0 0 0 0 0 0 1 0.0156 

1 Aerobic growth of 
heterotrophs 

1
 

  
1 

 
  1

 
    - ,  -ΣCivi,1  

H
S

H
SS

S

O
H

SOS

H
SOS

H X
SK

S

SK

K

 ,,

,  

2 Anoxic growth of 
heterotrophs (NO3 to NO2) 

1
 

  
1 

 
  1

1.14
 

1
1.14

   - ,  -ΣCivi,2  
H

S
H

SS

S

NO
H

NOS

NO

O
H

SOI

H
SOI

HH X
SK

S

SK

S

SK

K

 ,33,

3

,

,
1  

3 Anoxic growth of 
heterotrophs (NO2 to NO) 

1
 

  1     1
0.57

 
 1

0.57
 

  - ,   -ΣCivi,3  
H

NO
H

NOI

H
NOI

S
H

SS

S

NO
H

NOS

NO

O
H

SOI

H
SOI

HH X
SK

K

SK

S

SK

S

SK

K

 ,1

,1

,22,

2

,

,
2  

4 Anoxic growth of 
heterotrophs (NO to N2O) 

1
 

  1       1
0.57

1
0.57

 
 - ,   -ΣCivi,4  

H
S

H
SS

S
H

NOINONO
H

NOS

NO

O
H

SOI

H
SOI

HH X
SK

S

KSSK

S

SK

K

 ,,2
2

,,

,
3 /)(

  

5 Anoxic growth of 
heterotrophs (N2O to N2) 

1
 

  1        1
0.57

1
0.57

 
- ,   -ΣCivi,5  

H
NO

H
NOI

H
NOI

S
ON

SS

S

ON
H

ONS

ON

O
H

SOI

H
SOI

HH X
SK

K

SK

S

SK

S

SK

K

 ,3

,3

2
,22,

2

,

,
4  

6 Ammonia oxidation        -1.14      -1 1   
AOB

NHx
AOB

NHxS

NHx

O
AOB

SOS

OAMO
AOB X

SK

S

SK

S

 ,,1

  

7 NH2OH oxidation     1   
AOB

AOB

Y

Y


71.1   1
 

  - ,  1
 

-ΣCivi,7  
AOB

OHNH
AOB

OHNHS

OHNH

O
AOB

SOS

OHAO
AOB X

SK

S

SK

S

22,

2

,2
1, 



8 NO oxidation        -0.57 1  -1     -ΣCivi,8  
AOB

NO
AOB

NOS

NO

O
AOB

SOS

OHAO
AOB X

SK

S

SK

S

 ,,2

2,  

9 AOB denitrification         -1   2   -1 -ΣCivi,9  
AOB

OHNH
AOB

OHNHS

OHNH

NO
AOB

NOS

NO
AOB

SOIO

AOB
SOI

AOB
HAO
AOB X

SK

S

SK

S

KS

K

22,

2

22,

2

,

,
1,1, 


 

10 NH2OH N2O production 
pathway 

        1  -4 4   -1 -ΣCivi,10  
AOB

OHNH
AOB

OHNHS

OHNH

NO
AOB

NOS

NO
AOB

HAO
AOB X

SK

S

SK

S

22,

2

,

2,1, 


11 NOB growth      1  
NOB

NOB

Y

Y


14.1 1
 

1
 

   - ,   -ΣCivi,11  
NOB

NO
NOB

NOS

NO

O
NOB

SOS

O
NOB X

SK

S

SK

S

22,

2

, 


 

12 Methanogenesis -1      Ymeth       - ,   -ΣCivi,12 1-Ymeth 
meth

S
meth

SS

S
meth X

SK

S

,


 

13 Hydrolysis 1  -1           ,     
Shyd Xk  

14 Decay of heterotrophs fI 1- fI -1          bHXH 
15 Decay of AOB fI 1- fI -1          bAOBXAOB 
16 Decay of NOB  fI 1- fI   -1            bNOBXNOB 
17 Decay of methanogens  fI 1- fI   -1            bmethXmeth 
Observed Conversion Rates  
[mass m-3 time-1] 
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Table 5. Kinetic and stoichiometric parameters of the biological model 

Parameter Definition Values Unit Source 

Stoichiometric Parameters 

YH yield coefficient for heterotrophic 
bacteria 

0.6 g COD gCOD-1 Henze et al., 2000 

YAOB yield coefficient for ammonia 
oxidizing bacteria 

0.150 g COD gN-1 Wiesmann, 1994 

YNOB yield coefficient for nitrite 
oxidizing bacteria 

0.041 g COD gN-1 Wiesmann, 1994 

YMeth yield coefficient for generic 
methanogens 

0.06 g COD gCOD-1 Batstone et al., 2002 
(hydrogenotrophs) 

,  Mass N/Mass COD in biomass 0.07 g N gCOD-1 Henze et al., 2000 

iN,XU nitrogen content of XU 0.02 g N gCOD-1 Henze et al., 2000 

iN,XS nitrogen content of XS 0.04 g N gCOD-1 Henze et al., 2000 

fU fraction of XU in biomass decay 0.10 g COD gCOD-1 Henze et al., 2000 

Kinetic Parameters 

H  maximum growth rate of 
heterotrophs 

0.26 h-1 Hiatt and Grady, 2008 

ηH1 anoxic growth factor for nitrate 
reduction 

0.28 — Hiatt and Grady, 2008 

ηH2 anoxic growth factor for nitrite 
reduction 

0.16 — Hiatt and Grady, 2008 

ηH3 anoxic growth factor for NO 
reduction 

0.35 — Hiatt and Grady, 2008 

ηH4 anoxic growth factor for N2O 
reduction 

0.35 — Hiatt and Grady, 2008 

AMO
AOB  maximum AMO reaction rate of 

AOB 
0.205 h-1 Ni et al., 2013 

HAO
AOB1,  maximum NH2OH reaction rate 

of AOB 
0.085 h-1 Ni et al., 2013 

HAO
AOB2,  maximum NO reaction rate of 

AOB 
0.567 h-1 Ni et al., 2013 

ηAOB,1 anoxic reduction factor for AOB 
denitrification pathway 

0.074 — Ni et al., 2011 

ηAOB,2 anoxic reduction factor for 
NH2OH pathway 

0.285 — Ni et al., 2013 

μNOB maximum growth rate of NOB 0.060 h-1 Wiesmann, 1994 
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Parameter Definition Values Unit Source 

μmeth maximum growth rate of 
methanogens 

0.33 h-1 Batstone et al., 2002 
(acetate degraders) 

, ,  SS affinity coefficient for 
heterotrophs (except N2O 
reduction) 

20 g COD m-3 Hiatt and Grady, 2008 

,  SS affinity coefficient for N2O 
reduction 

40 g COD m-3 Hiatt and Grady, 2008 

,  SS affinity coefficient for 
methanogenesis 

150 g COD m-3 Batstone et al., 2002 
(acetate degraders) 

,  SO affinity coefficient for 
heterotrophs 

0.1 g DO m-3 Hiatt and Grady, 2008 

,  SO inhibition coefficient for 
heterotrophs 

0.1 g DO m-3 Hiatt and Grady, 2008 

AOB
SOSK ,1  SO affinity coefficient for SNH4 

oxidation 
0.4 g DO m-3 Ni et al., 2013 

AOB
SOSK ,2  SO affinity coefficient for SNH2OH 

oxidation 
0.073 g DO m-3 Ni et al., 2013 

AOB
SOIK ,  

SO substrate inhibition 
parameter 

0.112 g DO m-3 Ni et al., 2013 

NOB
SOSK ,  SO affinity coefficient for NOB 2.2 g DO m-3 Wiesmann, 1994 

H
NOSK 3,  SNO3 affinity coefficient for HB 0.2 g N m-3 Hiatt and Grady, 2008 

H
NOSK 2,  SNO2 affinity coefficient for HB 0.2 g N m-3 Hiatt and Grady, 2008 

H
NOSK ,  SNO affinity coefficient for HB 0.05 g N m-3 Hiatt and Grady, 2008 

H
ONSK 2,  SN2O affinity coefficient for HB 0.05 g N m-3 Hiatt and Grady, 2008 

H
NOIK ,1  

NO inhibition coefficient for 
nitrite reduction 

0.5 g N m-3 Hiatt and Grady, 2008 

H
NOIK ,2  NO inhibition coefficient for NO 

reduction 
0.3 g N m-3 Hiatt and Grady, 2008 

H
NOIK ,3  NO inhibition coefficient for N2O 

reduction 
0.075 g N m-3 Hiatt and Grady, 2008 

AOB
NHxSK ,  SNH4 affinity coefficient for AOB 2.4 g N m-3 Ni et al., 2013 

AOB
OHNHSK 2,  SNH2OH affinity coefficient for 

AOB 
2.4 g N m-3 Ni et al., 2013 
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Parameter Definition Values Unit Source 

AOB
NOSK ,  SNO affinity coefficient for AOB 0.0084 g N m-3 Ni et al., 2013 

AOB
NOSK 2,  SNO2 affinity coefficient for AOB 0.14 g N m-3 Ni et al., 2013 

NOB
NOSK 2,  SNO2 affinity coefficient for NOB 5.5 g N m-3 Wiesmann, 1994 

bH decay rate coefficient for HB 0.017 h-1 Hiatt and Grady, 2008 

bAOB decay rate coefficient for AOB 0.0054 h-1 Wiesmann, 1994 

bNOB decay rate coefficient for NOB 0.0025 h-1 Wiesmann, 1994 

bmeth decay rate coefficient for 
methanogens 

0.0008 h-1 Batstone et al., 2002 

khyd hydrolysis rate coefficient 0.008 h-1 Tait et al, 2009 

 

Implementation and Solution 

The model has been implemented in Aquasim 2.1e (Reichert, 1994), which is a freely available simulation 
package.  The 8 compartments (including leachate and atmospheric boundary layer) were implemented as 
complete mixed reactors, using Aquasim diffusive and advective links as described above. The model was solved 
using the Aquasim default solver (DASSL), which is a stiff differential-algebraic-solver. Units of implementation 
were generally h (time), mg L-1 (g m-3) - concentration, and bar (pressure). 

Volumes were implemented with a nominal volume of 1 m3, which can be scaled to actual size.  A 50% void 
fraction was used for initial simulations.  Initial conditions were total solids (XS+XI) of 195 kg m-3 – 20% solids), 2 
kg m-3 heterotrophs - XH, 2 kg m-3 ammonia, and no XI.  The inert fraction (XI) will generally be 30%-70% (as a 
fraction of Xtotal). 

Three scenarios have been evaluated – relatively non-degradable feed (80% XI), moderately degradable feed 
(50% XI), and highly degradable feed (20% XI) for comparison against measured data from a parallel project 
(Phillips et al., 2016). 

To do in preparation for the journal publication: Data collection and analysis 

Extensive data has been collected in the project which has been qualitatively evaluated against model results.  
This is currently being extended to quantitative analysis for full journal submission.  The data is also being 
assessed against the Filling the Research Gap Project 01200.077 stockpile data, published as Phillips et al. 
(2016). 
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3.3 Results and Discussion 

The total stockpile mass over time for high, medium, and low degradability material is shown in Figure 17. This 
follows a fairly predictable profile, with the high degradability stockpile leaving the smallest residue. 

  

Figure 17: Stockpile organic mass over time, for assumed low, medium and high extents of anaerobic 
degradability 

Stockpiles were generally aerobic in the outer layer (surface layer) over the entire timeline (Figure 18), with the 
inner layers progressively transiting from anaerobic to aerobic after approximately 30 days.   

 

Figure 18: Predicted stockpile dissolved oxygen (DO) over time (high degradability scenario) for surface, 
mid (medium) and deep layers in the stockpile mass 

The microbial populations showed an important dynamic, as indicated for the high degradability stockpile 
scenario in Figure 19.  The heterotrophic organisms outcompete all others in the presence of oxygen and 
substrate.  Methanogens can only exist at low dissolve oxygen concentrations, and generally are therefore 
generally in the deeper layers.  Nitrifiers both follow a similar profile, and sit in the intermediate (mid layer), with 
relatively low dissolved oxygen, but with no soluble substrate.  This means the nitrification profile moves down 
through the stockpile profile, starting at the surface, then progressing towards a deeper layer as the stockpile 
matures. 
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Figure 19: Model-predicted microbial population profiles for the high degradability stockpile for surface, 
mid (medium) and deep layers in the stockpile mass 

Leachate concentrations are also important, in that they indicate the substrate profile, which can then influence 
the microbial activity substantially.  The model predictions shown in Figure 20 were qualitatively realistic of real 
stockpiles and also of leach bed systems (Section 4 below), in that a “young” water leachate will be very high in 
dissolved organic matter and in particular fermentation products such as organic acids, while an older leachate 
will mainly have ammonia nitrogen. The model predicts that the leachate is depleted of substantial contaminants 
after 40 days.  However, microbial activity and emissions continue. 

 

Figure 20: Leachate soluble COD and ammonia concentrations. 
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Model predictions of methane, and nitrous oxide emissions are shown in Figure 21, against representative values 
observed in summer and winter stockpiles by (Phillips et al., 2016).  Ammonia emission has not been included in 
the model due to a lack of acid-base speciation. In comparison with the data of Phillips et al. (2016), nitrous 
emissions were more variable, but quantitatively correct.  Methane was an order of magnitude higher, probably 
due to the lack of methane oxidation in the model.  Both summer and winter data also showed steady long-term 
oxidation.  This is probably due to both slower hydrolysis, and auto-thermal suppression of biological activity, due 
to high temperatures.  Both of these now need to be included in the model. 

 
Figure 21: Emissions profiles as predicted by the stockpile model over time, for assumed low, medium 
and high extents of anaerobic degradability, as compared to measured data by Phillips et al. (2016).   

The model is the first of its kind, and was far more complex than originally anticipated.  The following general 
observations can be made. 
 
What the model does well:- 

(a) Mechanistically represents combined aerobic and anaerobic combined nitrogen and carbon cycles, 
including greenhouse gas generation. 

(b) Describes mechanistic separation of stockpile into zones. 
(c) Qualitatively correct behaviour. 
(d) Prediction of stockpile mass depletion and overall time scale. 
(e) Prediction of leachate characteristics. 
(f) Predication of nitrous oxide quantum. 

 
What the model doesn’t do so well:- 

(a) Time over which emissions occur, particularly for methane emissions, is longer than suggested by the 
model, either due to rapid hydrolysis or autothermal activity. 

(b) Methane emissions are overpredicted by the model, due to a lack of methane oxidation to be included in 
the model. 

(c) Does not include ammonia emissions, due to the lack of a physicochemical (pH) model, and need to 
include thermal considerations. 

(d) Leachate only comes from rain, not auto-generated (as stockpile compacts), due to fixed volume 
assumption. 

Limitation (a) is related to interesting and complex relationships within the stockpile, where external auto-thermal 
behaviour and inhibition can limit activity and enhance gas transfer (especially ammonia transfer) in the outer 
layer, while methanogenesis continues in the core.  All four items are related to three major model limitations, 
namely, linking temperature to biology and chemistry, a need to include a complete chemistry model, and a need 
to include the mechanism of methane oxidation.  These need to be included prior to submission for journal 
publication.  
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4. TESTING OF ANAEROBIC TREATMENT TECHNOLOGY  

 

4.1 Leachbed 

An alternative to passive or active composting of solid manure residues, is anaerobic treatment, whereby organic 
matter is converted into useable methane energy and nutrients are mobilised for recovery. However, anaerobic 
treatment technology is not currently available in Australia at a sufficiently low cost and low level of complexity to 
allow on-farm adoption, especially by small to medium enterprise farming. Hence the research in the present 
project to explore and help develop options.  

Single-stage solid-phase anaerobic leachbeds, also known as percolation or batch solid-phase digesters, is a 
“dry” digestion process which operates at relatively high solid contents (>20%), making it particularly suitable for 
solid manure residues such as spent piggery litter (Batstone & Jensen, 2011). Leachbeds work by adding a bed 
of the solid material to be treated, sprinkling or spraying water liquid (leachate) over the top of the bed to facilitate 
biological breakdown of the solids, and collecting the leachate from the base of the bed to be stored or sent back 
to be again sprinkled over the bed. The biological breakdown of the bed of solid and of organic matter in the 
leachate, forms methane which is captured from the leachbed vessel and/or leachate storage vessel for 
beneficial use as a fuel on-farm. 

For solid manure residues, a particular advantage of a leachbed is that the solid does not need to be suspended 
in water, and thus water use is minimised and no complex and costly mixing devices are needed. This keeps 
capital costs down to hopefully facilitate adoption. The overall water requirement for leachate can also be 
minimised by the reuse of leachate at the end of each batch for re-use in treatment of a subsequent fresh batch 
of solid manure residue. The separation of solid (the residue being treated) and liquid (leachate) can also 
facilitate the recovery of nutrients from the liquid (leachate).  

Lastly, leachbeds could be relatively simple to design, construct and operate, again keeping costs down to 
facilitate adoption. For these reasons, leachbeds may be particularly suitable for decentralised on-farm 
agricultural applications and with solid manure residues.  

 

Figure 22. Schematic diagram of garage-style solid-phase anaerobic leachbed reactor. (Image courtesy of 
BEKON technology. Copyright retained by source.) 

Moisture content is critical in solid-phase anaerobic treatment (Mussoline, 2013). Enough moisture is required to 
provide good contact between the leachate and the solid being treated to disperse microbes, nutrients, dissolved 
intermediate products and pH buffering agents (Jha et al., 2011), and to dilute inhibitors (Chugh et al., 1998). Due 
to the importance of moisture dispersion throughout the bed of solid manure residue, different leachate 
recirculation modes have been previously trialled (Chugh et al., 1998; Kusch et al, 2008; Nizami et al, 2010). In 
some cases, leachate has been sprayed over the solid bed and then recovered from the base of the vessel for 
recirculation (termed trickling) (Deublein & Steinhauser, 2011). In other cases, the solid bed has been fully 
flooded with leachate (Nizami et al., 2010), which is left to contact for a period of time and then drained (termed 
flood-and-drain) (Clarke and Xie, 2013). Studies to date have suggested that the leachate contact mode is critical 
and that a particular mode might be preferred from an operational perspective (Kusch et al, 2008; Nizami et al, 
2010). For instance, Nizami et al. (2010) hypothesized that a flood-and-drain system would perform better than a 
trickling system, because the solid is fully submersed within the liquid providing a more intimate contact. 
However, there was still a degree of ambiguity regarding the preferred leachbed flow mode (Kusch et al., 2008; 
Nizami et al., 2010). Hence, the present project compared flood-and-drain and trickling modes of operation side-
by-side for treatment of a solid manure residue.  
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This section outlines the methods, tested materials, and results from tests of the leachbed concept at pilot-scale 
with spent piggery litter based on wheat straw. This addresses Activities 3 and 4 of the project as per the Funding 
Deed, and KPIs 1.5, 2.3, 3.3, 3.4, 4.3, 4.4, 5.1, 5.2 and 6.1. Table 6 compares the scope of the actual project 
activities with the scope of the activities defined in the original Funding Deed. 

Table 6. Comparison of actual project activities with that stated in the Funding Deed, for testing of the 
anaerobic treatment technology. 
Funding Deed Actual Project Activities Carried Out 
 A stagnant bed of about 100 kg manure 

residue (fresh chicken egg layers manure and 
spent piggery litter under Activity 1) will be 
contacted with water/leachate in reconditioned 
200L stainless steel cylindrical vessels 
available at The University of Queensland 
(UQ).  

 
 

 Dissolved decay products (nutrients and 
biodegradable carbon) in the leachate are fed 
into separate systems (Activity 4) that more 
readily turn the carbon into methane and 
extract nitrogen (and phosphorus) into 
concentrated fertiliser products.  

 Using established modelling and microbial 
community analyses (pyrotag sequencing) at 
UQ, the study will aim to understand and 
optimise the operating conditions 
(temperature, extent of mixing, recirculation of 
leachate or not) for hydrolysis (solubilizing) of 
the solids and determine a robust protocol for 
future full-scale systems.  

 Duplicate batches (30–60 days each) will be 
run on one chicken layer manure sample and 
three spent piggery litter samples. This 
duplicate analysis and the continuous 
operation data will provide statistical 
confidence despite manure variability. 

 Leachate from the Activity 3 trials will be 
further processed into measured methane and 
extracted nitrogen as fertilisers with potential 
value to Australian food crop growers. 

 Methanogenic reactor alternatives will be 
trialled including high-rate systems such as 
granular sludge vs. digestion with 
conventional floccular sludge collected from 
anaerobic ponds treating manure. This 
comparison will establish the relative 
advantage of more complex engineered 
solutions (granular sludge systems) over 
simpler covered lagoons that may already be 
available at farm-sites. 

 Microbial communities will also be tracked to 
help identify optimum operating conditions. 

 
 
 A combination of crystallisation and stripping 

will be trialled for nitrogen removal. Nutrient 
removal can also improve methanogenic 
performance. 

 The nutrient recovery methods will first be 
applied off-line to at least 32 respective 
leachate samples, but attempted on-line by 
the end of the project on at least 3 leachate 
samples (1 to 5 L working volumes).   

 As per Funding Deed, except that 15-40 kg of spent 
bedding was trialled in the 200L stainless steel 
cylindrical vessels. Together with leachate amount, 
the “mixture” of solid and leachate approaches the 
targeted 100 kg. 
Chicken egg layer manure was tested separately with 
a slurry-based approach instead, because early-on in 
the project the leachbed was identified as less 
appropriate for chicken manure (see further below). 

 As per the Funding Deed 
 
 
 
 
 
 As per the Funding Deed.  
 
 
 
 
 

 

 

 As per the Funding Deed, except that chicken 
manure was instead tested with a slurry-based 
approach (see further below). 

 

 

 As per the Funding Deed. 

 

 

 

 As per the Funding Deed. 

 

 

 

 

 

 

 As per the Funding Deed, except that microbial 
communities were similar regardless of operational 
conditions, so optimum conditions were rather 
chosen based on engineering and safety criteria. 

 As per the Funding Deed. 

 

 

 As per the Funding Deed, except that entire leachate 
volume from the end of the actual leachbed was 
tested. Insufficient quantities were available for 
progressive offline testing. 
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Materials 

Spent bedding was collected and prepared for analysis according to the methods described in Section 2 above. 
Samples were collected from freshly established solid manure residue stockpiles at two piggeries (site A and B) 
in Queensland (Australia) and the manure residue was typically 0-2 days old (out of the animal shed) at the time 
of sampling. Sampling details are outlined in Table 7. The two different sites provided different spent piggery 
bedding properties, which was a necessary factor to consider during the testing because spent bedding is 
naturally expected to vary across sites and with local management practices (Tait et al., 2009). The spent 
bedding from site A was from sheds housing only smaller pigs (weaners, 10 to 24 kg), whereas spent bedding 
from site B was from shed housing weaners and larger pigs (growers, 24 to 36 kg). The pigs at both sites were all 
reared according to a batch “all in, all out” mode and the batch time of site A and site B were different for weaners 
at 6 and 4 weeks, respectively. As for growers, the batch time was about 3 weeks. Moreover, bedding at site A 
consisted only of wheat straw, whilst bedding at site B contained mixed bedding (> 40 wt% wheat straw, and the 
remaining barley with/without sorghum, on weight basis of fresh bedding added).  

 
Table 7. Spent bedding origin and testing purpose

Collection date Spent bedding origin Testing purpose

19/6/2014 Site B 1st generation leachbed trials 

2/9/2014 Site A 
2nd generation leachbed trials 

29/1/2015 Site B 

30/7/2015 Site A 
Microbial resilience testing 

13/12/2015 Site B 

 

Biomethane potential tests  

Biochemical methane potential (BMP) tests were performed by the method described in Section 2. 

Leachbed trials  

The leachbed technology developed through the project included three main components, namely; (1) a solids 
breakdown system or leachbed reactor, (2) a nutrient recovery step, and (3) a methane producing system (which 
was the leachbed itself, or a separate system). These three steps operate together as an integrated unit as 
illustrated in Figure 23. 
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Figure 23. Conceptual overview of the anaerobic treatment technology explored in the project, which 
consists of three steps which work together as an integrated system. 

 

The 1st generation leachbed   

Two existing 200L reactors were refurbished. A heat exchanger and separate methane producing system was 
constructed in preparation for the testing. Figure 24 shows a schematic of the 1st generation leachbed set-up. 
The leachbed was equipped with sensors for measurements of pH and temperature at relevant locations. 
Pressure sensors at the bottom of the leachbed were installed to protect the circulation pump from running dry 
and burning out.  

A preliminary experiment was carried out with the 1st generation leachbed to evaluate the behaviour of water in 
the system, and in particular to assess if water flows freely through the spent litter bed. This is important to 
ensure that the solid bed in the reactor is appropriately wetted to promote the microbial decay of the solid manure 
residue bed. Both leachbeds were filled with 20kg of spent pig litter from site B and 40kg of tap water, providing 
an initial solid concentration of about 10%. Furthermore, 6kg of inoculum obtained from a wastewater treatment 
plant mesophilic digester in a South East Queensland was added to one of the leachbeds. 
 
There was a concern that bed compaction would cause pooling and poor hydraulic flow of leachate. Therefore, 
the recirculation pump was started as soon as liquid was observed through a site glass at the bottom of each 
leachbed to recirculate liquid back to the reactor. Results indicated that small particles from the spent litter and/or 
from spent litter degradation passed the fine mesh base plate that held up the bed of solid residue (3 and 5 mm 
mesh size) and entered and clogged the leachate recirculation pipework and sprinklers (Figure 27). These issues 
are of practical and safety concern to a farmer when the technology is applied on-farm, and thus required a re-
think of the system design. It also became apparent that the sprinkling of liquid over the bed of litter was rapidly 
causing compaction of the bed and eventually led to pooling of liquid on the bed suggesting poor hydraulics. The 
implications for an on-farm system is that a large quantity of liquid would collect on top of the bed of solid residue 
being treated in the leachbed to ultimately force the liquid through the bed by the static head pressure of the 
liquid pooled on the bed (Figure 25 and Figure 26). These observations led to a modification in the leachbed 
design to improve hydraulic flow of leachate through the leachbed.          

 

2) renewable fertilizer products 

1) Solid manure 
residue in bed breaks 
down and dissolves in 
water that is being 
circulated through the 
bed - Leachbed 

3) Additional methane 
producing system (Optional) 
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Figure 24. Detailed schematic and photos of 1st generation leachbed system set-up. Photos of large 
bench-scale test set-up just prior to start-up of the leachbed, showing (a) the silver insulation lined 
leachbed with connected pipework and pump underneath and (b) the heat exchanger unit which was 
used to increase the temperature of the leachbed. The separate methane producing system is also 
shown in (a) in the bottom left corner. 

a b 
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Figure 25. 1st generation leachbed started up with spent wheat straw piggery litter. The photos are 
grouped in lots of two each representing a period of operation and with liquid being sprinkled over the 
bed (left) and with the liquid circulation and sprinkling switched off (right). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. A depiction of the compaction and pooling that likely occurred in the 1st Generation Leachbed. 

moisture revealed by scratching the 
solid surface with a rodjets of sprinkled 

leachate 

Pooling observed 
liquid drain freely when sprinklers 
are switched off 

serious pooling 

MUCH LATER 

TIME 

Liquid does not drain freely when 
sprinklers are switched off 
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Figure 27: (Left) Spiral pigtail sprinkler (alternative to the rod shaped sprinklers in Figure 25) clogged by 
straw bedding; (Right) The straw that caused blockage of the sprinkler system. Both the rod-shaped 
sprinklers in Figure 25 and the pigtail sprinkler arrangement here were used during the 1st leachbed 
trials and both experienced severe blockage/clogging by fibrous material.  

The 2nd generation leachbed 

To prevent liquid pooling, each leachbed was set-up with a slightly different hydraulic configuration (trickling and 
flood-and-drain) to test which mode of leachate flow would give better performance. Additionally, both leachbeds 
were equipped with a 120L high density polyethylene air-tight leachate collection drum which served as an 
intermediate storage tank to facilitate leachate collection and recirculation and also as a solids trap. The trickling 
system was equipped with a filter (150 mm internal diameter, 400 mm height, 3 mm mesh size, Figure 28) 
between the pipeline that connected the leachbed with the leachate storage tank, in order to capture coarse or 
fibrous material that could clog a spray nozzle (spiral pig-tailed shape, Figure 27). The flood-and-drain leachbed 
was equipped with three mesh conduits (5 mm mesh size, SS316, Figure 29) to aid free-flow of leachate and 
thus to improve solid-liquid contact (i.e. mass transfer). In both systems, pressure transducers were installed to 
detect any blockages of the pipes through which leachate was pumped. The pH of the leachate was measured 
with a pH probe (Hannah Instrument) mounted through the wall of the leachate storage tank. The temperature of 
the leachbed was measured with a resistance temperature detector (RTD) (model SEM203P, W&B Instruments) 
mounted through the wall of the leachbed vessel. Pressure, pH and temperature (4-20mA transmitter) were 
logged via a PLC system (DirectLogic hardware, Think & Do PC-based control software). Biogas produced by 
each leachbed/leachate storage tank pair was combined in a single outlet line and was measured with a 
displacement manometer (Chugh et al., 1998). Figures 30-32 show various aspects of the 2nd generation 
leachbed equipment and design. The spiral pig tailed spray nozzle typically gave better leachate distribution than 
four rod-cross sprinkler arrangement. 

The flow mode of both systems was completely different. In the trickling system, leachate was sprayed over the 
solid bed via a spray nozzle (spiral pig-tailed spray nozzle) for 5 minutes every 20 minutes, while in the flood-and-
drain system, the spent bedding content was completely flooded from the base of the leachbed for 20 minutes, 
followed by a draining out of the leachate and a rest for 20 minutes, before the fill/drain cycle was repeated using 
the same leachate (Figure 30). The test conditions used with this 2nd generation system are outlined in Table 8. 
Two trials were performed. In the first trial was carried out without inoculation (neither with solid nor with liquid 
inoculum) to assess if native microorganisms in spent litter (such as that which may originate from manure 
deposited in the litter) could be used as inoculum to successfully start up the leachbed. In the second trial, 
digested material and leachate from the first trial were added representing one-third of the solid contents and half 
of liquid contents. During the first trial, the mesh sizes of the base plate (mesh supporting the solid bed) used in 
the trickling and the flood-and-drain leachbeds were 3 mm and 5 mm, respectively. The larger mesh size in the 
flood-and-drain leachbed was to facilitate free-flow of leachate during the flood and drain cycles. However, 
midway through test, the leachate recirculation line of the flood-and-drain leachbed became clogged by fibrous 
material that had passed through the 5 mm mesh base plate when the leachate drained. This issue was resolved 
in the subsequent test, Trial 2 (i.e with inoculation), by instead using a 3 mm baseplate for both leachbeds to 
better retain fine fibrous material. The trickling leachbed did not experience such operational problems.  
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Figure 28. In-line filtration unit. (Top left) Exterior view; (Bottom left) interior view (with strainer basket); 
(Right) Stainless steel strainer basket 

 

 

Figure 29.  Mesh conduits which were placed vertically in the flood-and-drain leachbed to allow free flow 
of leachate up the bed during the flooding cycle and down the bed during the draining cycle, including 
good and controllable distribution of liquid throughout the bed. 
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Figure 30: Flow arrangement for (top) the trickling leachbed configuration and (bottom) the flood-and-
drain leachbed configuration. An in-line strainer now protects the leachate recirculation sprinklers from 
blocking. 

 

Leachate recirculation leachbed 

Flood-and-drain leachbed 

Drain Flood 
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Figure 31. Detailed schematic of 2nd generation leachbed system set-up: (a) trickling; (b) flood-and-drain. 
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Figure 32. 2nd Generation leachbed system, showing the 200L stainless steel leachbed vessels, and 120L 
black leachate collection tanks, and in the front the blue box heat exchanger as described above.  

 
Table 8. Test conditions for 2nd generation leachbed 
 Trial 1 Trial 2 

Spent litter origin Site A Site B 

Substrate load (kg, wet basis) 15 10 

Solid inoculum (kg, wet basis) n/a 5 

Inoculum to substrate ratio ( ISR, VS basis) n/a 0.22 

Liquid fraction   

Water (kg) 97.5 40 

Leachate (kg) n/a 40 

Initial system TS (wt% wet basis) 6.2 ± 0.2 5.7 ± 0.2 

Important: Overall, the design modifications described above resolved the clogging issues experienced 
with earlier designs, and allowed a robust test of operational performance. This work was then 
subsequently published in a peer reviewed journal manuscript. 
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Leachbed Results 

Spent bedding characteristics 

Table 9 summarises characteristics of spent bedding used in the leachbed trials. 

Table 9. Measured characteristics of the spent bedding used in the leachbed testing. 

 Site A Site B 

Total solids TS (wt%, wet basis) 45 ± 2 42 ± 3 

Volatile solids VS (wt%, wet basis) 35 ± 2 31 ± 2 

VS/TS ratios 0.77 ± 0.02 0.73 ± 0.03 

Ammonia (g NH4-N/kg TS dry basis) 4.3 ± 0.2 4.7 ± 0.2 

Phosphate phosphorus (g PO4-P/kg TS dry basis) 0.57 ± 0.02 1.69 ± 0.10 

Organic acid content VFAs (gVFAs/kg TS dry basis) 2.6 ± 0.2 3.0 ± 0.2 

Specific methane yield (B0, L CH4/kg VSfed) 195 ± 8 218 ± 9 

Digestion rate coefficient (khyd, d-1) 0.15 ± 0.01 0.14 ± 0.01 

1st generation leachbed 

As described above, the 1st generation leachbed trials highlighted a need to design for better managing of leachate 
flow through the bed of solid manure residue being treated. Again, this to prevent leachate pooling and to ensure 
adequate wetting of the solid bed being treated. At full-scale, it will also be essential to manage these aspects 
appropriately via design. Preliminary microbial analysis showed similar microbial presence at different solid bed 
layer (Figure 33), but available methods did not allow a detection of actual microbial concentration differences at 
different solid bed layers. In the liquid phase (leachate), a microbial shift was detected over time with no distinct 
trends (Figure 34).  
 

 
Figure 33. FISH analysis of microbial community in top (A), middle (B) and bottom (C) of the straw layers 
and in the leachate (D) of LB1 showing Gammaproteobacteria (GAM42a) in purple, other bacteria (EUBmix) 
in blue and archaea (ARC915) in red. Methanosarcina-like microbial aggregates (E) were found in all 
samples, Gammaproteobacteria (F) were mainly found in straw layers.   
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Figure 34. Microbial shift analysis via TRFLP in the preliminary test with inoculation (A) and without 
inoculation (B).   
 
 
2nd generation leachbed 

In Trial 1 with the 2nd generation leachbed, both systems (trickling and flood-and-drain) had comparable 
performance up to the point where the leachate recirculation pipelines in the flood-and-drain leachbed clogged. 
Once leachate could not be recirculated any longer, the operating temperature of the flood-and-drain leachbed 
rapidly decreased from 37 oC to room temperature (25 oC), slowing-down process performance. This highlighted 
the importance of heating to speed up the leachbed treatment process. This is unlike covered lagoons for 
manure treatment, where operation at ambient temperature is common. 

The leachbed trials were able to recover 50% of the maximum methane potential for both without (Trial 1) and with 
inoculated system (Trial 2), regardless of the hydraulic configuration. The two leachbeds (‘trickling’ and ‘flood-and-
drain’) showed similar performance despite very different hydraulics. These results were particularly noteworthy, 
because they indicated that a full-scale version of the leachbed may be less sensitive to hydraulic design 
than previously thought. Provided that good liquid-solid contact occurs, performance may be dictated by 
the breakdown of the solid manure bed rather than by leachate motion.  

The emphasis of analysis was on methane, being the useful by-product of the breakdown of the solid manure 
residue in the leachbed. After 18 days of operation, the leachbed had produced 100 m3 of methane per tonne of 
VS initially added as solid manure residue to the leachbed. While this was an encouraging result, it was of concern 
that was only 50% of the maximum theoretical methane yield could be recovered, possibly due to a chemical 
inhibitor. Further PhD project work ongoing past the life of this project is examining potential causes for this, in 
order to develop a remedy and recover more methane.  

Overall, the trickling arrangement appeared to be preferred over the flood-and-drain arrangement, because the 
flood-and-drain system is likely need much more water to operate due to the need to fully submerge the solid bed 
being treated. The flood-and-drain leachbed also mobilized a lot more non-biodegradable solids into the leachate 
which may complicate leachate handling at full-scale and due to increased amounts of leachate to handle, both of 
which are expected to increase capital and operating costs. Solids entrainment in leachate with the flood-and-drain 
system can be an operational nuisance, in that the flood-and-drain system may require more maintenance than a 
trickling leachbed.  

Inoculation notably sped up the start-up of the leachbed, thus improving process efficiency. Regarding inoculation, 
a sufficient amount of solid residues and leachate transferred from an old finished batch that was previously treated 
to a new fresh batch to be subsequently treated, can provide the inoculum and necessary chemical ingredients for 
a stable leachbed start-up. However, the use of solid residues for inoculation decreases treatment capacity for 
fresh waste and might promote clogging issues (Xu et al., 2012). 



Department of Agriculture and Water Resources p36 

 

 

Tables 10 and 11 present characteristics of the digestate (solid) and leachate at the end of both trials (once the 
solid bed had been fully treated). Characteristics of residues from the flood-and-drain leachbed in Trial 1 are not 
presented, because of the clogging failure noted above. Importantly, at the end of the trials, leachate water recovery 
was about 96-98% of the initial process water input, so overall net water input could be minimal with multiple reuses 
of leachate. That is, provided that the build-up of toxicants and inhibitors (e.g. nitrogen, humic substances) can be 
properly managed with multiple reuses of leachate.  

 

Table 10. Measured solid residue characteristics from 2nd generation pilot-scale leachbed trials. 

 Trial 1 Trial 2 

 Trickling Trickling Flood-and-drain 

Total solids TS (wt%, wet basis) 20 ± 1 16 ± 2 14 ± 2 

Volatile solids VS (wt%, wet basis) 15 ± 2 9 ± 2 9 ± 1 

VS/TS ratios 0.74 ± 0.01 0.62 ± 0.03 0.68 ± 0.05 

Ammonia (g NH4-N/kg TS dry basis) 2.51 ± 0.4 2.35 ± 0.5 1.95 ± 0.4 

Phosphate phosphorus (g PO4-P/kg TS dry 
basis) 

0.34 ± 0.03 0.98 ± 0.04 0.78 ± 0.06 

 

Table 11. Measured residue leachate characteristics from 2nd generation pilot-scale leachbed trials. 

 Trial 1 Trial 2 

 Trickling Trickling Flood-and-drain 

Total solids TS (wt%, wet basis) 0.73 ± 0.02 1.01 ± 0.02 2.48 ± 0.05 

Volatile solids VS (wt%, wet basis) 0.43 ± 0.01 0.53 ± 0.01 1.43 

VS/TS ratios 0.55 ± 0.02 0.54 ± 0.02 0.50 ±0.02 

Ammonia (mg NH4-N/L) 995 ± 10 802 ± 8 916 ± 6 

Phosphate phosphorus (mg PO4-P/L) 49.3 ± 3 117 ± 3 177 ± 3 
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4.2 Leachate treatment 

Nutrient recovery 

Leachate from a leachbed system contains entrained fine solids that have been mobilized and carried from the bed 
of solid residue, and also contains dissolved nutrients and other dissolved constituents that are released during 
anaerobic decomposition of the solid manure residue. These dissolved constituents are of concern to an anaerobic 
treatment process, because if the leachate is reused with treatment of subsequent batches of solid manure residue, 
the dissolved constituents accumulate and may increase up to levels that are inhibitory for the anaerobic 
microorganisms.  

The recovery of nutrients offers the opportunity to manage accumulation of dissolved ingredients, and can also 
better manage the beneficial use of such nutrients for crop growth. That is, while the solid manure residue can be 
low in nutrient content, nutrients recovered from leachate can be at a higher concentration and thus more cost 
effectively transported to where the nutrients are needed, preventing an over-supply of nutrients to near-by land.  

The original project aims as per the Funding Deed sought to use a combination of air stripping (whereby ammonia 
nitrogen is removed by bubbling air through the leachate) and mineral precipitation, in order to recover both nitrogen 
and phosphorus as key plant growth nutrients. However, as the project progressed, new work was published 
suggesting that the energy and chemical use affiliated with ammonia stripping was likely to be cost prohibitive for 
on-farm adoption. As a result, the investigation of methane recovery in the project was expanded, and the recovery 
of nitrogen and phosphorus, as described below, was simplified to practical means that could be readily adopted 
on-farm. The recovery of potassium is somewhat more challenging and not presently cost—feasible, and so was 
not considered in this project.   

Methods 

Leachate was recovered from the 2nd generation leachbed trials described above. This leachate was passively 
stored at room temperature (~25°C) in an unsealed container, representing the storing of the leachate in an 
uncovered storage lagoon on-farm. Leachate samples were collected for analysis before and after passive settling. 
Leachate was thoroughly mixed to ensure sample homogeneity during sampling. Solid settleability in the leachate 
was also tested. It is important for solids to settle when passively treated, so they can be recovered as a nutrient-
rich sludge. As such, leachate was mixed and allowed to settle for 2 hours and the relative volumes of liquid and 
settled solids were measured. 
 
An attempt was made to further recover dissolved phosphorus and ammonia nitrogen that remained in the liquid 
fraction (the portion that would not settle within 2 hours) via chemical treatment. To this liquid fraction, a chemical 
reagent called magnesium chloride (MgCl2) was added, while mixing as shown in Figure 35. The addition of 
magnesium to the leachate was expected to form the very well-known mineral, magnesium ammonium phosphate 
hexahydrate (struvite) that sequesters both reactive phosphorus and ammonia nitrogen into a concentrated solid 
form. The test method included the following detailed steps: 
 
1. The liquid fraction from the settling experiment was placed in a stirred bucket (Figure 35) to which,  
2. magnesium was added as magnesium chloride while mixing to achieve equimolar concentrations of phosphate 

and magnesium. The mixture was then left stirring overnight to chemically “react”.  
3. The next morning, the leachate was again allowed to settle for 2 hours before again collecting solid and liquid 

sub-samples for characterisation. 
4. The mixture was then resuspended and concentrated sodium hydroxide solution was added dropwise while 

mixing, until the pH of the mixture reached pH 8.5 (ideal for formation of struvite), and the mixture was then 
left stirring to chemically “react” overnight. The next morning, the leachate was allowed to settle again for 
another 2 hours before solid and liquid sub-samples were collected for characterisation. 

5. The liquid fraction was then slowly decanted and the settled sediment was collected and dried in a slow-drying 
oven at 50oC, until its weight remained constant over time. This was to represent the on-farm scenario of drying 
sludge extracted from a lagoon in an onsite solar drying bay. The chemical composition of the dried samples 
was analysed. 

 
The remainder of the recovered dried product was stored to be available for complete mineral testing by others if 
desired at a later stage, but was eventually disposed of because mineral testing was not requested and was outside 
the original scope of the project as per the Funding Deed.  
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Figure 35. Set-up for chemically-assisted phosphorus and ammonia recovery test. 
 
Results 
The composition of the leachate before and after passive storage at ambient temperature are presented in Table 
12 and Table 13, respectively. These results indicate that some ammonia was lost by volatilization (10-15% of the 
original content), and that the passive storage caused some phosphate mineralization in the form of natural forming 
struvite or calcium phosphate minerals, with about 30% decrease in the dissolved phosphate concentration in the 
leachate as a result of the passive storage.  
 
It is important to highlight that 77% (trickling) and 93% (flood-and-drain) of the phosphate present in the passively 
treated leachate was present as a solid form (likely mineral solids) (Table 13). This is seen by comparing the filtered 
and unfiltered concentration measurements in Table 13, the difference of which represents particulate nutrients. 
However, it is likely that a significant proportion of these mineral solids would have formed during the leachbed 
operation. As organic matter in the solid manure residue is broken down biologically in the leachbed, phosphate 
and ammonia nitrogen are released and these form mineral solids with calcium and magnesium that are also 
present in the leachbed/leachate. These minerals were apparently then mobilized/washed out of the leachbed with 
the leachate, and are thus recoverable. In an on-farm scenario, such minerals would form during leachbed 
operation and would be collected when the leachate is stored in an uncovered lagoon, then in the form of a dense 
settled slurry at the bottom of the lagoon commonly referred to as “sludge”. This sludge could be collected by 
various means and used as a fertilizer for crop-growth. 
 
 

Table 12. Characterisation of leachate obtained from leachbed trial before passive storage. 

Parameter Trickling Flood-and-drain 

Soluble ammonia (mg NH4-N/L) (filtered) 604 ± 44 639 ± 42 

Soluble phosphate (mg PO4-P/L) (filtered) 66 ± 6 52 ± 3 
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Table 13. Characterisation of leachate obtained from leachbed trial after a period of passive storage. 

Parameter Trickling Flood-and-drain 

TS (%) 1.01 2.48 

VS (%) 0.53 1.43 

Soluble ammonia (mg NH4-N/L) 512 ± 2 575 ± 5 

Soluble phosphate (mg PO4-P/L) (filtered) 47 ± 2 37 ± 5 

Total phosphate (mg/L) (non-filtered) 181 ± 14 542 ± 42 

Total magnesium (mg/L) 122 315 

 
Figure 36 shows test containers used in the settleability tests, where the relative volumes of liquid and settled solids 
were measured. The leachate from the trickling leachbed showed very poor settleability, with a sediment layer of 
less than 2% w/w of the leachate volume (Figure 36a). On the other hand, solids in the leachate from the flood-
and-drain settled much more readily, with a sediment layer of about 15-17% w/w of the original leachate sample 
(Figure 36b). However, it should be taken into account that the solids content (TS) of the trickling leachate was 
lower than the flood-and-drain leachate (Table 13). The settle solids from both samples contained a large quantity 
of fibrous organic matter, which from a nutrient perspective could be a disadvantage, but may offer future soil 
carbon benefits. 
 

 

(a)  (b) 
Figure 36. Solid settleability test: (a) leachate from trickling type leachbed; (b) leachate from flood-and-
drain type leachbed. Red line gives indicative level of solid sediment after 2 hours of settling time. 
 
The liquid fraction and the settled solids of the flood-and-drain leachate sample were further analysed. The results 
showed that the liquid fraction contained 172 mg/L of total phosphorous as compared to the 542 mg/L of total 
phosphorous which was measured for the leachate sample before the settling test (Table 13). This shows that the 
phosphorus, present in mineral solids, had settled and largely left the liquid fraction. The analysis results of the 
settled solids were consistent with this interpretation, with measurements showing 2 g/kg total phosphorous for the 
settled solids. This is 4-times up-concentration of the phosphorus that was originally present in the leachate before 
settling.  
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The chemical addition (magnesium) was able to further recover dissolved phosphate in the leachate from about 40 
mg/L reduced down to about 10mg/L, likely due to the formation of additional struvite in the stirred suspension. An 
elevated pH could further encourage the formation of struvite; however this did not happen in the present case 
indicating that the remaining phosphate was not available for struvite or that more MgCl2 would be needed to further 
increase struvite formation.  
 
Figure 37 shows the appearance of the dried recovered sediments and Table 14 presents compositional data for 
these sediments once dried. These results showed that the concentration of phosphorous had increased about a 
further 40 times (from about 2 g P/kg to about 78 g P/kg) during drying, and also other valuable nutrients were 
present, namely potassium, which had likely been entrained as interstitial fluid with the settled solids. In 
comparison, spent litter averages a phosphorus content of 5.2-26.3 g P/kg (dry weight) and 8.6-38 g/kg of 
potassium (dry weight) (Craddock, T.D and Wallis, B.A, 2013). Therefore, the solid recovered from leachbed of the 
trickling leachbed has a favourable or higher nutrient content as compared to raw spent bedding, and this being 
after a short 2 hours of solids settling (longer settling times is likely to lead to a more concentrated sludge sediment 
in terms of phosphorus). The concentration of nutrients in the dried sediment from the flood-and-drain leachbed 
was substantially lower than that in the leachate from the trickling leachbed, likely due to the presence of fibrous 
organic matter/solids in the leachate from the flood-and-drain leachbed.  
 
 

 

(a) (b) 
Figure 37. Drying settled slurries from the final test with chemical addition, for leachate from (a) the 
trickling type leachbed; (b) the flood-and-drain type leachbed 
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Table 14. Composition of final dried solids. 

Composition (g/kg) Trickling Flood-and-drain 

Calcium  9.0 ± 2 22 ± 2 

Phosphorus 78 ± 2 25 ± 1 

Magnesium 68 ± 3 23 ± 2 

Iron 2.0 ± 0.2 8.8 ± 0.2 

Potassium 40 ± 8 25 ± 2 

Sodium 10 ± 1  8 ± 1 

Sulphur 4.7 ± 0.2 8.5 ± 0.5 

Aluminium  2.2 ± 0.4 4.5 ± 0.1 

 
Implication 
 
A future scenario may arise, whereby leachate from a leachbed is further treated in a series of onsite lagoons to 
recover more methane and to settle phosphorus-rich sludge for collection and use as a soil conditioner/fertilizer 
product (Figure 38). As passive settling recovered most of the phosphate (>90%), chemical addition may not be 
required, which will then save costs. This leads to a fairly simple system for the future on-farm scenario, with 
minimal skilled operator input required.  
 
It is noted that many farms already harness the nutrient value of settled waste treatment lagoon sludge and of 
composted solid manure residues by applying these directly to land as a soil conditioner/fertilizer. The test results 
above indicate that the operation of a leachbed could still enable the recovery and beneficial reuse of nutrients.  

 

  
Secondary 
Figure 38. Schematic depiction of a possible future scenario for the tested combination of technologies 
on-farm. This scenario considers the use of existing infrastructure to reduce baseline capital cost, and 
also keeps the operational complexity to a minimum to facilitate adoption. 
 
 

Further methane production 

As noted above, the leachbed was only able to recover 50% of the maximum theoretical methane yield of the spent 
piggery litter. Consequently, a series of tests aimed to determine whether the leachate could be further treated in 
a dedicated methane production system to recover more methane energy. The original project scope aimed to test 
specialist microbial communities for this purpose, namely anaerobic granular sludge, which are known to be less 
prone to inhibition than other floccular microbial communities, and are readily available in Australia. 
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For this testing, granular seed sludge was collected from a full-scale system at a brewery in South East Queensland. 
Following a procedure similar to the one described for BMP testing in Section 2.1 above, a specified amount of 
granules was mixed with leachate from the 1st leachbed trials and water (to achieve different leachate dilutions) 
and added to 180mL glass reactors (University of Queensland in-kind contribution). The mixtures were diluted set 
to 1, 2.5, 5, 7.5 and 10 g total volatile fatty acids content/L, because organic acids were thought to be the main 
organic substrate of interest for further methane production. The inoculum concentration in all tests was set at 18 
gVS/L, which led to an inoculum-to-substrate ratio of 1.22, 1.63, 2.45, 4.8 and 12, respectively, thus providing 
adequate amounts of microbes for the methane production. Biogas production and quality was measured and 
analysed according to the methods described above. 
 
Three upflow anaerobic sludge blanket (UASB) reactors of approximately 1L were also refurbished for this project 
(University of Queensland in-kind contribution) (Figure 39) to do larger bench-scale testing. A combination of 
leachate and water was fed from the base of the UASB flowing upwards and suspending the granular sludge 
blanket to an extent. A recirculation pump was installed to provide a certain upflow velocity and enlarge the liquid-
solid contact time. The effluent from the UASB was collected in an effluent tank. Influent leachate was characterized 
by the methods described in Section 2.1 above. The UASBs were trialed for 2-3 months, attempting to measure 
methane production. The UASBs were operated at room temperature (~25°C), with a hydraulic retention time of 1 
day and at an organic loading rate of 2, 4 and 8 gCOD/(L·d). All these conditions are typical of UASBs applied 
around Australia on other wastewaters. However, this is the first time that a UASB has been applied for this type 
of waste. 

 
 

 
 

Figure 39. Schematic and photo of the UASB set-up used for small bench scale testing of leachate 
processing 

Results 

The activity of the original UASB seed sludge was measured at 0.35 kgCOD/(kgVS·day), which was thought to be 
relatively high given that typical granular sludge activity ranges from 0.16-0.25 kgCOD/(kgVS·day). This 
observation indicated that the inoculum granules were viable-to-strong and healthy.  

At much diluted conditions, much more methane could be recovered from the leachate, but at higher concentrations 
(less dilution with water), low biomass concentration and/or chemical inhibition appeared to strongly limit further 
methane recovery. Although the original granular sludge was very active, the 1L UASBs did not produce any 
significant quantities of methane. The UASB systems (Figure 39) appeared to be completely inhibited, similar to 
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the partial recovery of methane (50%) observed in the leachbeds. Consequently, an unidentified inhibitor in the 
leachate was likely causing severe inhibition. This was also the case with moderate extents of dilution when the 
loading rates to the UASBs was reduced to a low 1 gCOD/(L·d), and even a very low 0.5 gCOD/(L·d). 
 

Two trials were run with the granular sludge with three granular sludge reactors in parallel. The first trial was started-
up with leachate without any dilution, and methane production stopped completely after the 9th day of operation. 
The second trial was started up with leachate after 1/4 dilution with tap water, but failure was again detected after 
5 - 9 days. The systems were fed continuously with fresh or pre-diluted leachate, but significantly, less and less 
organics were being converted to methane over time. Very low methane amounts were detected in any biogas that 
was being produced by the granular sludge. Later on, the UASB were fed with synthetic feeding (acetate solution) 
and granules again showed high methanogenic activity, indicating that the chemical inhibition was likely reversible.  

 
Implication 

The results above highlighted that a high-rate methane production system working in tandem with a leachbed is 
not likely to be feasible and that inhibition by constituents in the leachate is likely to be a consideration into the 
future in order to maximise methane recovery. 

With extensive dilution, it is likely possible to overcome the inhibition and achieve full recovery of methane. A future 
scenario may arise, whereby leachate from a leachbed is fed into an existing onsite covered lagoon or anaerobic 
biodigester on-farm after being sufficiently pre-diluted with secondary treated wastewater already available on the 
farm. This will then overcome chemical inhibition indirectly in the covered lagoon or digester, rather than directly in 
the leachbed or directly in a tandem high-rate (minimal dilution) methane production system. 
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4.3 Chicken Manure Treatment Testing – Slurry based   
 
Early-on in the project, with smaller bench-scale testing, it was identified that a leachbed approach is unlikely to 
be useful for caged layer chicken manure. The key reason being that leachbed systems are best suited to 
materials that are bulky, such as with straw or other crop-based stubble providing structure when the material is 
in a wetted stack, and could allow some flow of leachate throughout. Chicken manure has a tendency to form a 
slurry when wetted, and would not provide the structure necessary for a leachbed. As a result, a slurry-based 
approach is advocated and was tested for chicken manure. This section describes bench-scale tests that were 
performed in particular to examine the effect of slurry solids concentration, which is a key consideration for 
selection of a suitable treatment technology.  
 
Methods 
 
The amount of methane that can be produced from chicken manure samples was measured by BMP tests using 
the general methods described in Section 4.1 above.  
 
The chicken manure samples provided for testing consisted largely of manure, with some broken egg shells and 
feathers (Figure 40). The sample was conveyer belt manure from a caged layer facility, near identical to that 
tested in Section 2 above. A 15 kg chicken manure sample was provided. It is understood that this sample was 
collected by a once pass through sweep of the discharge of a conveyer belt. It is also understood that the sample 
was stored on ice for 3 days prior to testing in an air-tight container. The 15 kg sample was partly broken up by 
hand and mixed thoroughly by hand before taking a vertical cross-section as a sub-sample. This procedure was 
repeated until the sub-sample was of an appropriate quantity for testing. The remainder of the manure was stored 
refrigerated at 1-4ºC until further use.   
 
Biological methane potential (BMP) tests were set up in 250 mL glass serum bottle reactors as shown in the 
figures above. The quantity of digestion mixture (manure with some microbes added to effect the digestion) was 
typically 150 mL leaving 100 mL of gas headspace. The microbes added were from an anaerobic bio solids 
digester at a local wastewater treatment plant (digester sludge). The relative amounts of digester sludge and 
manure was selected to give 12% total solids in three reactors (high solids, solid phase digester conditions), and 
in another three reactors an inoculum (microbes) to substrate (manure) VS ratio of 2. The latter test condition is 
suggested as optimum to measurements of digestion which is not limited by the amount of microbes in the 
reactor (Jensen et al., 2011). Six more reactors were run in parallel, three of these contained no manure (as 
substrate-free blanks) to determine background methane production of the digester sludge, and the other three 
were run with a substrate with a known methane potential (cellulose) to confirm that the tests performed correctly. 
The pH of the digestion mixtures was always adjusted to pH 7.2 (considered ideal) with either 1 M sodium 
hydroxide or 1 M hydrochloric acid before loading into the reactors. Anaerobic conditions were then established 
by purging the headspace of each reactor with high purity nitrogen and immediately sealing the reactor with a 
gastight butyl-rubber plug, crimped with an aluminium clamp. The reactors were incubated at 37-38ºC (also 
optimal). Periodically, the contents of each reactor were mixed by inversion/swirling and headspace gas samples 
extracted with a precision gastight syringe and a fine-gauge needle. The quantity of biogas in the headspace was 
determined with a bench-top manometer (via overpressure measurements) and the composition of the gas was 
measured using a loop injection GC at UQ with a thermal conductivity detector and high purity nitrogen as carrier 
gas. Further details of the instrument and operating conditions are provided by Tait et al. (2009). The serum 
bottles were maintained under a pressure below 3 bar, by removing gas when required. The total volume of the 
gas removed was measured to be added to the cumulative volume of biogas produced. The background 
methane produced by the digester sludge without any added manure (substrate free blank reactors) was 
subtracted from the total methane produced by reactors with added manure, to give data of the residual methane 
produced (on manure only). 
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Figure 40. Manure samples for which measurements were performed in the lab tests 
 
 

Results 

The sample had a moisture content of 56% by weight and a volatile solids content of 28% by weight on a wet 
basis, both of which are rather similar to that observed for field samples as described in Section 2 above. The 
manure sample was rich in the nutrients nitrogen at 23 g/kg wet weight and phosphorus at 9.8 g/kg wet weight. A 
large proportion of these nutrients became soluble in the water medium when the manure was treated in the 
tests.  
 
Figure 41 shows all the biogas production data collected during the lab tests. The test reactors at low manure 
solids concentration performed well and largely as expected (as did the positive control tests showing the method 
was sound). The low solids reactors running on manure achieved over 90% of their methane production capacity 
within 10 days, with first-order degradation rate constant was found to be a reasonably rapid at 0.45 day-1, which 
is rapid. The tests with low solids concentration was able to recover 297 m3 per tonne of dry volatile solids fed to 
the reactor (per tonne VS fed). This methane was around 58-60% of the total biogas volume. These results were 
not very different from that of other tests reported on in Section 2. 
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Figure 41. Biogas Production as measured in the lab tests 
 
 
While the reactors loaded with manure at low solids concentration performed well, the reactors which had been 
fed at a nominal high solids concentration did NOT perform well. This is seen in Figure 41 by the relatively low 
cumulative methane production from these tests. A combination of two main factors was expected to be the 
cause of these digestion results: 
 
1. nutrients at high and toxic concentrations (ammonia in particular, which is of general key concern with chicken 
manure digestion). There is a general consensus that digestion is totally inhibited by ammonia nitrogen 
concentrations above 10,000 mg/L regardless of the pH of the digester, and experiences some level of ammonia 
inhibition typically occurs above 1,500 mg/L; and 

2. overfeeding with chicken manure substrate which produces large quantities of volatile organic acids that 
further inhibits the methane production, and can sour a digester through a decrease in pH.  

 
Although a large quantity of organic acids was produced in the high solids reactors (total volatile organic acids 
was measured at 35,000 – 40,000 mg/L in these reactors at the completion of the tests), the pH of the reactors 
was measured at only a moderately low value of 6.6 at the completion of the tests (can get down to pH 5.0 or 
below with severe souring). This is likely due to limestone added with chicken feed (for egg shell formation) which 
would have countered a pH decrease, but unfortunately also liberating significant amounts of carbon dioxide 
which reduces the methane content in the biogas. This is unwanted for operation of combustion devices on-farm 
where a higher methane concentration is usually desirable. The observed concentration of methane in the high 
solids reactors was as low as 20-30%. Reaction of phosphorus (released by anaerobic treatment) with limestone 
in the waste can also produce carbon dioxide which can end in the biogas and further lower the methane content 
of the biogas. Again, this is not desired.  
 
Overall, an optimum combination of pH control by limestone and a reasonable biogas methane concentration 
exists, and is influenced by the solids loading to the digester. As expected, but noteworthy, at 12% solids the 
manure was tacky and difficult to mix (Figure 42). The digestion of the solids over time and conversion to soluble 
organic acids resulted in a significant improvement in the viscosity (flow ability) of the waste.  
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Figure 42. Photo of high solids reactor at the start of the lab tests, as an attempt to show the tacky and 
viscous nature of the waste.  
 
 
In addition, Figure 43 below shows some of the noted behaviour of solids in the low-solids concentration lab-
scale reactors. A portion of solids in the reactors typically formed a float layer, and a portion formed a settled 
solids layer at the bottom of the reactor. The float layer is likely biomass floated to top of the reactor liquid surface 
by entrained biogas. This phenomenon may not be observed in the full-scale reactor, especially not if there is 
some degree of recirculation mixing in place. In the tests, each time before a gas sample was to be collected, the 
contents of the reactor bottle were mixed into a homogeneous mass by swirling. When the reactors were 
observed at the next gas sampling event, the segregation into layers had occurred again. 
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Figure 43 Reactor bottles showing behaviour of solids due to unmixed conditions 
 
Implications 
The tests showed that solids loading for chicken manure (and thus water use) will always be limited by the high 
nutrient content (especially nitrogen) in chicken manure. Operating at low solids concentrations is feasible, and 
actually represents a similar scenario to conventional piggery manure treatment in covered lagoons. However, 
the quantity of water required to prepare the chicken manure slurry for treatment is noteworthy, considering that 
most of the caged layer industry currently handle their manure in a dry state.  
 
 
 
 
  

Low Solids 

Reactor 

High Solids 

R t

Float layer 

Clear liquid layer with 
amber colour likely due 
to dissolved organics 
and proteins 

Settled solids layer
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5. TEST CASES AND ECONOMIC FEASIBILITY 
This section outlines a high level case and feasibility assessment for adoption of the anaerobic treatment 
technology in the respective pork and chicken egg layer industries. This addresses Activity 5 of the project as per 
the Funding Deed, and KPIs 2.4, 3.5 and 6.3. Table 15 compares the scope of the actual project activities with 
the scope of the activities defined in the original Funding Deed. 

Table 15. Comparison of actual project activities with that stated in the Funding Deed, for testing of 
the anaerobic treatment technology. 

Funding Deed Actual Project Activities Carried Out 
 The economic and logistical aspects of the new 

abatement technologies (Activity 3 and Activity 4) will 
be assessed at a high level across the participating 
industries (piggeries and chicken layers), with 
consideration of the 'at present’ value of solid manure 
residues and the cost/benefit of processing (including 
capital and operating costs/returns).  

 

 

 
 

 Baseline methane and nitrous oxide emissions from 
stockpiled manure and conventional handling practices 
and carbon abatement potential of the leachbed and 
leachate processing technologies will be defined by 
data collected in Activities 1 and 2 and technology 
analysis in Activity 3 and Activity 4. The scope of the 
analysis will be limited to digestion of solid manure 
residues that would otherwise be collected according 
to standard practice and stockpiled prior to digestion.  
It will use kinetic and stoichiometric information from 
Activity 1 and Activity 2 to clearly define the baseline 
nitrous oxide and methane emissions in terms of 
emissions reduction. It will also include conservative 
estimates of performance and parasitic emissions due 
to emissions associated with the production of energy 
used by the operation of the processing technologies 
as identified in Activities 3 and 4.   

 The costs and logistics of delivering the new fertiliser 
products and energy sources to targeted markets 
(electricity exports, grain growers fertiliser use, etc.) will 
also be examined at a high level. This analysis will 
enable a clear preliminary understanding of the 
opportunities and risks associated with these novel 
anaerobic processing and recovery technologies and 
the drivers for future development.  

 Close collaboration with industry bodies and existing 
industry steering groups will be essential to reliably 
capture the context for the new abatement 
technologies. This activity will draw on the input of a 
supplier partner to the project (Quantum Power) to 
ensure that solutions that are ultimately developed are 
practical to commercialise. 

 The output of this activity will form the basis of future 
full-scale prototyping. This activity will also estimate the 
emissions change for a farm system incorporating the 
new technology compared with the farm system without 
the new technology (for example, this may be a 
conventional piggery with raw base bedding material 
readily available and with a moderate nutrient market 
for spent litter; or a conventional layers shed with 
conveyed manure sold to a passive composting 
facility).  

 As per Funding Deed, except that the value 
of crop nutrients in the residues were 
considered unchanged because the 
beneficial use thereof as a fertiliser is 
unlikely to change as a result of anaerobic 
treatment. Farmers will likely continue using 
nutrients in solid manure residues as 
nutrient fertiliser regardless of whether the 
solid manure is anaerobically treated or not. 
Only the costs of transport of the nutrients 
elsewhere would be reduced, which can 
facilitate the beneficial reuse.  
 

 As per Funding Deed, albeit that the primary 
focus of the project somewhat shifted during 
the project period, now with a greater 
emphasis on profitability from processing of 
solid manure residues, and less on 
greenhouse gas abatement.  

 

 

 

 

 

 

 

 

 See above. The beneficial reuse practices 
are unlikely to change, so this aspect was 
not emphasised in the analysis.  

 
 
 
 

 

 As per the Funding Deed. Quantum power 
provided invaluable project material used in 
the analysis of egg layer manure digestion 
(as per Section 4). Other suppliers abroad 
were also contacted for Leachbed costing 
and technical information, which were 
subsequently used in the analysis.  

 As per the Funding Deed. Important 
considerations for full-scale implementation 
were highlighted in this Section and in 
Section 4 above. A potential profile of future 
full-scale demonstration sites was also 
mentioned in this Section, including pork and 
chicken egg layer site features.    
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 This will be a desktop analysis with close collaboration 
and discussion with industry project partners. 

 
 
 
 
 
 The outputs of this activity (description of opportunities, 

potential delivery pathways for the manure processing 
technology) and the overall project outcomes will be 
presented in communication material and distributed 
widely and nationally through existing marketing and 
communications channels to the chicken egg and pork 
industries (which may include industry flyers, mail-outs, 
existing industry support web pages).  

 As per the Funding Deed. Quantum power 
provided invaluable project material used in 
the analysis of egg layer manure digestion 
(as per Section 4). Other suppliers abroad 
were also contacted for Leachbed costing 
and technical information, which were 
subsequently used in the analysis.  

 Was developed and is to be further 
developed separately in collaboration with 
the Commonwealth and National Agricultural 
Manure Management Consortium (NAMMP). 

 

5.1 Pork – Spent piggery litter 

Overall, the results above indicated that a leachbed is a suitable technology option for anaerobic treatment of spent 
piggery litter on-farm. The pilot scale testing did highlight some important aspects to consider with leachbeds at 
full-scale, in particular, a need to design and operate in such a way to properly wet the bed of solid manure residue 
being treated. Some strategies, such as full flood-and-drain, and the imbedding of leachate flow conduit channels 
may be concepts to explore at full-scale in order to maintain system performance.  

The recovery of nutrients from leachate from a leachbed appears to be possible simply by allowing passive settling 
of solids entrained in the leachate, and then drying these solids on-farm in a drying bay. These are all familiar 
practices to producers in the Australian pork industry which would encourage adoption of this mode of nutrient 
recovery. 

In the leachbed trials, adequate treatment could be achieved within 20 days. Accordingly, it is proposed to have 
four leachbeds operating in parallel. Under this configuration a leachbed would be started on a weekly basis 
allowing spent litter management and flexibility and, at the same time, minimizing methane and nutrient losses by 
not storing spent litter for extended periods in stockpiles. Each leachbed could have an operating cycle of about 
28 days split into: 21 digestion days (solid retention time) days and 7 additional days for substrate loading/unloading, 
cleaning and maintenance. The major drawback of this configuration is that it may be labour-intensive. However, 
the skill level requirements could be tolerable for on-farm applications.  

The target system at full-scale will be an on-farm decentralized set-up with a leachbed and tandem covered 
anaerobic lagoon, with methane recovery from the leachbed and treated outflow from the covered lagoon recycled 
back to be used as leachate for the leachbed. In this way, the build-up of inhibitors in leachate can be managed, 
and given that covered anaerobic lagoons are now being increasingly accepted in the pork industry, the addition 
of a leachbed is likely to be a more acceptable incremental increase in complexity of approaches used on-farm to 
manage waste.   

Based on the characterisation reported in Section 2 above, spent piggery litter based on wheat straw bedding 
would likely be most feasible for leachbed treatment. Wheat straw is used in many piggeries in the northern states 
of Australia, but its use is to some degree reliant on the availability of straw at a reasonable cost.   

Because piggeries at larger sizes could consider more sophisticated off-the-shelf stirred tank anaerobic 
technologies, leachbeds would probably be most attractive to mid-to-large size establishments (500 sows breeding 
herd or larger). Smaller piggeries (<500 breeding sows) may trial the technology concept, but a cut-off limit exists 
for any technology in terms of economic feasibility, and for covered lagoons in Australia this has been found to be 
around 500 sow farrow-to-finish (5,000 Standard Pig Units or SPU).  

Leachbeds may be particularly attractive for sites where mixed housing types are used. That is, where the breeding 
herd (sows to weaner pigs) are predominantly housed in conventional slatted floor sheds aimed at manure flushing 
into covered anaerobic lagoons, and the larger pigs are grown on spent litter. The leachbed technology can then 
make the spent litter available for energy and enhanced nutrient recovery, while allowing increased benefit from 
the available covered lagoon technology. This may be particularly attractive in scenarios where the amount of 
energy available from manure of the breeding herd is inadequate to provide for onsite energy needs. The boosting 
of methane production by a leachbed may supply the deficit in methane energy available onsite.  

The project steering group highlighted early-on that a future test case for on-farm adoption should target a producer 
with political influence to enhance the impact and increase chances of broad-scale adoption of the technology 
across the pork industry. Western Australia and South Australia were noted as states that have been particularly 
interested in the use of spent bedding, whereas producers in northern states may be moving away from spent litter 
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systems in favour of conventional sheds with a view of recovering more methane energy from flush manure. 
However, there has been on-going interest from a particular Queensland producer, and due to locality, this producer 
may be a possible candidate for future on-farm development. 

 

5.2 Chicken Egg – Conveyer belt manure 

In contrast to pork spent litter, with chicken manure, a slurry-based approach will likely be required with a sufficient 
extent of dilution to manage the inhibitory effects of ammonia nitrogen. Also, unlike pork, chicken manure will be 
available more regularly as a continuous supply of material to be treated. This allows for continuous treatment 
options. The key technology steps would need to include:  

1. dilution of fresh manure with process water and/or fresh water to allow for pumping and mixing in the liquid 
phase (must be less than 10% solids). This is done in a pre-mix tank wherein a slurry suspension of manure 
is prepared.  

2. the slurry is then to move into a grit settling chamber to remove sand, grit and other heavy readily settleable 
solids. The pre-mix tank could also be used for this purpose, if stirring could be stopping intermittently, to feed 
the supernatant into the subsequent digester. This can be favourable in that it can minimise carry-over of 
limestone into the digester which has the potential to lower biogas quality (See Section 4.3). Grit removal could 
also reduce wear on process pumps and other equipment.  

3. the diluted waste is then fed through a chute into one end of a plug flow digester (an appropriately lined ditch 
in the ground with an impermeable cover on top, Figure 45) which generates methane continuously. 
Conceptually, the fresh feed pushes liquid and digested solid waste along the length of the reactor, and the 
digested and stabilised slurry is pumped out at the opposite end of the digester and sent to dewatering. A 
similar approach is extensively used in the USA in particular for the digestion of various manure streams.  

4. the digested liquor is sent to a belt press or equivalent (Geotubes are also an option) for dewatering and 
recirculation of filtrate for use in the digestion system. Some of the sludge cake is also recirculated to the pre-
mix tank as a source of microbes to inoculate subsequent digestion of fresh manure.     

 

Figure 44 Summary flow sheet of process concept for chicken manure 

 

 

Figure 45 Continuous High Solids Plug Flow Digester  
(http://www.agmrc.org/media/cms/FinalAnearobicDigestionFactsheet_2E11FAB524961.pdf). Copyright retained 
by original source. 
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Minimising the water use for this process will increase the amount of nitrogen accumulating in the system. However, 
the major disadvantage of a low solids approach is the large quantity of dilution water required to mix/dilute the 
waste. This means that the volume of the digester would be large and the inventory of water to be handled onsite 
would also be large. 

Anaerobic treatment of chicken manure offers secondary benefits such as odour management and processing of 
dead birds onsite to improve biosecurity and further reduce costs. The financial benefit of these secondary benefits 
were not included in the analysis above, because it was not certain whether a particular site would adopt for these 
reasons.  

With respect to future adoption and full-scale trials it could be preferred to approach, assist and build on the success 
of an existing very recent installation (http://www.cleanenergyfinancecorp.com.au/media/releases-and-
announcements/files/cefc-highlights-bioenergy-potential.aspx) to support the business with further expansion and 
trouble-shooting of their existing anaerobic treatment technology. This could especially target preparation of biogas 
for beneficial use, and improved strategies to manage ammonia and other chemical inhibitors common to chicken 
manure.  

5.3 Both Pork and Chicken Egg 

Energy prices in Australia are progressively increasing, but the cost of electricity supplied is dominated by grid 
infrastructure costs, and as a result decentralised producers of electricity may continue to receive very low sale 
prices for electricity sold back to the grid. The greatest benefit is likely to be in offsetting onsite energy use, whereby 
the producer can then save the per kilowatt hour price at which electricity is purchased from the grid.  

The former Carbon Farming Initiative greatly encouraged the uptake of covered lagoons in the pork sector, because 
projects were marginally profitable without the initiative, but became more attractive with the initiative. This is likely 
to be the case for the leachbed anaerobic technology also, and for slurry-based chicken manure treatment. In the 
case of covered lagoons in the pork sector, the former Carbon Farming Initiative in cases paid for as much as 30% 
of the initial capital layout, and thus reduced the simple payback term of some projects from 6 years+ to less than 
4.5 years. About half of the estimated annual operating cost could be recoverable if Small Scale Technology Credits 
(SGCs) were available at $40 per MWh, further improving the cost feasibility of a project.  
 
Table 16 below presents a summary of key numbers for the economic feasibility assessment of the technology 
across the pork and chicken egg sectors. The number of birds in the eggs sector (35,000) was selected based on 
the minimum amount of power production for which a suitable internal combustion engine generator was 
available off-the-shelf (25 kWe). The manure production rates were estimated from quantities reported in Kruger 
et al. (2006) and McGahan et al. (2008). The capital cost for the plant for pork including the leachbed was 
estimated based on high-level pricing sourced from an overseas provider for Leachbed technologies (Ziereis, 
2016) at 5,000€/kWel installed and was arbitrarily inflated by 100% for the pork scenario considering that the 
plant in this scenario is considerably smaller than the smallest plant currently supplied by BEKON (68 tonnes per 
day). Smaller plants are usually considerably more expensive. Considering that the leachbed may be added to an 
existing onsite system with a covered lagoon and biogas usage infrastructure in place, the capital layout for the 
leachbed-only could be considerably less than estimated here and thus the project could be much more 
economically feasible than estimated here. The capital cost estimate for eggs was based on data provided in 
http://www.cleanenergyfinancecorp.com.au/media/releases-and-announcements/files/cefc-highlights-bioenergy-
potential.aspx for Darling Downs Fresh Eggs.  
 
The estimate of methane production was based on methane potential test results reported above, and was 200 
m3/tonne VS for spent piggery litter, and 230 m3/tonne VS for chicken layer manure. The assumed methane 
conversion factor was a conservative 80%, and the nitrogen emissions factors were assumed to remain 
unchanged from that of stockpiles. This negates the methane emissions savings from stockpiles (estimate MCF 
of 6.5% based on Phillips et al., 2016), but the anaerobic treatment pathway still provides emissions savings 
affiliated with the offset of primary energy use, by instead using methane from the anaerobic treatment process to 
meet the onsite energy demand.       
 
The most expensive electricity presently is usually produced via off-grid diesel generation at an unsubsidised rate 
of around 36 cents per kW.h. Therefore, the results in Table 16 suggest that economic feasibility is presently 
marginal, mainly due to high capital cost. Based on the figures above. Future research and development should 
target low-cost variants, following the guidance on technical operation that was provided by the pilot scale testing 
conducted in this project and report. Producers may still decide to adopt the technology for the purpose of future 
proofing against increasing production costs (in light of ever-increasing energy price), and gaining economic 
benefits from a carbon abatement program.  
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Table 16. Key numbers from the economic feasibility assessment 

Quantity Pigs Eggs Units of measurement 

Sows/birds 500 sow breeding 
herd (5,000 SPU) 

35,000 layer 
birds 

Solids production rate 3,200 1,825 Tons wet mass per annum 

Volatile solids production rate 2.6 1.0 Tonnes VS per day 

Methane production 150,000 67,000 m3 methane/annum 

Energy content 5,222,000 2,283,000 MJ/annum 

Electricity production 522,000 228,000 kW.h/annum 

Electricity production 1,430 626 kW.h/day 

Electricity production 60 25 kWe 

LPG that can be displaced if 
instead heating directly (no 
electricity production) 

188,000 82,200 Litres per annum 

Capital cost estimate $890,000 $570,000 

Annual operating cost estimate (at 
4% of capital per annum) 

$36,000 $22,000 

Price of electricity to give a payback 
period of <5 years 

0.4 0.6 AU$ price per kW.h 

Price of LPG to give a payback 
period of <5 years (if used directly, 
no electricity generation) 

1.1 1.6 AU$ price per L LPG 
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FUTURE RESEARCH NEEDS 

Overcoming chemical inhibition 

Present on-going research is focussing on strategies to overcome chemical inhibition, in the leachbed or in 
subsequent treatment of leachate. This chemical inhibition decreased the methane recovery in the leachbed. This 
is major area of uncertainty from a carbon abatement perspective, because it is not known whether post-treatment 
emissions (when leachate is treated in subsequent uncovered lagoons) would be in excess of emissions from the 
baseline practices of stockpiling.  

From a detailed literature survey one likely candidate inhibitor is humic/fulvic acid, a dissolved organic substance 
that forms during the anaerobic decomposition of spent piggery litter. The two strategies that are being trialled are 
(1) the use of adapted inoculums or otherwise stated, a microbial community that is resilient to the presence of 
humic acid/fulvic acid; and (2) the offline removal of these organic substances using ion exchange or other means.  

For chicken manure, it is necessary to further explore means to overcome ammonia nitrogen inhibition of the 
anaerobic decomposition process. Strategies and technology developed towards this end can help reduce 
treatment system size and thus capital costs, and therefore make the anaerobic treatment of chicken manure more 
cost feasible.  

 

PUBLICATIONS  

 

During all reporting periods to date the project has been featured in the following workshops and publications: 

 Advanced Water Management Centre research and development in Agri-industry. Internal Seminar. The 
University of Queensland. 30 October 2015 

 NAMMP FILMING for which material was collected on the week of 27th to 31st October. 

 Shao Dong Yap PhD Confirmation of Candidature seminar internal The University of Queensland 

 Clean Energy Regulator Carbon farming initiative at Piggeries – From Planning to Practice (which were 
heavily attended by farmers) – http://www.cleanenergyregulator.gov.au/Carbon-Farming-
Initiative/events/Pages/past-events.aspx#The-Carbon-Farming-Initiative-From-Plan-to-Practice 

 Regulator consultation workshops for the Australian Pork Limited Code of Practice for On-farm Use of 
Biogas at Piggeries: http://australianpork.com.au/industry-focus/environment/renewable-energy-biogas/ 

 Australasian Pig Science Association 14th Biennial Conference (http://www.apsa.asn.au/Proceedings.aspx). 
Parallel student conference. Shao Dong Yap presentation on summary of PhD plan.   

 S.D. Yap, S. Tait, S. Astals, P.D. Jensen and D.J. Batstone. (2015). Anaerobic digestion of spent piggery 
litter in a pilot-scale batch solid-phase system. Submitted to Australasian Pig Science Association 
Conference. Manipulating Pig Production XV. Melbourne, Australia. 22-25 November 2015. Withdrawn to 
submit in journal. 

 Featured PhD student in Australian Pork Newspaper (Vol 19. No. 7 July 2015), Get Farming, and other 
affiliated outlets.    

 S.D. Yap, S. Astals, P.D. Jensen, D.J. Batstone, S. Tait (2016). Pilot-scale testing of a leachbed for 
anaerobic digestion of livestock residues on-farm. Waste Management 50 (2016) 300–308. 

 Venice Symposium. Accepted platform presentation. "SUFFICIENCY OF NATIVE MICROBIAL ACTIVITY 
FOR START-UP OF SOLID-PHASE LIVESTOCK RESIDUE DIGESTERS." 
http://www.venicesymposium.it/home.aspx 

 Journal paper 2 in draft: On the sufficiency of native microbial activity for start-up of solid-phase anaerobic 
digesters manure residues treating. To be submitted to Bioresource Technology or equivalent. Data 
analysed, paper written, under internal review. Expect realistic submission June 2016. 

 Journal paper 3 in draft: Reducing nutrient losses from stacked solid manures by predictive design: Support 
of a simulation tool. 
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APPENDICES 

 

Glossary of Technical Terms 
AD  Anaerobic digestion (microbial decomposition of effluent without the presence of oxygen) 

Aerobic pond or lagoon Pond or lagoon which treats effluent by aerobic digestion (i.e. in the presence of oxygen)  

Anaerobic pond or lagoon Pond or lagoon which treats effluent by anaerobic digestion (i.e. without the presence of oxygen) 

Ammonia (NH3) A gas released from manures, composts and waste treatment systems 

Ammoniacal N (NH3-N) Ammoniacal nitrogen - a measure of the amount of elemental nitrogen in  ammonia 

Ammonium (NH4
+)  Ammonium ion – positively charged, derived from ammonia  

Ammonium N (NH4
+-N) Ammonium nitrogen - - a measure of the amount of elemental nitrogen in the ammonium ion 

amoA The amoA gene encodes for ammonia monooxygenase in ammonia-oxidizing bacteria 

ANOVA Analysis of variance 

AOA Ammonia-oxidizing   

 archaea  

AOB Ammonia-oxidizing bacteria 

CAP Covered anaerobic pond 

CAL Covered anaerobic lagoon 

CO2 Carbon Dioxide 

CH4 Methane 

C:N Carbon to nitrogen ratio 

DNA or cDNA Deoxyribonucleic acid 

Vario Macro CNS Combustion analysis 

C/N interactions Interaction between carbon and  nitrogen 

Dereplication A biochemical process of screening samples so as  to rapidly identify and eliminate from 
consideration those substances already studied 

DM Dry Matter 

EC Electrical conductivity, this is the generally accepted measure of salinity. 

GHG Greenhouse Gas 

HRT Hydraulic retention time - also known as ‘hydraulic residence time’  

This is a measure of the average length of time that a soluble compound remains in a 
constructed bioreactor. 

LCA Life Cycle Assessment 

Manure C Manure carbon 

MBC Microbial biomass carbon – the amount of carbon contained in a soil’s biomass usually 
expressed as (µg C/g dry soil) 

MC Moisture content, usually expressed as a percentage of a sample. 

MCT detector Mercury cadmium telluride infrared radiation detector 

Metagenome Analysis The application of modern genomics techniques to the study of communities of microbial 
organisms directly in their natural environments, bypassing the need for isolation and lab 
cultivation of individual species. 

MG-RAST Metagenome Rapid Annotation using Subsystem Technology  

Microbial Relating to ‘microbes’ - minute life forms, microorganisms, including bacteria, fungi, archea, 
viruses, algae, moulds etc. 

N Nitrogen 

NO3 Nitrate. Levels of nitrate can be expressed in either of two ways: “nitrate as nitrogen” (symbol: 
NO3-N ) or simply as nitrate (NO3). 
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NO2 Nitrite. Levels of nitrite can be expressed in either of two ways: “nitrite as nitrogen” (symbol: NO2-
N) or simply as nitrite (NO2). 

N2O Nitrous Oxide 

NH3 Ammonia 

NH4
+ Ammonium ion 

NH4
+-N Ammonium nitrogen 

NOB Nitrite oxidizing bacterial 

norB  genetic markers for denitrifying bacteria 

nosZ genetic markers for denitrifying bacteria 

O2 Oxygen 

PCR  polymerase chain reaction 

pH A measure of the acidity or alkalinity of a product.The pH scale ranges from 1 to 14.  A pH of 7 is 
neutral, a pH below 7 is acidic and a pH above 7 is alkaline. 

phenol-chloroform-CTAB 
method 

Phenol chloroform, cetyltrimethyl ammonium bromide method for extracting genomic DNA from a 
sample. 

PPM / ppm Parts per million 

qPCR  quantitative real time polymerase chain reaction 

qRT quantitative reverse transcriptase  PCR 

R2 values  Coefficient of determination (R- squared) is a statistic relating to ‘goodness of fit’ of experimental 
observations with predicted outcomes . R2 values generally range from 0 to 1, i.e. ‘no fit’ to 
‘perfect fit’.  

RNA  Ribonucleic acid 

RNase I Ribonuclease  is a type of nuclease that catalyzes the degradation of RNAinto smaller 
components. 

TOC Analyser Total organic carbon Analyser – a computer controlled machine designed for the rapid 
simultaneous determination of  total organic carbon in soils and other organic materials. 

Total C Total Carbon 

Total N or TN Total Nitrogen (TN) is the sum of nitrate-nitrogen (NO3-N), nitrite-nitrogen (NO2-N), ammonia-
nitrogen (NH3-N) and organically bound nitrogen. Total Nitrogen (TN) should not be confused 
with TKN (Total Kjeldahl Nitrogen).  

TKN Total Kjeldahl Nitrogen - the sum of ammonia-nitrogen (NH3-N) plus organically bound nitrogen 
but does not include nitrate-nitrogen (NO3-N) or nitrite-nitrogen (NO2-N). 

TS Total solids - the sum of suspended solids and dissolved solids in a manure or effluent sample, 
usually expressed as a percentage of the total sample. 

VS Volatile solids – the degradable or volatile portion of total solids in a manure or effluent sample 
that is lost when burnt to ash or fixed solids, usually expressed as a percentage of the total 
sample. 

WC% water change percentages 

WHC Water holding capacity 

ng µl-1  Nanograms per microlitre 

μg μl−1 Micrograms per microlitre 

µl  microlitre 

 




