
 
 
 

 
 
 
 
 
 
 
 
 
Report No. 449 
 
 
SUSTAINABLE ANAEROBIC CO-DIGESTION OF GREASE INTERCEPTOR WASTE 
 
 
By 
Tarek Aziz 
 

 
 
 
 

1Department of Civil, Construction, and Environmental Engineering 
North Carolina State University 
Raleigh, NC  
tnaziz@ncsu.edu 
919-515-1562 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
UNC-WRRI-449 
 
 
 
 
 
The research on which this report is based was supported by funds provided by the North Carolina 
General Assembly and/or the US Geological Survey through the NC Water Resources Research 
Institute.  
 
Contents of this publication do not necessarily reflect the views and policies of WRRI, nor does 
mention of trade names or commercial products constitute their endorsement by the WRRI, the State 
of North Carolina, or the US Geological Survey.  
 
This report fulfills the requirements for a project completion report of the Water Resources  
Research Institute of The University of North Carolina. The authors are solely responsible for the  
content and completeness of the report. 

 
 

WRRI Project No. 13-01-W 
November 2014 

 



1 
 

Acknowledgments  

This work would also not have been complete without funding provided by the NC Water 
Resources Research Institute. The faculty and staff at NC WRRI have provided support and 
flexibility to enable us to exceed our initial objectives with this project.  We believe the result of 
this study provide new insight into anaerobic co-digestion of grease interceptor waste, move 
municipalities closer to sustainable energy generation at wastewater treatment facilities, provide 
an infrastructure-safe disposal of GIW, and raise exciting new research questions that will 
ultimately lead to the sustained full-scale implementation of GIW co-digestion; benefitting state 
of North Carolina, the country, and the world.  

There are several people the PIs would like to acknowledge in the completion of this report.  
First, we’d like to recognize the hard work of our graduate students (Ling Wang and Elvin 
Hossein). Without them this work would not have been complete. They have lead the charge in 
not only carrying out the tasks put in front of them, but finding questions and curiosities that 
push the bounds of this research well beyond the initial research question. In addition, an 
undergraduate researcher, Liya Weldegebriel, provided vital support during our lab scale reactor 
operation.  We would also like to recognize the support of our colleague Joel Ducoste for his 
contribution in discussions related to FOG. 

Several municipalities have played an important role in supporting this research:  The City of 
Durham, The City of Raleigh (TJ Lynch), and the Town of Cary (Donald Smith). Their support 
has been both in the form of sample collection (City of Durham and the Town of Cary) as well as 
in the form of letters of support/information sharing/dialogue (all of the above). Support from 
local municipalities is vital in research of this kind and we are extremely grateful.  

We would like to recognize Hazen and Sawyer who has shown interest and support for this 
project from the very beginning. 

Last but not least we would like to acknowledge our families who provide support for all our 
endeavors.   

  



  2   
 

1. Introduction 
 

1.1 The Fat, Oil, and Grease Problem 

Fat, Oil, and Grease (FOG) in sewers can accumulate and congeal on pipe walls, forming 
hardened deposits through a chemical reaction or a physical aggregation process (He et al., 2011; 
NCDENR, 1999; US EPA, 2004a). Animal- and vegetable-based FOG present the greatest threat 
of obstruction in sewer lines, responsible for up to 47% of the reported blockages and 50% to 
75% of sanitary sewer overflows as it tends to solidify, reduce conveyance capacity, and 
eventually block flow (Keener et al., 2008; Southerland, 2002; US EPA, 2003; US EPA, 2004a; 
US EPA, 2004b). In addition to waste animal fats and waste industrial FOG, common sources of 
FOG wastes are food service establishments (FSEs) such as restaurants and fast food outlets. 
 
At FSEs, grease abatement devices such as grease interceptors (GIs) and grease traps (GTs) are 
commonly installed to prevent FOG discharge from entering the collection systems. The entire 
contents of a GI or GT comprising FOG, food particles, and associated wastewater produced at 
FSEs are collectively referred to as grease interceptor waste (GIW) or grease trap waste (GTW). 
GIW/GTW is one of the most abundant lipid-based organic substrates in the U.S. with high 
methane potential (Austic, 2010; City of San José, 2007; Dayton, 2010; FOG Energy 
Corporation, 2012; Long et al., 2012; Wiltsee, 1998). A GT is a small passive or mechanized 
oil/water separator installed inside the FSEs with a typical volume of around 190 L, while a GI is 
typically a larger (3,800 to 7,600 L) oil/water/food solids passive separator (Long et al., 2012). 
Adequate residence time allows the FOG to congeal and float to the top of the basin, the food 
solids to settle to the bottom, and the remaining wastewater to continuously flow down to the 
collection systems (Aziz et al., 2011; Chapin, 2008; Gallimore et al., 2011). As a result, GIW can 
be roughly divided into three layers: top layer of FOG, middle layer of associated wastewater, 
and bottom layer of settled food particles. The characteristics of this complex mixture may vary 
with time, the type of FSE, and configuration and maintenance frequency of GIs/GTs (Aziz et 
al., 2012; He et al., 2012; Lesikar et al., 2006). 
 
1.2 Anaerobic Co-Digestion  
 
Biogas from anaerobic digestion can be used to offset thermal energy and electricity needs at 
wastewater treatment facilities (WWTFs) or exported as renewable energy to the grid. Despite 
the benefits of anaerobic digestion, of the 544 operational WWTFs in the United States with 
influent flow rates greater than 19 × 106 L/d employing anaerobic digestion, only about 19% use 
biogas to offset onsite energy demand and/or generate electricity, as identified by the 2004 Clean 
Watersheds Needs Survey (CWNS) (US EPA, 2007). A more recent update to the biogas 
utilization numbers in the U.S. stated that of the 1,351 WWTFs with influent flow rates greater 
than 3.8 × 106L/d operating anaerobic digesters, only 15% employ biogas utilization 
technologies (US EPA, 2011). Moreover, it was found that smaller WWTFs do not commonly 
use anaerobic digesters for solids management, let alone implement biogas utilization. In many 
cases, smaller facilities operating anaerobic digesters often find biogas utilization less 
economically or operationally appealing than flaring excess biogas (US EPA, 2007; US EPA, 
2011).  
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One way to improve the economics of biogas utilization is to substantially increase biogas 
production. This can be achieved by co-digesting biosolids with substrates of high bioenergy 
potential such as FOG waste streams. FOG wastes are often high in biodegradable volatile solids 
(VS) ranging from 17% to 93% (w/w) and chemical oxygen demand (COD) up to 1,211 kg/m3 
depending on their origins (Battimelli et al., 2010; Davidsson et al., 2008; Kabouris et al., 2009; 
Luostarinen et al., 2009). Similar FOG-based wastes include: animal fats and waste oils from 
food or processing plants, the edible oil industry, the dairy products industry, and 
slaughterhouses; mixed FOG wastes from receiving or dewatering facilities, and trapped grease 
wastes from WWTFs (Appels et al., 2011; Long et al., 2012; US EPA, 2004). Co-digestion of 
these wastes not only serves as a disposal method but enhanced bioenergy production can help 
WWTFs achieve energy independence. 
 
1.3 The challenge: GIW overloading and inhibition 

Anaerobic digestion includes hydrolysis, acidogenesis, acetogenesis, and methanogenesis in 
either a mesophilic or a thermophilic environment. This complex metabolism involves many 
microbial groups and close syntrophic cooperation between acetogenic bacteria and 
methanogenic archaea (McCarty, 1964; Parkin and Owen, 1986; Speece, 1996). When 
introducing FOG-rich wastes that are high in biodegradable VS, COD, and lipid concentrations, 
the challenge is to avoid overloading and inhibition of methanogenesis. Efficient degradation of 
major intermediates such as long chain fatty acids (LCFAs), acetate, propionate, and butyrate is 
crucial to prevent drops in pH, imbalance of the major metabolic steps, and consequently, 
process failure.  
 
The inhibition and toxicity of LCFAs to microorganisms have been documented in many studies 
conducted with synthetic LCFAs (Angelidaki and Ahring, 1995; Hanaki et al., 1981; Hwu et al, 
1998; Koster and Cramer, 1987; Palatsi et al., 2010; Rinzema et al., 1994). Inhibitory effects of 
LCFAs including substrate and product transport limitation, damage to cell membrane, increased 
lag phase of methane production, methanogenic activity loss, sludge flotation and washout, to 
name a few, were reviewed and summarized in Alves et al. (2009), Chen et al. (2008), and Long 
et al. (2012). To date most of the studies were conducted with single-source LCFAs, and the 
presence of commingled wastes such as GIW/GTW that comprises mixed FOGs, food residuals, 
wastewater, and possibly detergents and other substances derived from FSEs may further 
complicate and accentuate the inhibition. 
 
In addition to identifying the potential inhibitors and inhibition mechanism, the limit for 
GIW/GTW addition where the microbial communities survived the inhibition was once 
identified in the range of 30 to 100% (w/w) of VS added (Davidsson et al., 2008). For anaerobic 
co-digestion of other FOG waste streams, a range between 64 to 71% (w/w) of VS added can be 
identified by combining the data of Davidsson et al. (2008), Kabouris et al. (2009), Luostarinen 
et al. (2009), and Wan et al. (2011). In general, co-processing FOG-rich materials with sewage 
sludge increased methane production by 9% to 317%, depending on the source of startup 
substrate and co-substrate, total organic loading rate (OLR), OLR of co-substrate, solid retention 
time (SRT), mixing intensity, and feeding strategy and frequency (Davidsson et al., 2008; 
Kabouris et al., 2009; Luostarinen et al., 2009; Wan et al., 2011; Wang et al., 2013). Successful 
applications of anaerobic co-digestion with FOG wastes have been reported worldwide in lab 
scale (Kabouris et al., 2009; Luostarinen et al., 2009; Wan et al., 2011; Wang et al., 2013), pilot 
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scale (Davidsson et al., 2008), and full scale (Bailey, 2007; Cesca et al., 2010; Downey et al., 
2010; Gabel et al., 2009; Muller et al., 2010; Johnson et al., 2011; York et al., 2009). However, 
to date an in-depth evaluation of the threshold for GIW/GTW co-digestion is still lacking. 
 
Challenging the microbial community with GIW to enhance methane production increases the 
risk of co-substrate overdose and LCFA inhibition, but also creates an opportunity for microbial 
adaptation of methanogenic archaeal and LCFA-degrading bacterial communities. Exposures to 
inhibitors such as ammonia, sulfide, sodium, insoluble organic compounds, and LCFAs at 
various concentrations have been reported to lead to adaptation of microorganisms to various 
degrees, as summarized in Chen et al. (2008).  
 
Biomass adaptation and digester recovery from LCFA inhibition were observed in microbial 
communities treated with synthetic LCFAs (Alves et al., 2001; Cavaleiro et al., 2001; Cavaleiro 
et al., 2008; Cavaleiro et al., 2009; Nielsen and Ahring, 2006; Palatsi et al., 2009; Palatsi et al., 
2010), and FOG-containing wastes (Nadais et al., 2006; Silvestre et al., 2010; Wang et al., 2013). 
The adaptation may be the result of population adaptation when the microbial population shifts 
towards the better adapted microorganisms or due to phenotypic adaptation (physiological 
acclimation) when internal changes of existing microorganisms occur (Chen et al., 2008; Palatsi 
et al., 2010; Zeeman et al., 1985). Although the exact mechanism is still not clear, it is believed 
that adaptation of microorganisms may decrease the inhibitory effect of toxicity shock and 
increase the biodegradability of undesired substrates (Chen et al., 2008; Silvestre et al., 2010; 
Stuckey et al., 1980; Wu et al., 1993). 
 
In our recent study we challenged an anaerobic digester with step feedings of GIW from 46%, 
66%, to 84% (w/w as VS) in an attempt to induce microbial adaptation and evaluate the limit of 
anaerobic co-digestion of GIW (Wang et al., 2013).  
 
Unlike lab-scale experiments where GIW loading rate can be customized, full-scale WWTFs can 
encounter fluctuations in GIW loading because of availability, seasonal changes in 
characteristics and collection areas, and introduction of new sources. These factors may make a 
step feeding approach, which relies on a stable GIW loading that increases in discrete steps, 
difficult.  
 
Several researchers have used pulse feeds (short periods of overloading) of synthetic LCFAs and 
other waste-based materials to evaluate LCFA inhibition (Cavaleiro et al., 2001; Cavaleiro et al., 
2008; Cavaleiro et al., 2009; Neves et al., 2009; Nielsen and Ahring, 2006; Palatsi et al., 2009; 
Palatsi et al., 2010). These studies demonstrate the possibility of using a pulse feeding strategy to 
induce tolerance and adaptation in methanogenic archaeal and syntrophic acidogenic 
populations. Pulse feeds of GIW may be a feasible feeding strategy instead of step feeding to 
better simulate the fluctuating strengths in feedstock and to evaluate the ability of digesters to 
accept GIW at different concentrations. 
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1.4 Research Objectives 

The objectives of this study were to: 
 
O1 To determine the limits of anaerobic co-digestion operation with varied composition of GIW (i.e. 

the ratio of FOG/Food Solids) as the co-digestion feedstock. 

O2 Explore bioreactor operation and microbial communities that are functionally resilient, robust and 
resistant to variations in FOG loading 

O3 Evaluate the steady-state stability of co-digested biosolids during experimentation. 

Objective 1 (O1) was investigated through a series of bio-methane potential (BMP) tests to 
explore methane yield from FOG and food solids (Sections 2.6 and 3.4). O3 was explored in 
parallel with O2 during operation of lab-scale anaerobic digesters. O2, the most complex of the 
objectives, required the most time and was investigated through a combination of experimental 
reactor operation and next-generation sequencing (Sections 2.1-2.5, 3.1-3.3, 4.1-4.5).   
 
Two sets of lab-scale anaerobic digestion experiments were performed in this study. In 
experiment I, we continued our previous study (Wang et al., 2013) to further evaluate: 
 

(i) if step feeding can create more robust microbial communities against GIW inhibition 
by inducing microbial adaptation;  

(ii) if both GIW-adapted and non-GIW-adapted communities can recover from a onetime 
loading shock and if so  

(iii) if they can achieve the same level of methane production or even tolerate a higher 
GIW loading rate. 
 

Additionally, in experiment II we sought to evaluate:  
 

(i) if challenging the anaerobic co-digester with periodic pulse feeds can result in more 
robust microbial communities,  

(ii) if pulse feeding can enhance methane production, and  
(iii) the use of ecological parameters such as resistance (magnitude of change in 

accumulated concentration of major intermediates) and resilience (time taken by the 
accumulated intermediates to return to its referential state) (Botton et al., 2006; 
Werner et al., 2011) as measures of digester robustness. 

 
As data was collected over the course of experimentation and analysis, various aspects of the 
project were modified. The most significant modification was the shift to a next-generation 
sequencing procedure (Section 2.5) for the analysis of microbial population shifts resulting from 
GIW loading.  This approached was deemed more rigorous and useful for the objectives of this 
study.  Another substantial change to the initially proposed research was the use of the 
biochemical methane potential test for evaluating GIW variation.  This change was based on 
reviewer comments and the research team believed this approach to be better than the one 
initially proposed. 
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2. Methods 
 

2.1. Experimental setup 
 
The anaerobic co-digestion experiments were conducted using two identical anaerobic reactor 
systems operating in parallel as shown in Figure 1, each configuration consists of a feeding and 
decanting system, a reactor system, and a biogas collection system.  
 

 

Figure 1 – Reactor set-up. 

 
The reactor chamber was a Plexiglas tube with an inner diameter (ID) of 15 cm and a total 
volume of 8 L (working volume of 6 L).The cover was clamped to the reactor flange with 12 
bolts and a lubricated O-ring between the reactor cover and the grooved flange kept the reactor 
airtight. The cover had ports serving as a feeding port, a biogas/foam outlet, and a liquid recycle 
line. Four staggered nylon tube fitting adapters were fitted along the side of the chamber with the 
bottom opening serving as a decant port. Openings that were not in use were sealed using screw 
tubing clamps. 
 
Two other adapters were inserted along the side of the chamber to connect with a Masterflex 
peristaltic pump (Cole-Parmer Instrument Company, Vernon Hills, IL) that generated a circular 
mixing pattern. The peristaltic pumps were controlled by a ChronTrol timer (Chrontrol 
Corporation, San Diego, CA). The initial mixing intensity for the start-up period (phase 1, Figure 
2) was 7.5 W for 2 min/hr, providing a 2.1×10-5 m3/s jet flow rate. Mixing intensity was 
subsequently adjusted by increasing the mixing duration. Constant mixing during feeding was 
provided by the mixer. Periodic feeding and decanting were performed through the feeding and 
decant ports using a Masterflex peristaltic pump (Cole-Parmer Instrument Company, Vernon 
Hills, IL). 
 
Biogas and foam produced from the reactor were led to a recycle bottle and excessive foam was 
directed back to the reactor through the recycle line. The biogas passed through a hydrogen 
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sulfide (H2S) scrubber bottle with steel wool then through a 3-way stopcock where biogas 
sampling took place, and finally to a wet tip gas meter (Wet Tip Gas Meter.com, Nashville, TN) 
for biogas production measurement. 
 
 

 

Figure 2 – Reactor loading schedule. 

 
2.2. Substrates and inoculum 
 
Sludge from the anaerobic digester at the South Durham Water Reclamation Facility in North 
Carolina was used as inoculum, and thickened waste activated sludge (TWAS) obtained from the 
North Cary Water Reclamation Facility in North Carolina was used as feedstock. GIW provided 
by a FSE in Cary, North Carolina was used as co-substrate. FOG, food particles, and wastewater 
portions within GIW were separated upon collection at the FSE with the help of professional 
grease waste haulers. The feedstock, co-substrate, and inoculum were stored at 4°C within 3 
hours of collection. Food particles collected were further mixed using a blender station to obtain 
homogeneous mixtures. TWAS and GIW were mixed thoroughly into desired portions an hour 
before feeding in the temperature-controlled room (37°C) in a feedstock container (Figure 1) 
using a mixer. 
 
2.3. Experimental design 
 
The anaerobic digesters were operated in a temperature-controlled room to maintain mesophilic 
conditions (37°C) and fed every other day in a draw-and-fill semi-continuous mode with a solids 
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retention time (SRT) of 20 days. Each feed time, 600 mL effluent was removed through the 
decant port while 600 mL feedstock was pumped into the reactor through the feeding line.  
 
Experiment I was conducted to explore the limit of anaerobic co-digestion of sewage sludge with 
GIW by stepwise increase of GIW loading rate. During phase 1 (start-up), both reactors (control 
and treated) were fed only TWAS. A mixing intensity experiment was implemented in phase 2 
for digester B. After the optimal mixing intensity was obtained, the mixing duration of digester 
A (control) was adjusted to this desired value. In phases 3 to 5, GIW addition in the treated 
digester was increased from 10 to 40% (v/v), or 46 to 84% (w/w as VS), to evaluate the optimal 
GIW fraction for maximum biogas production without digester inhibition, followed by 
perturbation and recovery tests at 66 and 75% (w/w as VS).  
 
In experiment II, six research phases were designed to evaluate the feasibility of applying 
repeated pulses of GIW to anaerobic digesters to develop more robust communities and produce 
higher methane production. During the start-up periods, both reactors were fed only TWAS at an 
OLR of 1.33 gVS L-1 day-1 in phase 1, and a mixture of TWAS (70% (w/w) as VS) and GIW 
(30% (w/w) as VS) at an OLR of 1.64 gVS L-1 day-1 in phase 2. In phase 3, four pulse-fed cycles 
were applied to the treated digester at an OLR of 2.24 gVS L-1 day-1 which corresponds to a GIW 
input of 60% (w/w as VS) in addition to regular feeding at 1.64 gVS L-1 day-1 (30% (w/w) as VS). 
During phases 4 to 6, to evaluate whether more robust microbial populations can be enhanced by 
pulse treatment, both digesters were challenged at higher GIW loads of 70 and 90% (w/w) as VS 
at 2.95 and 4.48 gVS L-1 day-1, respectively.  
 
2.4. Analytical methods 
 
Biogas production was measured with a wet tip gas meter (Wet Tip Gas Meter.com, Nashville, 
TN) and normalized to STP based on the daily local climatological data (NCDC, 2012; NCDC, 
2013). Methane content in biogas was analyzed by a gas chromatograph (GC, SRI 8610C) 
equipped with a thermal conductivity detector. Total solids (TS), VS, alkalinity, and pH were 
measured according to Standard Methods (APHA, 2005). Concentrations of individual volatile 
fatty acids (VFA; e.g., acetic, propionic, butyric, and valeric acids) were determined by 
acidification, centrifugation, filtration, and direct injection into a GC (GC-2014 Shimadzu) 
equipped with a flame ionization detector according to the VFA gas chromatographic method 
(5560 D) in Standard Methods (APHA, 2005). Total VFA (TVA; VFAs up to six carbon atoms) 
concentration was measured by centrifugation, acidification, distillation, and titration according 
to the TVA distillation method (5560 C) in Standard Methods (APHA, 2005). 
 
2.5. Illumina sequencing of genomic DNA obtained from experiments I and II  
 
Molecular analysis using next generation sequencing (Illumina) assessed microbial population 
dynamics inside the mother digesters (i.e. the reactors described in Figure 1 used for Experiment 
I and II). Genomic DNA (gDNA) samples were extracted from effluent sludge using aluminum 
sulfate DNA extraction method. Forward and reverse primer pair sequences, modified 341F 
(CCTAYGGGRBGCASCAG) and modified 806R (GGACTACNNGGGTATCTAAT), 
respectively, were used to amplify a DNA fragment of ~460 bp length flanking the V3 and V4 
regions of the 16S ribosomal RNA (rRNA) gene of bacteria and archaea in the gDNA samples 
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(Yu et al., 2005). Library preparation, quantification, normalization, and pooling was performed 
according to the protocol.  
 
The 16S metagenomic surveys of mother digesters was conducted by running 300	bp paired end 
reads on Illumina MiSeq to generate full‐length sequence reads of the V3 and V4 region. An on-
instrument MiSeq Reporter (MSR) metagenomics workflow classified those reads passing the 
quality filtering by taxonomic level (kingdom, phylum, class, family, genus, and species) based 
on the Greengenes 16S rRNA gene sequence alignment database. An MSR 16S metagenomics 
report was generated for a preliminary assessment of microbial composition. 
 

2.6 Biochemical methane potential (BMP) experiments 
 
2.6.1 Enrichment procedure 
 
Previously, the step and pulse feeding experiments were conducted using mixed FOG and food 
solids portions as feedstock. To evaluate (1) the methane production potentials of major GIW 
components and (2) the inhibition threshold of FOG single digestion, we conducted eight sets of 
biochemical methane potential (BMP) tests using individual FOG and food solids portions from 
the GIW collected.  
 
We obtained 10 L of anaerobic sludge from South Durham Water Reclamation Facility in North 
Carolina for inoculation. FOG and food solids portions within GIW were separated at a FSE in 
Cary, North Carolina and stored in 4°C upon collection. The characteristics of FOG and food 
solids portions are listed in Table 1. The amounts of substrates loaded in each test are shown in 
Table 2.  
 

Table 1 - Characterization of raw substrates used in BMP experiment. 
 

Food solids FOG 
TS (g/kg-wet sample) 123.4 ± 2.6 a 981.1 ± 0.5 
VS (g/kg-wet sample) 119.6 ± 2.3 981.3 ± 0.5 

VS/TS (%) 97.0 100.0 
a Mean ± standard deviation (n ≥ 3). 
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Table 2 - The amount of prepared feedstock used in each BMP test. 

 

Test Substrate
Substrate loaded

(g-VS) 

FP-1 

FP 

0.048  
FP-2 0.024  
FP-3 0.018  
FP-4 0.012  

FOG-1

FOG 

0.589  
FOG-2 0.294  
FOG-3 0.196  
FOG-4 0.098  

 
BMP tests measure the anaerobic biodegradability of a specific substrate by providing optimal 
amount of nutrients for each test and monitoring methane production accumulatively. We 
performed eight sets of BMP tests in serum bottles sealed with black butyl rubber stoppers and 
aluminum crimps in mesophilic conditions (37°C) according to the protocol described in Wang 
et al. (1994). Each test in this experiment included three replicates and five controls. Each test 
was performed using 80 mL of media and 15 mL of inocula mixed with substrates in a 160 mL 
serum bottle. For every liter of enrichment medium, it consisted of 100 mL of PO4 solution, 100 
mL of M3 solution, 10 mL of trace mineral solution, 10 mL of vitamin solution, and 2 mL of 
resazurin solution (0.1% w/w), 3.5 g of NaHCO3, and 10 mL of Cysteine hydrochloride solution 
(5%). Table 3 lists the compositions of PO4 solution, M3 solution, trace mineral solution, and 
vitamin solution in detail. The enrichment medium preparation and subsequent inoculation were 
conducted under N2/CO2 gas mixture.  
 
Biogas production and methane content of each test was periodically measured. To measure gas 
production, a 60 mL and a 5 mL glass syringes were used to measure the overpressure in each 
bottle. Biogas production measurements were normalized to STP based on the daily local 
climatological data (NCDC, 2014). Methane content of each test was analyzed using a gas 
chromatograph (GC, SRI 8610C) equipped with a thermal conductivity detector. 
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Table 3 - Compositions PO4 solution, M3 solution, trace mineral solution, and vitamin solution used in BMP 
enrichment medium preparation. 

 
Composition (g/L-enrichment medium)

PO4 solution 
KH2PO4 16.1 

Na2HPO4•7H2O 31.89 
M3 solution 

NH4Cl 10 
NaCl 9 

MgCl2•6H2O 2 
CaCl2•2H2O 1 

Vitamin solution 
Biotin 0.002 

Folic acid 0.002 
B6  0.01 
B1 0.005 
B2 0.005 

Nicotinic acid 0.005 
Pantothenic acid 0.005 

B12 0.0001 
PABA 0.005 

Lipoic acid 0.005 
Trace mineral solution 

Nitrilotriacetic acid 1.5 
FeSO4•7H2O 0.1 
MnCl2•4H2O 0.1 
CoCl2•6H2O 0.17 
CaCl2•2H2O 0.1 

ZnCl 0.1 
CuCl2•2H2O 0.02 

H3BO3 0.01 
NaMoO4•2H2O 0.01 

NaCl 1 
Na2SeO3 0.017 

NiSO4•6H2O 0.026 
Na2WO4•2H2O 0.033 
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3. Results 
 
3.1 Feedstock characterization 
 
The characteristics of raw TWAS and GIW are shown in Table 4. The GIW is defined as the 
entire contents of a GI and therefore comprises FOG, food particles, and associated wastewater. 
The prepared GIW contained FOG, food particles, and wastewater (10%, 40%, and 50%, 
respectively by volume), based on the average depths measured in a previous analysis conducted 
for two GIs in North Carolina (He et al., 2012). The characteristics of mixed feedstock for phases 
3 to 5 are presented in Table 5. 
 
Table 4 – Characterization of raw substrates and co-substrates used in experiment I. 
 

 
TWAS 

GIW 
Wastewater Food particles FOG GIWb 

TS (g/kg-wet sample) 31.5 ± 1.81a 2.72 ± 0.05 75.0 ± 3.25 968 ± 17.0 190 ± 14.7
VS (g/kg-wet sample) 24.9 ± 1.48 2.15 ± 0.09 73.8 ± 3.21 955 ± 16.8 189 ± 14.7

VS/TS (%) 78.9 79.0 98.4 99.9 99.5 
COD (g/L) 37.9 ± 3.33 10.9 ± 0.52 195 ± 28.3 >1500c 86.9 ± 32.9

a Mean ± standard deviation (n ≥ 3). 
b GIW composition: FOG (10 vol%), food particles (40 vol%), and water (50 vol%). 
c Value above the highest standard range. 
 
Table 5 – Characterization of prepared feedstock used in experiment I. 
 

Feedstock/co-substrate 
90 vol% TWAS/ 80 vol% TWAS/ 60 vol% TWAS/ 

10 vol% GIW 20 vol% GIW 40 vol% GIW 
TS (g/kg-wet sample) 37.9 ± 0.77 a 49.1 ± 0.75 75.8 ± 5.23 
VS (g/kg-wet sample) 31.5 ± 0.79 43.3 ± 0.76 70.9 ± 5.21 

VS/TS (%) 83.2 88.1 93.5 
%VS 45.8 65.5 83.5 

COD (g/L) 55.6 ± 3.86 66.2 ± 13.2 114 ± 27.2 
a Mean ± standard deviation (n ≥ 3). 
 
TWAS and co-substrate (GIW that contains FOG, food particles, and wastewater mixed in ratios 
of 10%, 40%, and 50% by volume, respectively) were mixed thoroughly into feedstock and 
subdivided into desired portions before use (see Wang et al., 2013 for characterization of raw 
substrates and prepared feedstock used in experiment I). The characterization of raw TWAS, 
GIW, and individual GIW components used in experiment II is presented in Table 6; that of the 
prepared mixtures of TWAS and GIW is shown in Table 7.  
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Table 6 – Characterization of raw substrates and co-substrates used in experiment II. 

 

TWAS 
GIW 

Wastewater Food particles FOG GIWa 

TS (g kgwet sample
-1) 34.02 0.99 78.07 625.5 96.14 

VS (g kgwet sample
-1) 26.53 0.75 75.94 623.3 95.07 

VS/TS(%) 78.0 75.8 97.3 99.6 98.9 
pH 7.1 5.2 4.2 7.1 4.5 

a GIW composition: FOG (10 vol%), food particles (40 vol%), and wastewater (50 vol%). 
 

Table 7 – Characterization of prepared feedstock used in experiment II. 
 

 

Start up  Pulse feed training Perturbation test Recovery test 

Phase 1 Phase 2
Phase 3 

Phase 4 Phase 5 Phase 6 
Normal feeds Pulse feeds

Composition 
(% w/w as VS) 

TWAS 100 70 70 40 30 10 70 
GIW 0 30 30 60 70 90 30 

TS (g kgwet sample
-1) 34.02 39.57 39.57 50.30 64.23 92.59 39.57 

VS (g kgwet sample
-1) 26.53 32.76 32.76 44.87 58.93 89.54 32.76 

VS/TS(%) 78.0 82.8 82.8 89.2 91.7 96.7 82.8 
 

3.2 Experiment I: Step feeding of GIW 
 

3.2.1. Phase 1 and 2 

This research was performed for approximately 270 days divided into five experimental phases 
corresponding to various feeding strategies and organic loading rates (OLRs). Figures 3 to 5 
present the monitored parameters as functions of time during the five phases. The parameters 
include biogas production, methane yield, methane content in biogas, effluent pH, alkalinity, and 
TVA concentrations, and VS and COD effluent concentrations and reduction rates.  
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Figure 3 – Organic loading rate (OLR) and biogas characteristics over time. (a) OLR: dashed line is 
for digester A (control), gray line is for digester B; (b) methane yield; (c) biogas production; (d) 
methane content.   

 

Figure 4 – (a) Effluent pH, (b) alkalinity, (c) total volatile acid (TVA) concentration, and (d) 
TVA/alkalinity ratio in digesters A and B. 
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Figure 5 – Volatile solid (VS) and COD effluent concentrations and reduction rates in digesters A 
and B. 

Phase 1 (days 0 to 38) was conducted as a start-up period when both digesters were fed with only 
TWAS and mixed for 2 min/hr (Figure 2). The changes in OLRs, methane yield, biogas 
production, and methane content are shown in Fig. 3.The OLR for both digesters during phases 1 
and 2 was 1.24 kg VS/m3day. Digesters A and B reached stabilization in biogas production and 
methane content on days 24 and 18, respectively. The regular fluctuation of biogas production 
and methane content was associated with the semi-continuous feeding mode. On the first day 
after feeding a great portion of the feedstock was consumed, thereby reducing the methane 
production on the second day. This phenomenon was also observed in previous literatures 
(Gallert et al., 2003; Nayono et al., 2009). It is suggested that this behavior is limited to lab-scale 
reactors due to the smaller working volume compared to full-scale digester which is 
continuously fed. 
 
On day 38, phase 2 (days 38 to 94) was started by increasing the mixing duration of digester B 
from 2 to 4 min/hr. On day 62, the mixing duration was increased to 30 min/hr. The average 
biogas production, methane yield, and methane content of digester B for all the phases are given 
in Table 3. An increase of 36% (1.6×10-3 to 2.2×10-3m3/d) in biogas production or 40% (from 
0.129 to 0.180 m3

CH4/kg VS added) in methane yield was observed due to the increase of mixing 
duration of digester B. At the end of phase 2, digester B had reached the typical anaerobic 
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with a mixing duration of 30 min/hr. Therefore, the mixing duration of 30 min/hr was maintained 
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1.24 kg VS/m3day fed with only TWAS. Effluent pH and alkalinity of both digesters were 
monitored periodically for process stability throughout the research. During phases 1 and 2, 
effluent of both digesters were maintained at approximately pH 7 with alkalinity ranging from 
3.94 to 4.28gCaCO3/L (Fig. 4a and 4b), which are within the safe ranges of pH (6.5–8.2) and 
alkalinity (2.5–5.0gCaCO3/L)identified for stable anaerobic processes (Speece, 1996; McCarty, 
1964). The results indicate maintenance of a stable and active anaerobic process during phases 1 
and 2. 
 
Effluent VS and COD concentrations and the corresponding reduction rates for both digesters are 
presented in Figure 5. Fluctuations in effluent VS concentrations were observed for both 
digesters during the start-up period (Figure 5a). The effluent VS concentration gradually 
decreased and stabilized at the end of phase 2 (day 94) for both digesters. The effluent COD 
concentrations of digester A in Figure 5c also illustrated the decreasing/stabilizing phenomenon 
observed during phases 1 and 2. The average effluent VS concentration and reduction rate of 
digester B mixed for 30 min/hr were 17.4 g/kg wet sample and 30.1%, respectively. The average 
effluent COD concentration and reduction rate of digester B mixed at 30 min/hr were 28.6 
kg/m3and 24.6%, respectively. The effluent VS and COD reduction rates observed in the present 
research fall in the typical range of 20 to 30% VS and COD reduction rates reported for 100% 
WAS digestion and 20 days of SRT (Long et al., 2012; Parkin and Owen, 1986). 
 
3.2.2. Phase 3 

In phase 3 (days 94 to 134), GIW addition at 10% (v/v), or 45.8 % (w/w) as VS was applied to 
digester B, increasing the OLR from 1.24 to 1.58 kg VS/m3day, while digester A remained at 1.24 
kg VS/m3day (Fig. 3a). The biogas production of digester B gradually increased and stabilized on 
day 106 as shown in Fig. 3c. During the first few days after phase 3 was initiated, approximately 
0.01 m of residual feedstock possibly containing food particles and FOG was observed to float 
on top of the digester sludge. It is likely that during the phase transition, the added GIW built up 
in the system and resulted in the increasing biogas production during the first 12 days (days 94 to 
106) without obvious fluctuations. 
 
After the microorganisms acclimatized to the higher OLR, the biogas production stabilized at an 
average production rate of 6.8×10-3m3/d and methane yield of 0.502 m3

CH4/kg VS added as shown 
in Fig. 3b and 3c. Anaerobic co-digestion with 10% (v/v) GIW addition resulted in a 208% 
increase in biogas production and 178% increase in methane yield compared to those without 
GIW addition (2.2×10-3m3/d and 0.180 m3

CH4/kg VS added). Moreover, the 10% (v/v) GIW addition 
also boosted the methane content from 60.2% to 68.2% (Fig. 3d). 
 
Effluent alkalinity and pH of digester B decreased from 4.02 to 3.57 gCaCO3/L and pH 7.17 to 
6.66, respectively, in response to the 10% (v/v) GIW addition during phase 3 in Fig. 4a and 4b. 
The effluent VS concentration and reduction rate of digester B stabilized at 17.9 g/kg wet sample 
and 43.4%, respectively. Compared to the observed 17.4 g/kg wet sample and 30.1% VS reduction 
rate in phase 2, a 44% increase in VS reduction rate was achieved by adding 10% (v/v) GIW. 
The effluent COD concentration and reduction rate were 29.6 kg/m3and 46.8% on average, 
leading to a 91% increase in COD reduction rate compared to the previous 24.6% COD 
reduction rate during phase 2. 
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3.2.3. Phase 4 

In phase 4 (days 134 to 190), GIW was added at 20 % (v/v), or 65.5 %(w/w) as VS, to digester 
B, further increasing the OLR to 2.16 kg VS/m3 day (Fig. 3a). Around 10 days (days 134 to 144) 
were required for the microorganisms to adapt to the increased OLR and stabilize the biogas 
production. The average biogas production, methane yield, and methane content of digester B 
during phase 4 are listed in Table 3. Digester B with 20% (v/v) GIW input was able to maintain 
stable methane production with high methane content and enhance the methane yield by 317% 
compared to that in phase 2. 
 
Effluent pH was maintained at 7.14 with 3.43gCaCO3/L alkalinity. Compared to the average 
alkalinity during phases 2 and 3, alkalinity in phase 4 dropped but was still within the 2.5–
5.0gCaCO3/L range. To determine the anaerobic process stability and explore the possibility of 
further pushing the GIW input concentration, the total volatile acids (TVA) concentrations of 
digester B effluent were analyzed. As shown in Fig. 5c and 5d, TVA concentrations of digester B 
effluent on days 183, 187, and 189 ranged from 9.57×10-2 to 1.05×10-1gacetic acid/L with 
TVA/alkalinity ratios all below 0.05. A sudden increase of the ratio between TVA and alkalinity 
is typically used as an indicator for digester malfunction (Speece, 1996).  
 
The average effluent VS concentration and reduction rate of digester B were enhanced to 19.3 
g/kgwet sample and 55.2%, respectively, resulting in an 84% increase in VS reduction rate 
compared to the 30.1% VS reduction rate during phase 2. Effluent COD concentration and 
reduction rate were 33.1 kg/m3and 50.0% on average, leading to a 104% increase in COD 
reduction rate compared to that during phase 2. 
 
3.2.4. Phase 5 

On day 190, GIW input concentrations of digester B was increased to 40% (v/v), or 83.5% (w/w) 
of VS added with an OLR of 3.54 kg VS/m3 day (Figure 3a).The biogas production increased 
from an average of 1.37×10-2m3/d during phase 4 to 1.96×10-2m3/d (from day 190 to 205), 
achieving a 43% increase due to the 40% (v/v) GIW loading rate (Figure 3c). However, in 
comparison to the 102% biogas production increase from 6.8×10-3 m3/d (phase 3, 10% v/v GIW) 
to 1.37×10-2 m3/d (phase 4, 20% v/v GIW), the 40% v/v GIW input did not seem to have reached 
its full potential. As shown in Figure 3b, the digester B methane yield from days 190 to 205 had 
a 16% decrease (from 0.752 to 0.630 m3

CH4/kg VS added, on average) compared to that in phase 4.  
The average methane content decreased from 70.1% (phase 4) to 68.7% (from days 190 to 205) 
with more obvious fluctuations. These observations along with a layer of foam that slowly built 
up in digester B indicated the onset of methanogenic inhibition.  
 
On day 206 the biogas production started to drop from 2.26×10-2 m3/d (day 204) to 4.50×10-3 
m3/d (day 208), accompanied by methane content decreases from 71.1% (day 205), to 62.9% 
(day 206), 65.9% (day 207), and 63.8% (day 208). The occurrence of methanogenic inhibition 
was also verified by the measured effluent pH, alkalinity, and TVA concentrations, along with 
the VS and COD effluent concentrations. Both effluent pH and alkalinity of digester B 
decreased, respectively, from pH 7.13 and 3.64 gCaCO3/L (day 199) to pH 6.60 and 3.13 gCaCO3/L 
(day 207) with a sudden increase of TVA concentration from 0.17 (day 205) to 1.12 (day 207) 
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gacetic acid/L. The process inhibition was also reflected in the effluent VS and COD concentrations. 
As a thicker foam layer, likely composed of residual GIW, was observed in digester B, average 
effluent VS concentration increased from 19.3 (phase 4) to 21.7 g/kg wet sample (from days 190 to 
205) and the average effluent COD concentration increased from 33.1 kg/m3 (phase 4) to 51.9 
kg/m3 (day 207). 
 
As a result, the feeding strategy was switched from 40% (v/v) GIW to 100% TWAS on day 208 
(Fig 3a) to alleviate the toxicity effect of GIW overdose. Digester B was operated for 
approximately 15 days (days 190 to 205) at 40% (v/v) GIW loading, and approximately 24 days 
(days 208 to 232) were required for digester recovery. From day 208 to 232, the methane 
production first increased without the typical fluctuation due to digestion of the residual GIW. 
The methane production decreased to the same level as digester A (control) after the GIW 
inhibition was lessened. Digester B was then operated for another 12 days (days 232 to 244) to 
ensure complete recovery. The measured methane content, effluent pH, alkalinity, and TVA 
concentrations, along with the effluent VS and COD concentrations also suggested a successful 
recovery of the anaerobic system. The methane content increased to around 65.0% (day 242). 
The effluent pH and alkalinity increased to 6.90 and 4.29 gCaCO3/L (day 239). The effluent TVA 
concentration decreased to 0.12 gacetic acid/L (day 239). The effluent VS and COD concentrations 
also confirmed the recovery of digester B. 
 
3.2.5. Transition from Phase 5 to Perturbation/Recovery Testing  

The OLR, biogas production, methane yield, and methane content over time in the initial testing 
(Figure 6, Phases 1-5). As described above, the treated digester was challenged by step feeds of 
0%, 46%, 66%, to 84% GIW (w/w of VS added) (Figure 3a) to identify the maximum methane 
production and determine the limit of anaerobic co-digestion of TWAS with GIW (Wang et al., 
2013). The highest GIW loading rate achieved without digester failure was 66% (w/w of VS 
added) at an OLR of 2.16 gVS L-1 day-1, increasing methane production from 0.180 to 0.752 LCH4 
gVS added

-1 during phase 4 (Figure 6b). The treated digester was overloaded during phase 5 as the 
GIW loading rate was increased to 84% (w/w of VS added). Inhibition of fatty acid oxidation 
and methanogenesis was identified by the decreases in effluent pH, alkalinity, and COD and VS 
reduction rates and increases in TVA concentration (Wang et al., 2013). Following the digester 
failure, the treated digester was subjected to 100% TWAS to allow recovery in phase 5. Stable 
biogas production and methane content and decreases in effluent pH, alkalinity, and VFA 
concentrations back to the desired ranges were viewed as indicators of stable anaerobic processes 
and digester recovery, although the microbial composition might have changed in response to the 
GIW overloading. 
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Figure 6 -  Organic loading rate (OLR) and biogas characteristics over time in previous (a-d) 
(Wang et al., 2013) and current experiments (e-h) (experiment I). (a,e) OLR: black line is for 
control digester and grey line is for treated digester; (b,f) methane yield; (c,g) biogas production; 
(d,h) methane content.  

 
After Phase 5 of Experiment I (Figure 6), we spiked both the control and treated digesters with 
66% (w/w as VS) GIW at an OLR of 2.16 gVS L-1 day-1 to evaluate if microbial communities 
previously overdosed at 84% (w/w) GIW in the treated digester can still produce the same 
amount of methane upon recovery. The spike also tested if microbial communities that have 
never experienced GIW feeds in the control digester since phase 1 would respond differently 
from those in the treated digester when facing a higher GIW loading rate.  
 
We observed a severe digester upset shortly after we introduced 66% (w/w as VS) GIW into the 
control digester. Immediate decreases in methane yield, methane content, biogas production 
(black symbols in Figure 7 during the Perturbation Test), VS and COD reduction rates, pH, and 
alkalinity (black symbols in Fig. 2 during perturbation test) and increases in effluent VS, COD, 
and TVA concentrations, and TVA/alkalinity ratio (black symbols in Figure 7 during 
perturbation test) indicate buildup of undigested substrates and inhibition of methanogenesis in 
the control digester. On day 258 the 66% (w/w) GIW feed was discontinued and replaced by 
100% TWAS to allow the inhibited control digester to recover.  

M
et

ha
ne

 y
ie

ld
 (

L
C

H
4
 g

V
S

 a
d

de
d

-1
)

0.0

0.5

1.0

1.5

2.0

2.5

Digester A (control)
Digester B (treated)

Phase 1

Time (day)
0 20 40 60 80 100 120 140 160 180 200 220 240

C
H

4
 c

on
te

nt
 (

%
)

40

50

60

70

80

TWAS 1-1(a)

O
LR

 (
g V

S
 L

-1
 d

ay
-1

)

1.0

2.0

3.0

4.0

5.0

B
io

ga
s 

(L
 d

ay
-1

)

0

10

20

30

Time (day)
260 280 300 320 340 360

Perturbation test Recovery testPhase 2 Phase 4 Phase 5Phase 3

46% (w/w) GIW
66% (w/w) GIW

84% (w/w) 

GIW

75% (w/w) GIW

66% (w/w) GIW

TWAS

1-1(b)

1-2(a)

1-2(b)

1-2(c)

1-2(d)

1-1(c)

1-1(d)

Step-treated comminuty 

stable at 66% GIW

Non-step-treated comminuty 

inhibited at 66% GIW

Step-treated comminuty 

recovered at 66% and 75% GIW

after overloaded at 84% GIW

Non-step-treated comminuty 

recovered at 66% and 75% GIW

after overloaded at 66% GIW

(a)

(d) (h)

(b)

(c)

(e)

(f)

(g)



  20   
 

 

 

Figure 7 -  Effluent characteristics over time in control () and treated () digesters during phase 
5 (Wang et al., 2013) and perturbation test (current study, experiment I). (a) VS concentration and 
(b) reduction rate; (c) COD concentration and (d) reduction rate; (e) pH; (f) alkalinity; (g) total 
volatile acid; (h) ratio of total volatile acid and alkalinity.  

As the control digester recovered, the methane yield gradually reached 0.599 LCH4 gVS added
-1 on 

day 279 (Figure 6b). This increase in methane yield was due to the consumption of accumulated 
substrates that possibly were undigested FOG in GIW. It required approximately three SRT (60 
days) for the inhibited control digester to achieve stable biogas production and methane content. 
The step-treated digester (digester B) was overloaded at 84% (w/w) GIW during phase 5 and 
recovered at 100% TWAS (white symbols in Figure 6b). When challenged by 66% (w/w) GIW 
during the perturbation test, the step-treated digester stabilized within 10 days, producing biogas 
at 12.6 L day-1, methane yield at 0.665 LCH4 gVS added

-1, and methane content at 69.6% (Figure 6 
and Table 8). 
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Table 8 - GIW content, total organic loading rate (OLR), OLR of GIW, and average biogas production, methane yield and 
methane content of control and treated digesters in step- and pulse-feeds experiments 

 
 
 

GIW content in 
feedstock 

Total OLR OLR of GIW Methane yield Biogas 
Methane 
content 

(v/v %) (w/w %) (gVS L-1 day-1) (gVS L-1 day-1) (L gVS added
-1) 

% 
increase 

(L d-1) 
% 

increase 
(%) 

Step feed a 
(experiment I) 

Control 
digester 

(A) 

0 0 1.24 0 0.197 n.d. 2.3 n.d. 64.4 

20 66 2.16 1.43 n.d. b n.d. b n.d. b n.d. b n.d. b 

20 66 2.16 1.43 0.740 276 16.5 624 69.9 

30 75 3.14 2.36 0.783 298 21.4 837 68.9 

Treated 
digester 

(B) 

0 0 1.24 0 0.180 n.d. 2.2 n.d. 60.2 

10 46 1.58 0.73 0.502 179 6.8 209 68.2 

20 66 2.16 1.43 0.752 318 13.7 523 70.1 

40 84 3.54 2.98 0.630 b 250 b 19.6 b 791 b 68.7 b 

20 66 2.16 1.43 0.665 270 12.6 472 69.6 

30 75 3.14 2.36 0.785 336 21.6 883 68.6 

Pulse feed 
(experiment 

II) 

Control 
digester 

(B) 
n.d. 

0 1.33 0 0.141 n.d. 2.0 n.d. 57.9 

30 1.64 0.49 0.419 n.d. 6.4 n.d. 64.3 

30 1.64 0.49 0.424 n.d. 6.5 n.d. 64.4 

70 2.95 2.06 0.704 68 18.6 189 66.8 

90 4.48 4.03 n.d. b 

Treated 
digester 

(A) 
n.d. 

0 1.33 0 0.134 n.d. 2.0 n.d. 54.2 

30 1.64 0.49 0.422 n.d. 6.5 n.d. 63.6 

60 2.24 1.35 0.515 n.d. 8.7 n.d. 64.2 

70 2.95 2.06 0.748 77 19.8 203 66.9 

90 4.48 4.03 n.d. b 
a Date of step feeds of 0%, 46%, 66%, and 84% (w/w) GIW in the treated digester are cited from Wang et al., 2013. 

b Digester failures observed. 

n.d. Not determined.   
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During the recovery test (Figure 6f), we examined if microbial populations in the treated digester 
can tolerate higher GIW addition upon recovery from a process failure at 84% (w/w) GIW 
followed by a step treatment at 66% (w/w) GIW and if the control digester overloaded at 66% 
(w/w) GIW can survive the same GIW feed this time upon recovery. The treated digester was 
challenged with 75% (w/w) on day 319, increasing methane yield from 0.665 to 0.785 LCH4 gVS 

added
-1 and biogas production from 12.6 to 21.6 L day-1 (Figure 6f,g and Table 8). The control 

digester was again spiked with 66% (w/w) GIW which increased methane yield from 0.197 to 
0.740 LCH4 gVS added

-1 and biogas production from 2.3 to 16.5 L day-1. The control digester was 
further pushed to 75% (w/w) GIW, producing methane yield at 0.783 LCH4 gVS added

-1 and biogas 
at 21.4 L day-1 (Figure 6e-h and Table 8). 
 
3.3 Experiment II: Pulse feeding of GIW 
 
In experiment II the treated digester was spiked with periodic pulse feeding of GIW to analyze 
its influence on methane production and community robustness measured by resistance and 
resilience. The unique feature of pulse feeding is its ability to simulate situations when full-scale 
facilities accept high-strength wastes with fluctuating concentrations. 
 
Experiment II contains two start-up periods in phases 1 and 2, repeated pulses of GIW in phase 
3, followed by perturbation and recovery tests (Fig. 8). The GIW loading rates in phases 1 and 2 
were 0% and 30% (w/w as VS), respectively, for both digesters (Fig. 8). The average biogas 
productions, methane yields, and methane content during phases 1 and 2 (Table 7 shown 
previously) and the effluent VS concentration and reduction rate, pH, and alkalinity over time 
(Fig. 9) show the reactor performance. During phase 3, four repeated pulses of GIW at 60% 
(w/w as VS) were conducted in the treated digester, while the control digester was still treated 
with 30% (w/w as VS) GIW (Fig. 3a). GIW pulse feeding at 60% (w/w as VS) was selected 
based on our previous results in Wang et al. (2013) where step feeding of GIW equal to or less 
than 66% (w/w as VS) was able to produce stable biogas without process failure. The pulses of 
GIW increased methane yield from 0.422 to 0.515 LCH4 gVS added

-1 and biogas production from 
6.5 to 8.7 L day-1 in the treated digester (Fig. 8b and Table 7).  
 
The first perturbation test for both digesters involved addition of 70% (w/w as VS) GIW. The 
increases in methane yield of pulse-treated and control digesters were 0.748 and 0.704 LCH4 gVS 

added
-1 respectively (Table 7). The enhancement in methane yield due to pulse feeding was not 

significant. We proceeded to evaluate the ecological parameters by measuring changes in 
individual VFAs concentrations during the first perturbation test (Fig. 9). The ecological 
parameters are resistance (changes in concentrations of major intermediates) and resilience (time 
taken to return to the baseline) defined by Botton et al. (2006) and Werner et al. (2011). Due to 
the every-other-day feeding frequency, concentrations of individual VFAs fluctuate over time 
(Fig. 9). 
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Figure 8 - Organic loading rate (OLR) and biogas characteristics over time in experiment II. (a) 
OLR; (b) methane yield; (c) biogas production; (d) methane content. 
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Figure 9 - Organic loading rate (OLR) and effluent characteristics over time in control () and 
treated () digesters during perturbation test at 70% (w/w) GIW loading rate in experiment II. (a) 
OLR: black line is for control digester and grey line is for treated digester; (b) acetate; (c) 
propionate; (d) butyrate; (e) valerate. 

During the second perturbation test, both digesters were further challenged with 90% (w/w as 
VS) GIW (Fig. 8a). In Experiment 1 (Wang et al., 2013), the step-treated community (treated 
from 46% to 66% GIW) failed to survive addition of 84% (w/w as VS) GIW. This GIW shock at 
90% (w/w as VS) is expected to exert different influences on the treated (pulse-treated at 60% 
GIW and step-treated at 70% GIW) and control (step-treated from 30% to 70% GIW) digesters. 
Both digesters were intentionally overloaded in an attempt to observe responses of two different 
microbial communities towards a high GIW shock. We observed severe process failure shortly 
after 90% (w/w) GIW shock in both digesters indicated by immediate drops in methane yield, 
biogas production, and methane content (Fig 8). Following the digester upset, 90% (w/w) GIW 
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feeding was replaced by 30% (w/w) GIW during the recovery test (Fig. 8a) where the changes in 
individual VFAs concentrations were measured as shown in Fig. 10. Upon application of the 
90% GIW shock, concentrations of all VFAs significantly increased in both control and treated 
digesters (Fig. 10). Propionate and valerate continued to accumulate over the test period while 
acetate and butyrate recovered within one SRT cycle in both digesters.  
 

 

FIGURE 10. Organic loading rate (OLR) and effluent characteristics over time in control () and 
treated () digesters during perturbation and recovery tests in experiment II. (a) OLR: black line 
is for control digester and grey line is for treated digester; (b) acetate; (c) propionate; (d) butyrate; 
(e) valerate. 
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3.4 Illumina Sequencing of Experiment I: Recovery Test 
 
In the analysis that followed Experiment I. we studied the development of biomass adaptation 
due to changes in the microbial composition in response to GIW overloading. We conducted 
next-generation sequencing (Illumina) on genomic DNA samples collected from previous 
experiments. The goal was to evaluate if the microbial community (originated from a full-scale 
anaerobic digester) had been shifted to a unique community structure that was more functionally 
resistant to high GIW loading rates. 
 
Figure 10 is a sunburst chart depicting the taxonomic differences between the original (i.e. 
TWAS only) anaerobic community and the microbial community resulting from a 75% (w/w) 
GIW perturbations (Experiment I, Recovery Test – Figure 6). The preliminary sequencing results 
indicated major archaeal composition shifts occurred upon 75% (w/w) GIW perturbations 
including (Figure 10, Tables 9 and 10). 
 
(1) The significant increase in relative abundance of total methanogenic archaea from 2% to 

14% total microorganisms identified (% total);  
(2) The increase in relative abundance of predominant Methanosaeta spp. from 1.35% to 7.13% 

total;  
(3) The significant increase in relative abundance of Methanospirillum spp. from 0.02% to 

5.86% total;  
(4) The emergence of Methanofollis spp. and Methanosarcina spp.;  
(5) The submergence of Methanolinea spp..  
 
The preliminary sequencing results in phylum and genus levels of bacterial communities was 
also performed.  These results suggest the most substantial phyla identified in the bacterial 
community are: Firmicutes, Bacteroidetes, Proteobacteria, and Synergistetes (Table 11).  Tables 
12-15 show the genus level breakdown for each of the most abundant phyla levels identified. 
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Figure 10  - Sunburst charts of the relative abundance of classification results within each taxonomic level. This figure shows 
that methanogenic archaea increase from 2% to 14% of the total microorganisms identified (% total) as a result of GIW 
loading at 75% (w/w); 
 
 
 

Original Microbial Population Microbial composition after 75% (w/w) 
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Table 9 -  Microbial composition shown in kingdom level in the treated digester before and 
after step feeding of 75% (w/w) GIW treatment. Upon 75% (w/w) GIW treatment, 
archaeal populations increased drastically from 2% to 14% total microorganisms 
identified. 

 
Original microbial community After 75% (w/w) GIW perturbations

% total 1 % total 
Archaea 2 14 
Bacteria 91 79 

Unclassified 7 7 
1 % total = % total classification results of bacteria and archaea. 
 
Table 10 - Methanogenic archaeal community composition shown in genus level in the 
treated digester before and after step feeding of 75% (w/w) GIW treatment. Upon 75% 
(w/w) GIW treatment, archaeal population shifted from predominant Methanosaeta spp. 
and Methanolinea spp. to Methanosaeta spp. Methanospirillum spp..  Highlighted values 
denote observed substantial community shifts. 

Genus 
Original microbial community

After 75% (w/w) GIW 
perturbations 

% archaea 1 % total 2 % archaea % total 
Methanosaeta spp. 69.8 1.35 51.9 7.13 
Methanolinea spp. 15.7 0.30 - - 

Methanoculleus spp. 3.0 0.06 3.0 0.42 
Methanospirillum spp. 1.2 0.02 42.6 5.86 

Methanofollis spp. - - 0.5 0.06 
Methanosarcina spp. - - 0.3 0.04 
Unclassified reads 7.6 0.15 1.7 0.23 

1 % archaea = % total classification results of archaeal community. 
2 % total = % total classification results of bacteria and archaea.  
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Table 11 - Bacterial community composition shown in phylum level in an anaerobic 
digester before and after 75% (w/w) GIW treatment. Highlighted values denote observed 

substantial community shifts. 
 

Phylum 
Original microbial community After 75% (w/w) GIW treatment

% bacteria 1 % total 2 % bacteria % total 
Acidobacteria 0.12 0.11 0.10 0.08 
Actinobacteria 2.61 2.38 1.04 0.83 

Armatimonadetes 0.19 0.18 - - 
Bacteroidetes 20.70 18.91 15.32 12.17 

Caldithrix 0.28 0.26 - - 
Chlorobi 0.06 0.06 - - 

Chloroflexi 4.74 4.32 0.77 0.61 
Cyanobacteria 0.84 0.77 0.12 0.09 
Deferribacteres 0.05 0.05 - - 

Firmicutes 19.21 17.55 46.08 36.61 
Gemmatimonadetes 0.03 0.03 - - 

Nitrospirae 0.68 0.62 0.13 0.11 
Planctomycetes 0.29 0.26 0.16 0.13 
Proteobacteria 30.71 28.05 17.40 13.82 
Spirochaetes 2.32 2.12 1.42 1.13 
Synergistetes 4.84 4.42 5.89 4.68 
Tenericutes 1.36 1.24 - - 

Thermi 0.28 0.26 0.08 0.06 
Thermodesulfobacteria 0.04 0.04 - - 

Thermotogae 1.62 1.48 2.52 2.01 
Verrucomicrobia 0.64 0.59 0.70 0.56 

Unidentified reads 8.38 7.65 8.26 6.57 
1 % bacteria = % total classification results of bacterial community. 
2 % total = % total classification results of bacteria and archaea. 
 
 
  



  30   
 

Table 12 - Microbial composition shown in genus level within phylum Firmicutes in an 
anaerobic digester before and after 75% (w/w) GIW treatment. Highlighted values denote 
observed substantial community shifts. 

Genus 
Original microbial community After 75% (w/w) GIW treatment

% Firmicutes 1 % total 2 % Firmicutes % total 
Geobacillus 0.40 0.07 - - 

Bacillus 0.17 0.03 - - 
Cohnella 0.83 0.15 0.14 0.05 

Brevibacillus 0.14 0.02 - - 
Lactobacillus 0.55 0.10 - - 

Weissella 0.26 0.05 - - 
Leuconostoc 0.14 0.02 - - 
Thermicanus 1.07 0.19 1.33 0.49 

Carboxydocella 2.08 0.37 0.67 0.25 
Alkaliphilus 3.01 0.53 1.04 0.38 
Caloramator 1.54 0.27 1.78 0.65 
Clostridium 23.09 4.05 4.76 1.74 

Natronincola 0.14 0.02 0.14 0.05 
Peptoniphilus 0.29 0.05 0.39 0.14 

Sedimentibacter 2.85 0.50 21.83 7.99 
Thermoanaerobacterium 0.13 0.02 - - 

Tindallia 0.17 0.03 - - 
Blautia 0.27 0.05 0.37 0.13 

Johnsonella 0.17 0.03 - - 
Desulfotomaculum 1.05 0.18 0.14 0.05 

Pelotomaculum 0.77 0.14 - - 
Peptococcus 0.47 0.08 - - 

Sporotomaculum 1.21 0.21 0.84 0.31 
Ruminococcus 0.33 0.06 0.19 0.07 
Oscillospira 0.36 0.06 1.07 0.39 
Sulfobacillus 1.18 0.21 - - 

Syntrophomonas 24.26 4.26 40.53 14.84 
Acidaminococcus 0.33 0.06 0.39 0.14 

Megasphaera 1.75 0.31 0.30 0.11 
Pectinatus 0.17 0.03 0.09 0.03 

Propionispora 0.18 0.03 0.24 0.09 
Selenomonas 0.50 0.09 0.20 0.07 

Slackia 0.80 0.14 0.17 0.06 
Atopobium 0.13 0.02 - - 

Anaerobranca 0.76 0.13 - - 
Candidatus Contubernalis 0.92 0.16 0.09 0.03 
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Table 12 (continued) 

Genus Original microbial community After 75% (w/w) GIW treatment
 % Firmicutes 1 % total 2 % Firmicutes % total

Caldicellulosiruptor 8.61 1.51 10.98 4.02 
Ammonifex 0.15 0.03 - - 
Moorella 0.65 0.11 0.19 0.07 

Tepidanaerobacter 1.72 0.30 0.46 0.17 
Thermoanaerobacter 0.57 0.10 0.27 0.10 
Thermovenabulum 1.50 0.26 1.83 0.67 

Acetobacterium - - 0.30 0.11 
Phascolarctobacterium - - 0.11 0.04 

Anaerofilum - - 0.29 0.11 
Planifilum - - 0.14 0.05 

Anaerostipes - - 0.38 0.14 
Anaerovibrio - - 0.24 0.09 
Erysipelothrix - - 0.31 0.11 
Mitsuokella - - 0.09 0.03 

Desulfosporosinus - - 0.11 0.04 
Unidentified reads 14.32 2.51 7.59 2.78 

 

1 % Firmicutes = % total classification results of phylum Firmicutes. 
2 % total = % total classification results of bacteria and archaea. 
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Table 13 - Microbial composition shown in genus level within phylum Bacteroidetes in an 
anaerobic digester before and after 75% (w/w) GIW treatment. Highlighted values denote 
observed substantial community shifts. 
 

Genus 
Original microbial community After 75% (w/w) GIW treatment
% Bacteroidetes 1 % total 2 % Bacteroidetes % total 

Bacteroides 0.62 0.12 9.25 1.13 
Dysgonomonas 0.85 0.16 14.97 1.82 
Parabacteroides 1.99 0.38 4.24 0.52 
Porphyromonas 0.17 0.03 0.90 0.11 

Chryseobacterium 0.40 0.08 - - 
Flavobacterium 2.09 0.40 1.96 0.24 

Gramella 0.90 0.17 - - 
Myroides 0.16 0.03 5.05 0.61 

Polaribacter 0.26 0.05 - - 
Tenacibaculum 0.25 0.05 0.31 0.04 

Zhouia 0.14 0.03 - - 
Candidatus Amoebophilus 3.20 0.61 - - 

Chitinophaga 0.83 0.16 - - 
Flavisolibacter 0.59 0.11 - - 

Niabella 1.55 0.29 - - 
Segetibacter 4.06 0.77 - - 
Dyadobacter 0.33 0.06 - - 

Emticicia 0.38 0.07 - - 
Hymenobacter 0.71 0.13 0.31 0.04 

Runella 3.48 0.66 1.39 0.17 
Rhodothermus 0.78 0.15 0.92 0.11 

Aureispira 0.15 0.03 - - 
Haliscomenobacter 1.44 0.27 - - 

Lewinella 22.93 4.33 1.77 0.22 
Olivibacter 2.15 0.41 0.84 0.10 
Pedobacter 16.70 3.16 2.51 0.31 

Sphingobacterium 5.82 1.10 3.32 0.40 
Parapedobacter - - 0.90 0.11 

Prevotella - - 2.09 0.25 
Unidentified reads 27.07 5.12 49.3 6.0 

1 % Bacteroidetes = % total classification results of phylum Bacteroidetes. 
2 % total = % total classification results of bacteria and archaea. 
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Table 14 - Microbial composition shown in genus level within phylum Proteobacteria in an 
anaerobic digester before and after 75% (w/w) GIW treatment. Highlighted values denote 
observed substantial community shifts. 

Genus 
Original microbial community After 75% (w/w) GIW treatment
% Proteobacteria 1 % total 2 % Proteobacteria % total 

Asticcacaulis 0.11 0.03 - - 
Thalassospira 0.09 0.02 - - 
Aurantimonas 0.09 0.03 - - 

Bradyrhizobium 0.48 0.13 0.36 0.05 
Bosea 0.10 0.03 - - 

Devosia 0.08 0.02 - - 
Hyphomicrobium 0.26 0.07 - - 

Rhodoplanes 0.24 0.07 - - 
Methylosinus 0.11 0.03 0.40 0.06 

Phyllobacterium 0.48 0.13 - - 
Mesorhizobium 0.08 0.02 - - 

Labrys 0.41 0.12 0.68 0.09 
Roseomonas 0.12 0.03 - - 

Gluconobacter 0.08 0.02 - - 
Hyphomonas 0.14 0.04 - - 
Azospirillum 0.75 0.21 0.44 0.06 
Oleomonas 0.10 0.03 - - 
Paracoccus 0.37 0.10 2.46 0.34 
Phaeobacter 0.14 0.04 - - 
Rhodobacter 0.61 0.17 0.26 0.04 
Roseospira 0.20 0.05 0.22 0.03 
Skermanella 0.08 0.02 - - 

Rickettsia 1.39 0.39 0.45 0.06 
Ehrlichia 0.09 0.03 - - 

Novosphingobium 0.65 0.18 - - 
Sphingomonas 0.24 0.07 - - 
Burkholderia 1.33 0.37 0.57 0.08 

Lautropia 0.39 0.11 0.37 0.05 
Acidovorax 0.20 0.05 - - 

Alicycliphilus 0.22 0.06 - - 
Azohydromonas 0.25 0.07 - - 

Comamonas 1.73 0.49 1.74 0.24 
Curvibacter 0.27 0.07 0.25 0.03 
Giesbergeria 0.31 0.09 0.27 0.04 

Hydrogenophaga 0.17 0.05 - - 
Hylemonella 0.66 0.19 0.83 0.11 
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Table 14 – Continued 

Genus Original microbial community After 75% (w/w) GIW treatment
% Proteobacteria 1 % total 2 % Proteobacteria % total

Leptothrix 0.7 0.2 - - 
Limnohabitans 0.68 0.19 1.26 0.17 
Methylibium 0.35 0.1 - - 
Oxalobacter 0.1 0.03 - - 
Paucibacter 0.17 0.05 - - 
Pelomonas 0.1 0.03 - - 
Rubrivivax 0.73 0.21 - - 
Variovorax 0.08 0.02 - - 
Vogesella 1.88 0.53 2.2 0.3 
Neisseria 0.09 0.03 - - 
Azospira 0.61 0.17 1.5 0.21 

Candidatus 
Accumulibacter 

0.37 0.1 - - 

Dechloromonas 0.91 0.25 - - 
Denitratisoma 0.32 0.09 - - 

Hydrogenophilus 0.08 0.02 - - 
Methyloversatilis 1.62 0.45 0.27 0.04 
Propionivibrio 0.24 0.07 - - 
Rhodocyclus 0.37 0.1 - - 
Sulfuritalea 0.8 0.22 - - 

Thauera 0.1 0.03 - - 
Uliginosibacterium 0.34 0.09 - - 

Zoogloea 0.08 0.02 - - 
Thiobacter 0.14 0.04 - - 

Bdellovibrio 0.63 0.18 - - 
Desulfocapsa 0.09 0.02 - - 

Desulfonauticus 0.54 0.15 0.9 0.12 
Desulfonatronum 0.23 0.06 7.75 1.07 

Desulfovibrio 3.16 0.88 2.4 0.33 
Geobacter 0.21 0.06 1.44 0.2 

Cystobacter 0.51 0.14 0.53 0.07 
Haliangium 0.81 0.23 - - 
Nannocystis 0.36 0.1 0.22 0.03 

Chondromyces 0.71 0.2 - - 
Desulfobacter 0.9 0.25 - - 
Desulfosarcina 1.42 0.4 3.54 0.49 
Desulfofrigus - - 0.7 0.1 
Syntrophus 7.03 1.97 - - 
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Table 14 (Continued) 

Genus Original microbial community After 75% (w/w) GIW treatment
% Proteobacteria 1 % total 2 % Proteobacteria % total

Desulfomonile 0.29 0.08 - - 
Syntrophobacter 0.69 0.19 3.01 0.42 

Arcobacter 0.79 0.22 - - 
Sulfurospirillum 0.41 0.11 - - 
Sulfuricurvum 0.16 0.04 - - 

Shewanella 0.16 0.04 - - 
Thiocapsa 0.85 0.24 - - 

Chromatium 0.23 0.06 - - 
Methylonatrum 0.31 0.09 0.23 0.03 
Thioalkalivibrio 0.08 0.02 - - 

Ectothiorhodospira 0.08 0.02 - - 
Candidatus 

Blochmannia 
5.3 1.49 6.01 0.83 

Rickettsiella 0.13 0.04 - - 
Marinomonas 0.16 0.05 - - 

Litoricola 0.14 0.04 - - 
Halomonas 0.1 0.03 - - 

Pseudomonas 0.53 0.15 - - 
Psychrobacter 0.17 0.05 - - 
Acinetobacter 0.09 0.02 - - 

Thioalkalimicrobium 0.16 0.05 - - 
Steroidobacter 0.21 0.06 - - 

Aquimonas 0.84 0.24 - - 
Dokdonella 0.14 0.04 - - 
Luteibacter 1.14 0.32 - - 

Pseudoxanthomonas 0.08 0.02 - - 
Rhodanobacter 0.27 0.08 - - 

Tolumonas - - 8.64 1.19 
Xanthomonas - - 0.3 0.04 

Unidentified reads 46.05 12.92 49.79 6.88 
1 % Proteobacteria = % total classification results of phylum Proteobacteria. 
2 % total = % total classification results of bacteria and archaea. 
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Table 15 - Microbial composition shown in genus level within phylum Synergistetes in an 
anaerobic digester before and after 75% (w/w) GIW treatment. Highlighted values denote 
observed substantial community shifts. 
 

Genus 
Original microbial community After 75% (w/w) GIW treatment

% Synergistetes 1 % total 2 % Synergistetes % total 
Aminiphilus 3.85 0.17 14.75 0.69 

Dethiosulfovibrio 17.57 0.78 1.08 0.05 
Candidatus Tammella 71.99 3.18 65.28 3.06 

Synergistes 0.77 0.03 3.54 0.17 
Thermococcus 1.27 0.06 3.29 0.15 

Unidentified reads 4.6 0.2 12.06 0.56 
1 % Synergistetes = % total classification results of phylum Synergistetes. 

2 % total = % total classification results of bacteria and archaea. 
 
3.5 Bio-Methane Potential (BMP) Analysis of FOG and Food Solids 
 
We conducted eight sets of BMP tests to explore the limits of anaerobic digestion treating food 
solids and FOG portions of GIW as feedstock. Four sets of BMP tests were implemented by 
single substrate digestion of food solids at 0.048, 0.024, 0.018, and 0.012 g of VS per bottle 
(Figure 11). Another four sets of BMP tests were performed by single substrate digestion of FOG 
at 0.589, 0.294, 0.196, and 0.098 g of VS per bottle (Figure 12).  
 
Figures 11 and 12 show that food solids were degraded more efficiently compared to FOG. 
During the BMP initiation, we found that it was more challenging to add equal amounts of FOG 
to each replicate due to the nature of FOG, compared to food solids portion. Residual FOG 
tended to remain on the surface of the equipment used to transfer FOG into the serum bottle, 
which likely resulted in the larger error bars shown in Figure 12 compared to Figure 11. We 
observed slow increase in methane production in all FOG-treated BMP tests. Additionally, as the 
FOG addition concentration increased, more time was required for the FOG-treated bottles at 
higher doses to start producing detectable amount of methane. Before adequate amounts of 
methane was measured in FOG-treated bottles (at 0.589 g-VS), severe foaming was observed 
(Figure 13). The limit of FOG digestion was determined to be likely between 0.196 and 0.294 g-
VS per 15 mL inoculum (active anaerobic sludge) added. The average methane potential of food 
solids was 241.5 mL-CH4/g-VS added. No inhibition was observed in food solids-treated tests. 
The methane potential of FOG ranged from 182.9 to 506.8 mL-CH4/g-VS added, depending on 
the degree of inhibition. The BMP tests also showed that FOG inhibition due to overloading 
could be recovered if sufficient time was provided.  
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Figure 11 - Accumulative methane production of BMP tests treated with food solids at 
different concentrations.  

 
Figure 12 - Accumulative methane production of BMP tests treated with FOG at different 
concentrations. 
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Figure 13 -  FOG-treated bottles encountered severe inhibition before detectable amount of 
methane was measured. Left figure shows severe foaming in FOG-treated bottles at 0.589 
(left) and 0.294 (right) g-VS on day 45 (black symbols in Figure 12). Right figure shows 
BMP bottles treated with FOG at 0.196 (left) and 0.098 (right) g-VS on days 41 and 45 
(white symbols in Figure 12), respectively. 
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4. Discussion 
 
4.1 A Summary of Past Anaerobic Co-Digestion of GIW 

Substantial enhancement in methane production was achieved by anaerobic co-digestion of 
TWAS with GIW. A strategy of stepwise increases in GIW addition was employed to identify 
the maximum methane production and the corresponding threshold input of GIW that caused 
inhibition of methanogens. Table 16 compares the methane yield enhancement with previous 
studies. When co-digesting TWAS with similar co-substrate loading rate, 10% (v/v) or 45.8% 
(w/w) of VS added, GIW co-digestion contributed to a higher methane yield of 0.502 m3

CH4/kg 
VS added and higher methane content of 68.2% compared to those reported by Kabouris et 
al.(2009) and Luostarinen et al. (2009). A similar result was obtained at GIW addition of 20% 
(v/v) or 65.5% (w/w) of VS added when a methane yield of 0.752 m3

CH4/kg VS added and methane 
content of 70.1% were achieved compared to previous results (Wan et al., 2011). 

In this study, the highest GIW loading rate achieved without digester failure was 20% (v/v), or 
65.5% (w/w) of VS added. This GIW input concentration enhanced the methane yield from 
0.180 to 0.752 m3

CH4/kg VS added, biogas production from 2.2×10-3 to 1.4×10-2 m3/d, and methane 
content from 60.2% to 70.1%. The 0.752 m3

CH4/kg VS added methane yield is the highest value 
reported for co-digestion of lipid-rich substrates. The step increases in GIW loading rates in the 
present study very likely played an essential role in the significant enhancement of methane 
production. Wan et al. (2011), Kabouris et al. (2009), and Davidsson et al. (2008) used parallel 
reactors with various co-substrate additions, while the present experiment was carried out with 
step increases of co-substrate concentration in a single reactor. Silvestre et al. (2011) 
demonstrated biomass acclimation to FOG waste due to a step increase in dose of co-substrates. 
As LCFAs are generally present in the FOG waste streams, it was suggested that a slow increase 
in co-substrate input may allow a gradual increase in the acetogenic community to process 
LCFAs and reduce its inhibition due to increased LCFA degradation (Silvestre et al.,2011).  

Step increases in co-substrate addition were also employed in previous work (Luostarinen et al., 
2009). However, comparison of the methane production in Luostarinen et al. (2009) at 46% VS 
co-substrate input (0.463 m3

CH4/kg VS added, with stepwise addition) to that in Kabouris et al. 
(2009) at 47.6% w/w VS (0.473 m3

CH4/kg VS added, without stepwise addition), showed no 
significant contribution of the step input strategy. The high amount of fats, lipids, and other 
substances present in waste industrial FOG may have a greater inhibitory effect on anaerobic co-
digestion. More in-depth research on the influence of FOG waste characteristics on the degree of 
digester inhibition is needed. 

The threshold input of GIW was identified in phase 5 by a drastic decrease in methane yield and 
dramatic changes in other parameters in response to the GIW inhibition. Identification of 
threshold GIW input is essential as it determines the ultimate feasibility of GIW co-digestion for 
WWTFs. The limit for GIW addition was identified to be in the range of 20 to 40% (v/v) or 65.5 
to 83.5% (w/w) VS. Past experience has also demonstrated the approximate range of lipid-rich 
co-substrate maximum allowable inputs. Combining the present experimental results of 65.5 to 
83.5% VS with that of 64 to 75% VS (Wan et al., 2011), 30 to 100% VS (Davidsson et al., 
2008), and 46 to 71% VS (Luostarinen et al., 2009), a narrower range from 65.5 to 71% (w/w) 
VS can be identified, despite the fact that different sources of feedstock and co-substrates with 
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various characteristics could exert different influences on the anaerobic process performance. 
The stepwise increase of GIW addition from 10%, 20%, to 40% by volume contributed to the 
highest GIW loading rate reported, 65.5% w/w VS added, without digester failure. However, 
narrower step increases in GIW addition such as 5% (v/v) and longer SRT for the adaptation of 
microbial communities may lead to a higher GIW input threshold and corresponding methane 
yield.  

Additionally, the threshold may be associated with the characteristics of the co-substrate. Since 
GIW from different sources contain LCFAs and constituents at various concentrations and 
mixtures, the degree of inhibition is expected to vary. In addition to the GIW overdose, the 
interaction among LCFA inhibition, GIW characteristics, and microbial acclimation due to 
stepwise GIW loading rate may collectively play an essential role in determining the highest 
level of GIW input without digester failure. Further investigation into the exact nature and 
mechanism of GIW inhibition is needed if GIW co-digestion at WWTFs is to be maximized. 

In digester operation, a drop in effluent pH and alkalinity and/or an increase in alkalinity to TVA 
ratio are common parameters that signal inhibition or digester failure (Speece, 1996). However, 
these parameters may not be effective early warning signals in GIW co-digestion, as they failed 
to indicate the impending inhibition during phase 5 (Figure 6). On the other hand, the decreasing 
methane yield indicated the impending digester failure earlier in phase 5. 

Previously in Wang et al. (2013) we explored the limit of anaerobic co-digestion by step feeds of 
GIW from 0%, 46%, 66%, to 84% (w/w) (Fig. 6a). The highest GIW addition rate achieved 
without significant process inhibition was 66% (w/w as VS). In the present study, we designed 
two sets of experiments to further evaluate the microbial adaptation and recovery capacity by 
manipulating the feeding patterns at various GIW loading rates (Experiment I and Experiment 
II). In the first experiment, we continued the aforementioned five-phase step-feeding study with 
a high-intensity perturbation. In Experiment II we explored pulse feeding.  The goal of these 
experiments was to compare digester stability, performance, and ecological robustness of GIW-
adapted (step-treated and pulse-treated) and non-GIW-adapted microbial communities by 
measuring changes in methane production and individual VFA concentrations. The following 
sections discuss our results.
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Table 16 – Comparison of the maximum methane yield enhancement (Wang et. al, 2013). 

 

a PS: primary sludge.b Sewage sludge contains both PS and WAS.c GIW: the entire content of a grease interceptor from FSEs including FOG, food 
particles, and wastewater.d FOG from a FOG receiving facility may potentially consist of GIW (FOG, food particles, and wastewater) from 
FSEs, and waste industrial FOG and animal fats from food-based industries. e Dewatered GIW with FOG and food particles, without wastewater 
portion. f may be referred to as the waste industrial FOG from food processors. g n.d.: not determined. 
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4.2 Experiment I – Robust digestion through step feeding  
 

In experiment I, following the recovery from GIW inhibition at 84% (w/w) GIW (phase 5, 
Figure 6), we conducted perturbation and recovery tests at 66% and 75% (w/w) GIW to further 
push the digester limit (Figure 6e-f). The step-treated digester was able to tolerate 66% (w/w) 
GIW (gray box in phase 4, Fig. 6b), while the non-step-treated digester encountered major 
process failure at 66% (w/w) GIW loading rate (black box pictured top left in perturbation test, 
Fig. 6f). The GIW-adapted and non-GIW-adapted digesters showed different levels of tolerance 
at the same GIW loading rate, suggesting that the previous step feed at 46% (w/w) GIW (phase 
3, Fig. 6) very likely induced a certain level of microbial adaptation, creating more robust 
microbial communities against GIW inhibition at a higher loading rate.  
 
Positive effects of integrating intermittent and step feedings on digester performance were also 
observed in previous studies. Compared to daily-fed communities, De Vrieze et al. (2013) 
observed higher degrees of bacterial dynamics and tolerance to ammonium loading shock in 
anaerobic communities treated with every-two-day feeding (without co-processing FOG-rich 
materials), although no difference in methane production and methanogenic community 
composition was found. Cavaleiro et al. (2009) showed that five pulse-feed cycles followed by 
step feeding of synthetic dairy wastewater with sodium oleate promoted sludge acclimation and 
more efficient degradation of LCFA-rich wastewater in an up-flow anaerobic column reactor. 
This feeding pattern also contributed to higher methane production. Biomass adaptation and 
increases in methane yield have been reported in a lab-scale continuous stirred tank reactor 
(CSTR) employing step feeding of trapped grease wastes from a WWTF in a twice-a-day feeding 
pattern (Silvestre et al., 2010) and in an upflow anaerobic sludge blanket (UASB) reactor treated 
with step feeds of dairy wastewater in an intermittent 48hr-feed-48hr-feedless mode (Nadais et 
al., 2006). Stabilization or “feedless” period was demonstrated to aid in retaining and entrapping 
organic matter (Nadais et al., 2006), and a slow increase in FOG-rich co-substrate dose was 
found to induce biomass adaptation, allowing more efficient degradation of LCFAs and 
reduction of LCFA inhibition (Silvestre et al., 2010).  
 
In this study, the use of step feed at an every-other-day feeding frequency was proven feasible 
and beneficial to the development of a more robust digester where microorganisms were trained 
to adapt to higher GIW loads. 
 
4.2.1 Experiment I - Digester Overloading and Recovery. 
 
We intentionally overloaded both the GIW-adapted (treated) and non-GIW-adapted (control) 
digesters at 84% (phase 5, Fig. 6b) and 66% (days 244 to 258 during perturbation test, Fig. 6f), 
respectively, to evaluate their recovery capacity. Upon overloading at 84% (w/w) GIW followed 
by a recovery period, the step-treated digester was able to function once again at 66% (w/w) 
GIW, producing methane at 0.665 LCH4 gVS added

-1 (gray box pictured top middle in perturbation 
test, Fig. 6f). This methane production is slightly lower compared to that of 0.752 LCH4 gVS added

-1 
during phase 4 before the digester was inhibited at 84% (w/w). Also, during the second 66% 
(w/w) GIW feeding, the methane production and methane content fluctuated more compared to 
those in phase 4. These observations suggest that the microbial communities in the step-treated 
digester might have not completely recovered from the 84% (w/w) GIW shock. However, the 
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rest period in phase 5 restored a portion of its capacity against GIW inhibition to maintain its 
function without significant process upset. A longer recovery phase may be needed for complete 
recovery.  
 
We further pushed the recovered step-treated digester to 75% (w/w) GIW in the recovery test, 
which increased methane production to 0.785 LCH4 gVS added

-1 (gray box pictured top middle in 
perturbation test, Figure. 6f and Table 5). After a recovery period, the non-step-treated (control) 
digester overloaded at 66% (w/w) GIW was able to tolerate 66% (w/w) GIW this time and even 
higher at 75% (w/w) GIW, producing methane at 0.740 and 0.783 LCH4 gVS added

-1, respectively 
(black box pictured top right in perturbation test, Fig. 6f and Table 5).  
 
When a long period of recovery was provided, both the GIW-adapted and non-GIW-adapted 
digesters were able to recover from GIW shocks (at 84% and 66% (w/w), respectively) that 
previously caused severe process inhibition. Based on these results, the highest GIW loading rate 
achieved without digester upset increased from 66% (Wang et al., 2013) to 75% (w/w), and the 
range of GIW addition leading to inhibition increased from 66% - 84% (Wang et al., 2013) to 
75% - 84% (w/w) of VS added.  
 
4.3 Experiment II – Pulse Feeding  

 
Since pulse feeding can be a better option to simulate changes in concentrations of FOG-rich 
wastes in real-world digester operation, Experiment II explored the potential of challenging the 
digester with periodic pulse feeds in developing a similar adaptation effect and enhancement in 
methane yield that we observed in step feeding experiments. After four repeated pulses of GIW 
at 60% (w/w as VS) during phase 3 (Figure 8), the pulse-treated digester was subjected to a 70% 
(w/w) GIW shock, along with the non-pulse-treated control digester. 
 
The treated digester was step-treated at 30% (w/w) GIW and pulse-treated at 60% GIW, while 
the control digester was only step-treated at 30% GIW (Figure 8). When spiked with 70% (w/w) 
GIW, the enhancement in methane production was slightly greater in the treated digester (Table 
7). To measure digester robustness, the ecological concepts of resistance and resilience were 
applied in this study. As adopted from Botton et al. (2006) and Werner et al. (2011), community 
resistance can be determined by the maximum concentration of major intermediates 
accumulating due to GIW inhibition against normal anaerobic metabolism; community resilience 
can be measured by the time required for the accumulated intermediates to be transformed and 
return to the baseline. When subjected to 70% (w/w) GIW, the amounts of acetate, propionate, 
butyrate, and valerate accumulated in the pulse-treated digester were all less than those in the 
non-pulse-treated digester throughout the first perturbation test (Fig. 9), indicating that the pulse-
treated digester was more resistant than the non-pulse treated digester. Similarly, when treated 
with 90% (w/w) GIW during the second perturbation test, the pulse-treated digester accumulated 
a lower amount of acetate, compared to the non-pulse-treated digester (Fig. 10b). As the 
concentrations of propionate and valerate kept accumulating, acetate was slowly processed, 
suggesting that aceticlastic methanogens may be the more resistant populations against GIW 
inhibition. 
 



  44   
 

On the other hand, no significant difference in the time taken to digest accumulated acetate, 
propionate, butyrate, and valerate were observed either at 70% (w/w) GIW (Fig. 9) or in the 
recovery test (Fig.10). Therefore, whether the digester resilience was increased due to pulse 
feeding could not be determined at this GIW loading rate. We initially suspected that GIW 
addition at 70% (w/w) probably did not provide sufficient perturbation to show difference in 
time required for recovery between pulse-treated and non-pulse-treated digesters. However, 
when overloaded with 90% (w/w) GIW, the degrees of resilience in both digesters were similar 
as the time taken to consume accumulated acetate and butyrate was consistent in both digesters 
(Fig. 10b and d). More in-depth investigation on developing and testing a resilient and resistant 
digester system is needed. For example, it is possible that the five pulse-feeds of 70% (w/w) 
GIW in the perturbation test may have allowed the control digester to achieve a level of 
adaptation, thus making the succeeding perturbation at 90% (w/w) GIW addition ineffective in 
showing differences between the two digesters. In essence the perturbations at 70% GIW 
“trained” the control reactor. The increases in methane production and digester resistance 
observed in this study suggest the potential of using pulse feeding to develop more resistant 
microbial populations against GIW inhibition and enhance methane production. 
 
4.4 Maximizing Methane Production – microbial ecology shifts with GIW 

  
When exploring maximizing methane production by developing microbial adaptation, we 
discovered that step or pulse feeding produced the highest methane yield reported compared to 
researchers that performed single-level and daily feedings at similar FOG waste loading rates 
(Davidsson et al., 2008; Luostarinen et al., 2009; Kabouris et al., 2009; Wan et al., 2011). Table 
17 lists previous studies performing single digestion of sewage sludge, co-digestion of sewage 
sludge with FOG-based wastes, and digestion of synthetic LCFA-based materials. These studies 
are categorized by feeding strategy and frequency. Many studies conducted pulse feeds of 
synthetic LCFAs along with batch methanogenic activity and toxicity tests to investigate LCFA 
inhibition (Cavaleiro et al., 2001; Cavaleiro et al., 2008; Cavaleiro et al., 2009; Neves et al., 
2009; Nielsen and Ahring, 2006; Palatsi et al., 2009; Palatsi et al., 2010). Others evaluated the 
potential of enhancing methane production by co-processing sewage sludge or municipal solid 
waste with FOG-based wastes such as waste industrial FOG and animal fats from food 
processing plants, GIW from grease interceptors at FSEs and FOG receiving facilities, and 
trapped grease wastes from dissolved air flotation units at WWTFs (Davidsson et al., 2008; 
Martín-González et al., 2010; Martín-González et al., 2011; Kabouris et al., 2009; Luostarinen et 
al., 2009; Noutsopoulos et al., 2013; Silvestre et al., 2011; Wan et al., 2011; Wang et al., 2013).  
 
We adopted the idea of Noutsopoulos et al. (2013) to plot biogas yield versus OLR of FOG 
wastes (calculated by FOG waste content (% w/w of VS added) times OLR of total substrate) 
based on results of the studies listed in Table 17 and replaced biogas yield with methane yield to 
obtain a more accurate result that includes the contribution of methane content in biogas (Figure 
14). Methane yields at various OLRs of FOG-based wastes were categorized into four zones in 
Figure 14. 
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Table 17 - Previous studies performing anaerobic co-digestion by single-level, step, or pulse 
feeding 

 Single-level feeding Step feeding Pulse feeding 
Continuous 
feeding  
at a 
frequency 
of once or 
more a day 

Davidsson et al., 2008 
a; 

Kabouris et al., 2009 a;  

Wan et al., 2011 a; 

Noutsopoulos et al., 
2013 a 

 

Luostarinen et al., 
2009 a; 

Silvestre et al., 
2011 a,e; 
González et al., 
2010 d; 

González et al., 
2011 d; 

Cavaleiro et al., 
2009 
(synthetic dairy 
wastewater with 
sodium oleate; five 
pulse feed cycles 
followed by 
continuous step 
feeds) b,e 

 

Current study a,e;  

Cavaleiro et al., 2001  
(synthetic dairy wastes ← oleate) 

b,e; 

Cavaleiro et al., 2008  
(oleate and palmitate ← dairy 
wastewater) b,e; 

Cavaleiro et al., 2009  
(synthetic dairy wastewater with 
sodium oleate; five pulse feed 
cycles followed by continuous 
step feeds) b,e; 

Nielsen and Ahring, 2006  
(cattle and pig manure ← oleate) 

b,e;  

Neves et al., 2009  
(cow manure and food waste ← 
oily waste) b,e;  

Palatsi et al., 2009  
(cow manure ← synthetic 
LCFAs) b,e; 

Palatsi et al., 2010  
(manure ← synthetic LCFAs) b,e 

Intermittent 
feeding  
at a 
frequency 
of once 
every other 
day or less 

De Vrieze et al., 2013 c 

 

Nadais et al., 2006 
(dairy wastewater) 

b,e; 

Wang et al., 2013 
a,e 

a Co-digestion of sewage sludge (containing primary and/or waste activated sludge) with FOG-
based wastes. 

b Digestion of synthetic LCFA-based materials (basis substrate ← pulse feeds).  

c Digestion of sewage sludge only. 

d Co-digestion of municipal solid waste with FOG-based wastes. 

e Microbial/biomass adaptations observed. 
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Figure 14 - Methane yields at various OLRs of FOG-based wastes categorized into four zones. OLR 
of FOG-based wastes is calculated by multiplying FOG waste content (% w/w of VS added) and 
OLR of total substrate. Symbols with colors (red, blue, yellow, green, pink, and cyan) represent 
methane yields of step or pulse feeding. Gray symbols represent methane yields of single-level 
feeding. White symbols represent methane yields of non-FOG-treated feeding. Methane yields at 
zero represent the occurrence of process failure when data of stable methane yield was unavailable.  

Zone 1 ranges from 0 to ~1.3 gVS L-1 day-1 where both non-FOG-adapted (white and gray 
symbols) and FOG-adapted digesters (black symbols) were able to function without process 
failure, with average methane yields ranging from 0.1 to 0.5 LCH4 gVS added

-1. Within this range, 
methane yield is proportional to the OLR of FOG wastes; i.e. the more biodegradable VS added, 
the more methane produced in zone 1. The threshold for FOG waste addition resulting in an 
inhibited digestion process is identified to be at approximately 1.3 gVS L-1 day-1. Zone 2 ranges 
from ~1.3 to ~2.1 gVS L-1 day-1 where the degree of digester tolerance against LCFA inhibition 
varied. Process failures indicated by zero methane yield were observed in both FOG-adapted 
(Martín-González et al., 2011) and non-FOG-adapted (current study) digesters at ~1.4 gVS L-1 
day-1. On the other hand, stable results werefound in both FOG-adapted (current study; 
Luostarinen et al., 2009; Wang et al., 2013) and non-FOG-adapted (Kabouris et al., 2009; 
Noutsopoulos et al., 2013; Wan et al., 2011) digesters, producing methane yields of 0.45 to 0.75 
LCH4 gVS added

-1. In general, step or pulse feeding showed potential in increasing methane yield up 
to ~0.75 LCH4 gVS added

-1 in zone 2 (current study; Wang et al., 2013). In Zone 3 ranging from ~2.1 
to ~4.0 gVS L-1 day-1, single-level digesters without step or pulse feed treatment to develop 
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biomass adaptation encountered process upset (Davidsson et al., 2008; Noutsopoulos et al., 2013; 
Wan et al., 2011). Step-treated digesters seemed to be inhibited but were still able to function 
within this range (Luostarinen et al., 2009; Wang et al., 2013 and current study). Zone 4 ranges 
from ~4.0 to ~7.5 gVS L-1 day-1 where neither FOG-adapted (current study) nor non-FOG-
adapted (Noutsopoulos et al., 2013) digesters could survive LCFA inhibition.  
 
By comparing referenced methane yields and different feeding strategies, we were able to 
identify four zones of OLRs of FOG-based wastes in Figure 14 to provide guidance for future 
applications of FOG co-digestion. If prevention of severe process upset is a top priority, we 
recommend operating digesters in zone 1 where the implementation of step or pulse feeding is 
not necessary to maintain active methanogenesis. If significant enhancement in methane yield is 
the goal, operating in zone 2 with proper step or pulse treatment to promote biomass adaptation 
can very likely result in high methane yield based on the experimental results. Operating 
digesters in zone 3 or 4 is not recommended without more investigations on its feasibility. 
Adapting digesters with step or pulse feeds of FOG waste increased digester resistance and 
subsequently methane production. By comparing available data from FOG co-digestion studies, 
we were able to suggest the first guideline proposed for operating anaerobic co-digestion of 
FOG-based wastes at various OLRs (as represented by Figure 14). 
 
4.5 Discussion of Molecular Analysis 
 
As discussed previously, results of step and pulse feeding experiments showed that gradual 
addition of GIW, up to 75% (w/w) of volatile solids (VS) added, increased methane yield by 
336% from 0.180 to 0.785 LCH4 gVS added

-1, the highest value reported. This improvement can be 
attributed to the step feeding of GIW that showed positive effects on the development of better 
microbial adaptation and reduction in inhibition of methanogenesis. In addition, aceticlastic 
methanogens may be better adapted communities against GIW inhibition compared to syntrophic 
bacteria when the digester was overloaded at 90% (w/w) GIW. 
 
Next generation sequencing (Illumina) on genomic DNA samples provided new insights into the 
microbial community shifts that occurred due to GIW loading during anaerobic digestion. 
Samples were analyzed at key times during Experiment I (Figure 6 – recovery test), wherein a 
reactor was samples before receiving GIW and after receiving the 75% (w/w) GIW perturbation. 
Preliminary sequencing results indicated major composition shifts in archael and bacterial 
communities. These observations indicated that aceticlastic methanogenic community was 
mainly dominated by Methanosaeta spp. (Table 10) even when treated with GIW. The 
significant increase in populations of Methanospirillum spp. (hydrogen-degrading methanogens) 
after treated with GIW suggest that Methanospirillum spp. very likely played important roles in 
increasing methane production and reducing GIW inhibition, specifically the accumulation of 
hydrogen during higher GIW loading rate. 
 
In addition, the Sequencing of the phylum and genus levels of bacterial communities was also 
performed.  From these results it was observed that: 
 
(1) Major phyla identified in bacterial community are Firmicutes, Bacteroidetes, Proteobacteria, 

and Synergistetes for both original and GIW-treated communities (Table 11). 
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(2) Upon 75% (w/w) GIW perturbations, we observed significant decreases in relative 
abundance of phyla Bacteroidetes and Proteobacteria while the abundance of phylum 
Firmicutes increased (Table 11). 

(3) The relative abundance of phylum Firmicutes increased by approximately two fold in which 
Syntrophomonas spp. remained dominant in both original and GIW-treated communities. 
Members of genus Syntrophomonas are key fatty acids degrading bacteria performing 
syntrophy/acetogenesis (Table 12). 

(4) Firmicutes populations shifted from a non-GIW-treated community composed of 23% 
Clostridium spp., 24% Syntrophomonas spp., and 8.6% Caldicellulosiruptor spp. to a GIW-
treated community composed of 22% Sedimentibacter spp., 41% Syntrophomonas spp., and 
11% Caldicellulosiruptor spp. (Table 12). 

(5) Major community shifts observed in Firmicutes are the increases in abundance of 
Syntrophomonas spp., the emergence of Sedimentibacter spp., and the submergence of 
Clostridium spp. (Table 12) 

(6) In phylum Proteobacteria, increases in abundance of acetate-degrading bacteria Geobacter 
spp. and propionate-degrading bacteria Syntrophobacter spp. were observed. (Table 14) 

(7) Upon GIW treatment, the microbial community within phylum Synergistetes shifted from 
18% Dethiosulfovibrio spp. and 72% Candidatus Tammella spp. to 15% Aminiphilus spp. 
and 65% Candidatus Tammella spp. (Table 15) 

(8) From the preliminary results it seems like the GIW-treated community was less diverse 
compared to the original community. 

 
These findings provide new insights into the microbial community shifts that occur as a result of 
GIW loading.  A more in-depth of these sequencing results using bioinformatics tools is 
currently being conducted to provide information for additional reciprocal transplant studies.  It 
is believed that this analysis can aid in developing feeding strategies to more effectively train 
anaerobic co-digestion for stable co-substrate loadings and enhanced biogas production.   
 
5. Summary, Conclusion, and Recommendations 
 
Substantial enhancement in biogas production was achieved by anaerobic co-digestion of TWAS 
with GIW. The experiments were conducted to co-process TWAS and the entire content of the 
GI including FOG, food residuals, and associated wastewater in lab scale semi-continuous 
digesters. The experiment was conducted in mesophilic conditions (37°C) with a SRT of 20 
days. The highest GIW loading rate achieved without digester failure was 20% (v/v), or 65.5% 
(w/w) of VS added. This GIW input concentration enhanced the methane yield (317% increase), 
biogas production, and methane content. The 0.752 m3

CH4/kg VS added methane yield was the 
highest value reported for co-digestion of lipid-rich substrates. The substantial enhancement in 
methane yield was likely due to the stepwise increase of co-substrate addition as it provided a 
longer time for microbial acclimation and reduced the GIW inhibitory effect. The limit for GIW 
addition leading to an inhibited digestion process was identified to be between 20 to 40% (v/v) or 
65.5 to 83.5% (w/w) of VS added.  
 
It is possible that smaller step increases (e.g., 5% v/v) would result in a higher GIW threshold 
and corresponding methane yield. Biomass acclimation by proper stepwise GIW input strategy is 
expected to reduce the LCFA inhibition and subsequently increase the GIW threshold. Further 
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investigation on the exact nature and mechanism of GIW inhibition associated with GIW 
overdose, LCFA inhibition, GIW characteristics, and microbial acclimation due to stepwise 
GIW loading rate is needed to optimize full scale application of GIW co-digestion at 
WWTFs. It appears that methane yield is a better early warning signal of impending failure, 
compared to all the other parameters. 
 
Step feeding of GIW showed positive effects on the development of better microbial adaptation 
and reduction in inhibition of methanogenesis. Step feeding of GIW at 75% (w/w) enhanced 
methane yield from 0.180 to 0.785 LCH4 gVS added

-1, biogas production from 2.2 to 21.6 L d-1, and 
methane content from 60.2% to 68.6%. GIW overloadings at 66% and 84% (w/w) confirmed the 
recovery capacity of both GIW-adapted and non-GIW-adapted digesters when proper 
maintenance and recovery period from GIW addition were provided. Pulse feeding of GIW at 
60% (w/w) increased methane yield and community resistance against GIW inhibition. Step 
feeds of GIW at 30% and 70% (w/w) integrated with four pulse feeds of GIW at 60% (w/w) 
increased methane yield from 0.134 to 0.748 LCH4 gVS added

-1, biogas production from 2.0 to 19.8 
L d-1, and methane content from 54.2% to 66.9%. Both step and pulse feeding strategies at an 
every-other-day frequency produced the highest methane yield reported, compared to previous 
studies conducted with daily single-level feeding at similar loading rates. GIW overloading at 
90% (w/w) revealed that aceticlastic methanogens may be better adapted communities against 
GIW inhibition compared to syntrophic bacteria. More comprehensive research on the 
development of biomass adaptation due to changes in the microbial composition in 
response to GIW overloading is needed to create more robust populations and maximize 
methane production. Based on different feeding patterns, four zones identified by comparing 
various OLRs of FOG-based wastes and referenced methane yields are presented to provide 
guidelines on future implementations of anaerobic co-digestion of FOG-based wastes. 
 
Molecular analysis of anaerobic co-digestion before and after microbial community adaptation to 
GIW loading has provided useful insight into some of the community shifts that enable 
populations to manage high GIW concentrations. Specifically, we observed an increased 
specialization of anaerobic co-digestion between the non-GIW reactor and the GIW adapted 
reactor. In addition, we noted substantial increases in archaea populations in the GIW-adapted 
reactor. These observations, while preliminary, raise new questions related to the effective 
“training” of these communities for enhanced reactor stability and biogas production. More 
research is needed to understand substrate-community interactions to optimize anaerobic 
co-digestion.  With this understanding, feeding strategies could be developed to enhance biogas 
production or reduce reactor “start-up” before a system is acclimated for GIW (or other) co-
substrate.  This could substantially lower the barrier to entry for municipalities considering co-
substrates as a way of handling waste materials and generating sustainable energy resources.   
 
  



  50   
 

References 
 
Alves, M.M., Mota Vieira, J.A., Álvares Pereira, R.M., Pereira, M.A., Mota, M., 2001. Effects of 
lipids and oleic acid on biomass development in anaerobic fixed-bed reactors. Part II: Oleic acid 
toxicity and biodegradability. Water Research 35 (1), 264−270. 

Alves, M.M., Pereira, M.A., Sousa, D.Z., Cavaleiro, A.J., Picavet, M., Smidt, H., Stams, A.J.M., 
2009. Waste lipids to energy: how to optimize methane production from long-chain fatty acids 
(LCFA). Microbial Biotechnology 2 (5), 538−550. 

American Public Health Association (APHA), 2005. Standard Methods for the Examination of 
Water and Wastewater, twenty-first ed. American Water Works Association, Water Environment 
Federation, Washington, DC. 

Angelidaki, I., Ahring, B.K., 1995. Establishment and characterization of an anaerobic 
thermophilic enrichment culture degrading long chain fatty acids. Applied and Environmental 
Microbiology 61 (6), 2442−2445. 

Appels, L., Baeyens, J., Degreve, J., Dewil, R., 2008. Principles and potential of the anaerobic 
digestion of waste activated sludge. Progress in Energy and Combustio Science 34(6), 755-781. 

Appels, L., Lauwers, J., Degrève, J., Helsen, L., Lievens, B., Willems, K., Van Impe, J., Dewil, 
R., 2011. Anaerobic digestion in global bio-energy production: Potential and research 
challenges. Renewable and Sustainable Energy Reviews 15 (9), 4295−4301. 

Austic, G., 2010. Feasibility study: Evaluating the profitability of a trap effluent dewatering 
facility in the Raleigh area. For ECO collections through the Biofuels Center of North Carolina. 
Piedmont Biofuels LLC. 

Aziz, T.N., Holt, L.M., Keener, K.M., Groninger, J.W., Ducoste, J.J., 2011. Performance of 
grease abatement devices for removal of fat, oil, and grease. Journal of Environmental 
Engineering-Asce 137 (1), 84–92.  

Aziz, T.N., Holt, L.M., Keener, K.M., Groninger, J.W., Ducoste, J.J., 2012.Field characterization 
of external grease abatement devices. Water Environment Research 84(3), 237–246. 

Bailey, R.S., 2007. Anaerobic digestion of restaurant grease wastewater to improve methane gas 
production and electrical power generation potential. Proceedings of the Water Environment 
Federation, Session 81 through 90, 6793−6805.  

Battimelli, A., Torrijos, M., Moletta, R., Delgenes, J.P., 2010.Slaughterhouse fatty waste 
saponification to increase biogas yield.BioresourceTechnology 101 (10), 3388–3393. 

Botton, S., van Heusden, M., Parsons, J.R., Smidt, H., van Straalen, N., 2006. Resilience of 
microbial systems towards disturbances. Critical reviews in microbiology 32 (2), 101−112. 

Cavaleiro, A.J., Alves, M.M., Mota, M., 2001. Microbial and operational response of an 
anaerobic fixed bed digester to oleic acid overloads. Process Biochemistry 37 (4), 387−394. 

Cavaleiro, A.J., Pereira, M.A., Alves, M., 2008. Enhancement of methane production from long 
chain fatty acid based effluents. Bioresource technology 99 (10), 4086−4095. 



  51   
 

Cavaleiro, A.J., Salvador, A.F., Alves, J.I., Alves, M., 2009. Continuous high rate anaerobic 
treatment of oleic acid based wastewater is possible after a step feeding start-up. Environmental 
Science and Technology 43 (8), 2931−2936. 

Cesca, J., Kabouris, J., Gokhale, Y., Shea, T., Forbes, B., 2010. Biosolids to energy − co-
processing FOG and sludge to increase energy recovery potential. CH2M HILL.  

Chapin, P., 2008. Fat, oil, and grease interceptor. United States Patent. No. 7427356 B2. 

Chen, Y., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic digestion process: a review. 
Bioresource Technology 99 (10), 4044−4064. 

City of San José, 2007. Biomass-to-energy technology evaluation. City of San José 
Environmental Services Department. Final Report prepared by CH2M HILL. 

Coles, R.S., Lichstein, H.C., 1963. The inhibition of malic enzyme of Lactobacillus arabinosus 
17-5 by oleic acid. I. Observations on the reaction. Archives of Biochemistry and 
Biophysics103(2), 186–190. 

Davidsson, A., Lovstedt, C., Jansen, J.l.C., Gruvberger, C., Aspegren, H., 2008. Co-digestion of 
grease trap sludge and sewage sludge. Waste Management 28 (6), 986–992. 

Dayton, S., 2010. Marketing grease trap waste. Pumper Magazine. 

De Vrieze, J., Verstraete, W., Boon, N., 2013. Repeated pulse feeding induces functional 
stability in anaerobic digestion. Microbial Biotechnology 6 (4), 414−424.  

Downey, D.A., 2010. City of West Lafayette going green − Anaerobic digestion of wastewater 
sludge and waste FOG with heat and power co‐generation. M.D. Wessler & Associates. 

FOG Energy Corporation, 2010. Millbrae, California wastewater treatment plant case study. 

FOG Energy Corporation. 2014. http://www.fogenergycorp.com/energycontent.php. 

Gabel, D., Pekarek, S., Nolkemper, D., Kalis, M., 2009. Sustainability incorporated into the 
solids handling improvements of the Douglas L. Smith Middle Basin Treatment Plant. 
Proceedings of the Water Environment Federation, Residuals and Biosolids, 527−540. 

Galbraith, H., Miller, T., 1973. Physicochemical effects of long chain fatty acids on bacterial 
cells and their protoplasts. Journal of Applied Microbiology36(4), 647–658. 

Gallert, C., Henning, A., Winter, J., 2003. Scale-up of anaerobic digestion of the biowaste 
fraction from domestic wastes. Water Research37(6), 1433–1441. 

Gallimore, E., Aziz, T.N., Movahed, Z., Ducoste, J.J., 2011. Assessment of internal and external 
grease interceptor performance for removal of food-based fats, oil, and grease from food service 
establishments. Water Environment Research 83 (9), 882−892. 

Hanaki, K., Nagase, M., Matsuo, T., 1981. Mechanism of inhibition caused by long-chain fatty-
acids in anaerobic-digestion process. Biotechnology and Bioengineering 23 (7), 1591–1610.  

He, X., Iasmin, M., Dean, L.O., Lappi, S.E., Ducoste, J.J., de los ReyesIII,F.L., 2011. Evidence 
for fat, oil, and grease (FOG) deposit formation mechanisms in sewer lines. Environmental 
Science &Technology 45 (10), 4385–4391.  



  52   
 

He, X., Osborne, J., de los Reyes III, F.L., 2012.Physico-chemical characterization of grease 
interceptors with and without biological product addition. Water Environment Research 84(3), 
195–201. 

Hwu, C.S., Tseng, S.K., Yuan, C.Y., Kulik, Z., Lettinga, G., 1998. Biosorption of long-chain 
fatty acids in UASB treatment process. Water Research 32 (5), 1571–1579.  

Johnson, T., Shea, T., Gabel, D., Forbes, B., 2011. Introducing FOG to solids – A sticky 
proposition. Water Environment Federation Magazine, 49−53.  

Kabara, J., Vrable, R., Lie Ken Jie, M.S.F., 1977. Antimicrobial lipids: natural and synthetic 
fatty acids and monoglycerides. Lipids12(9), 753–759. 

Kabouris, J.C., Tezel, U., Pavlostathis, S.G., Engelmann, M., Dulaney, J.A., Todd, A.C., Gillette, 
R.A., 2009. Mesophilic and thermophilic anaerobic digestion of municipal sludge and fat, oil, 
and grease. Water Environment Research 81 (5), 476−485.  

Keener, K.M., Ducoste, J.J., Holt, L.M., 2008. Properties influencing fat, oil, and grease deposit 
formation. Water Environment Research 80 (12), 2241–2246.  

Kim, S., Han, S., Shin, H., 2004. Two-phase anaerobic treatment system for fat-containing 
wastewater. Journal of Chemical Technology and Biotechnology 79 (1), 63–71.  

Koster, I., Cramer, A., 1987. Inhibition of methanogenesis from acetate in 
antigranulocytessludge by long-chain fatty-acids. Applied and Environmental Microbiology 
53(2), 403–409. 

Koster, I., Cramer, A., 1987. Inhibition of methanogenesis from acetate in antigranulocytes 
sludge by long chain fatty acids. Applied and Environmental Microbiology 53 (2), 403−409. 

Lesikar, B., Garza, O., Persyn, R., Kenimer, A., Anderson, M., 2006. Food-service establishment 
wastewater characterization. Water Environment Research 78 (8), 805–809.  

Long, J.H., Aziz, T.N., de los ReyesIII,F.L.,Ducoste, J.J., 2012. Anaerobic co-digestion of fat, 
oil, and grease (FOG): A review of gas production and process limitations. Process Safety and 
Environmental Protection 90 (3), 231–245.  

Luostarinen, S., Luste, S., Sillanpaa, M., 2009. Increased biogas production at wastewater 
treatment plants through co-digestion of sewage sludge with grease trap sludge from a meat 
processing plant. Bioresource Technology 100 (1), 79−85. 

Martín-González, L., Castro, R., Pereira, M.A., Alves, M.M., Font, X., Vicent, T., 2011. 
Thermophilic co-digestion of organic fraction of municipal solid wastes with FOG wastes from a 
sewage treatment plant: Reactor performance and microbial community monitoring. Bioresource 
Technology 102 (7), 4734−4741.  

Martín-González, L., Colturato, L.F., Font, X., Vicent, T., 2010. Anaerobic co-digestion of the 
organic fraction of municipal solid waste with FOG waste from a sewage treatment plant: 
Recovering a wasted methane potential and enhancing the biogas yield. Waste Management 30 
(10), 1854−1859. 

McCarty, P.L., 1964. Anaerobic waste treatment fundamentals, part two, environmental 
requirement and controls. Public Works 95 (10), 123−126. 



  53   
 

Muller, C., Lam, P., Lin, E., Chapman, T., Devin-Clark, D., Belknap-Williamson, J., Krugel, S., 
2010. Co-digestion at Annacis Island WWTP: Metro Vancouver's path to renewable energy and 
greenhouse gas emissions reductions. Proceedings of the Water Environment Federation, Session 
41 through 50, 2706−2722.  

Nadais, H., Capela, I., Arroja, L., 2006. Intermittent vs continuous operation of upflow anaerobic 
sludge bed reactors for dairy wastewater and related microbial changes. Water Science and 
Technology 54 (2), 103−109. 

National Climatic Data Center (NCDC), 2012. Quality Controlled Local Climatological Data. 
Raleigh-Durham International Airport, NC. http://cdo.ncdc.noaa.gov/qclcd/QCLCD?prior¼N. 

National Climatic Data Center (NCDC), 2013. Quality Controlled Local Climatological Data. 
Raleigh-Durham International Airport, NC. http://cdo.ncdc.noaa.gov/qclcd/QCLCD?prior¼N. 

Nayono, S.E., Gallert, C., Winter, J., 2009. Foodwaste as a co-substrate in a fed-batch anaerobic 
biowaste digester for constant biogas supply. Water Science and Technology 59(6), 1169–1178. 

Neves, L., Oliveira, R., Alves, M.M., 2009. Fate of LCFA in the co-digestion of cow manure, 
food waste and discontinuous addition of oil. Water research 43 (20), 5142−5150. 

Nielsen, H.B., Ahring, B.K., 2006. Responses of the biogas process to pulses of oleate in reactors 
treating mixtures of cattle and pig manure. Biotechnology and Bioengineering 95 (1), 96−105. 

North Carolina Department of Environment and Natural Resources (NCDENR), 1999. The fact 
sheet for restaurant oil and grease rendering. 

Noutsopoulos, C., Mamais, D., Antoniou, K., Avramides, C., Oikonomopoulos, P., Fountoulakis, 
I., 2013. Anaerobic co-digestion of grease sludge and sewage sludge: The effect of organic 
loading and grease sludge content. Bioresource Technology 131 (18), 452−459. 

Palatsi, J., Illa, J., Prenafeta-Boldú, F.X., Laureni, M., Fernandez, B., Angelidaki, I., Flotats, X., 
2010. Long-chain fatty acids inhibition and adaptation process in anaerobic thermophilic 
digestion: Batch tests, microbial community structure and mathematical modelling. Bioresource 
Technology 101 (7), 2243−2251. 

Palatsi, J., Laureni, M., Andrés, M.V., Flotats, X., Nielsen, H.B., Angelidaki, I., 2009. Strategies 
for recovering inhibition caused by long chain fatty acids on anaerobic thermophilic biogas 
reactors. Bioresource Technology 100 (20), 4588−4596. 

Parkin, G.F., Owen, W.F., 1986. Fundamentals of anaerobic digestion of wastewater sludges. 
Journal of Environmental Engineering 112 (5), 886−920. 

Pereira, M., Sousa, D., Mota, M., Alves, M., 2004. Mineralization of LCFA associated with 
anaerobic sludge: Kinetics, enhancement of methanogenic activity, and effect of VFA. 
Biotechnology and Bioengineering 88(4), 502–511. 

Rinzema, A., Boone, M., van Knippenberg, K., Lettinga, G., 1994. Bactericidal effect of long 
chain fatty acids in anaerobic digestion. Water Environment Research 66 (1), 40−49. 

Silvestre, G., Rodriguez-Abalde, A., Fernandez, B., Flotats, X., Bonmati, A., 2011. Biomass 
adaptation over anaerobic codigestion of sewage sludge and trapped grease waste. Bioresource 
Technology 102 (13), 6830−6836. 

Southerland, R., 2002. Sewer fitness: Cutting the fat. American City and County. Oct. 1. 



  54   
 

Speece, R.E., 1996. Anaerobic Biotechnology for Industrial Wastewaters. Vanderbilt University, 
Archae Press, Nashville, Tennessee. 

Stuckey, D.C., Owen, W.F., McCarty, P.L., 1980. Anaerobic toxicity evaluation by batch and 
semi-continuous assays. Journal Water Pollution Control Federation 52 (4), 720−729. 

US EPA, 2003. Why control sanitary sewer overflows. 

US EPA, 2004. Local Limits Development Guidance, 833R04002A. 

US EPA, 2004a.Local limits development guidance. 833R04002A. 

US EPA, 2004b. Report to congress: Impacts and control of CSOs and SSOs. 833R04001,. 

US EPA, 2007.Opportunities for and benefits of combined heat and power at wastewater 
treatment facilities.430R07003. 

US EPA, 2011.Opportunities for combined heat and power at wastewater treatment facilities: 
Market analysis and lessons from the field. 430R11018. 

Wan, C., Zhou, Q., Fu, G., Li, Y., 2011. Semi-continuous anaerobic co-digestion of thickened 
waste activated sludge and fat, oil and grease. Waste Management 31 (8), 1752−1758. 

Wang, L., Aziz, T.N., de los Reyes III, F.L., 2013. Determining the limits of anaerobic co-
digestion of thickened waste activated sludge with grease interceptor waste. Water Research 47 
(11), 3835−3844. 

Werner, J.J., Knights, D., Garcia, M.L., Scalfone, N.B., Smith, S., Yarasheski, K., Cummings, 
T.A., Beers, A.R., Knight, R., Angenent, L.T., 2011. Bacterial community structures are unique 
and resilient in full-scale bioenergy systems. Proceedings of the National Academy of Sciences 
108 (10), 4158−4163. 

Wiltsee, G., 1998. Urban waste grease resource assessment. National Renewable Energy 
Laboratory (NREL), NREL/SR-570-26141. 

Wu, W.M., Bhatnagar, L., Zeikus, J.G., 1993. Performance of anaerobic granules for degradation 
of pentachlorophenol. Applied and Environmental Microbiology 59 (2): 389−397. 

York, R.V., Magner, J.A., 2009. Increasing CHP productivity while reducing biosolids volume 
and climate changing gasses. Proceedings of the Water Environment Federation, Session 91 
through 100, 6639–6651.  

Zeeman, G., Wiegant, W.M., Koster-Treffers, M.E., Lettinga, G., 1985. The influence of the 
total ammonia concentration on the thermophilic digestion of cow manure. Agricultural Wastes 
14 (1), 19−35. 

  



  55   
 

Student Involvement 
We have had three students involved in this project: an M.S. student (Elvin Hossein), an 
undergraduate student (Liya W.), and a doctoral student (Ling Wang).  The predominant charge 
of the masters student research (a Fulbright Scholar) was to explore the functional resilience 
associated with pulsed feeding of GIW relative to an un-pulse fed reactor.  The doctoral student, 
a prior MS student with experience in operating the lab-scale anaerobic digesters, worked to 
explore the microbial population shifts (using next-generation sequencing tools) related to 
feeding strategies from the aforementioned bench-scale experiments and conducted the BMP 
experiments for the variable GIW composition. The undergraduate researcher provided lab 
support for both graduate students – a role needed due to the long duration and regular analysis 
required for research in anaerobic digestion. 
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Appendix 1 – Variable Listing 

COD Chemical oxygen demand 

FSE Food service establishment 

GC Gas chromatography 

GI/GT Grease interceptor/grease trap 

GIW/GTW Grease interceptor waste/grease trap waste 

GTW Grease trap waste 

LCFA Long chain fatty acid 

MSR MiSeq Reporter 

OLR Organic loading rate 

SRT Solids retention time 

STP Standard temperature and pressure 

TVA Total volatile acids 

TWAS Thickened waste activated sludge 

VFA Volatile fatty acids 

VS Volatile solids 

VSS Volatile suspended solids 

WRRI Water resources research institute 

WWTF Wastewater treatment facility 
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Peer-Review Publications 
Wang, L., Aziz, T.N., Ducoste J.J., de los Reyes III, F.L., (2014). “Increasing Community 
Resistance in Anaerobic Digesters Treating Grease Interceptor Waste by Step and Pulse 
Feedings” Water Research (In Preparation). 
 

Conference Proceedings 
1. L. Wang, E. H. Hossen, T. N. Aziz, J. Ducoste, and F. L. de los Reyes III (2014). “Pulse 

Feeding Of Anaerobic Digesters Treating Grease Waste To Increase Community 
Resistance”, Speaker, Theme 3: Water Reuse and Resource Recovery, Section: Biogas, Co-
Digestion and Co-Generation. International Water Association (IWA) World Water Congress 
& Exhibition, September 21-26, Lisbon, Portugal.  

2. L. Wang, E. H. Hossen, Michael Bullard, T. N. Aziz, J. Ducoste, and F. L. de los Reyes III 
(2014). “Step and pulse feeding of anaerobic co-digesters treating thickened waste activated 
sludge and grease interceptor waste (GIW)”, speaker, Water Resources Research Institute 
(WRRI) Annual Conference & NCWRA Symposium, March 19-20, Raleigh, NC. 

3. Wang, L., E. Hossein, T. N. Aziz, J. Ducoste, M. Bullard, and F. L. de los Reyes III (2013). 
“Creating Resilient Anaerobic Co-Digestion Reactors”, 86th Water Environment Federation 
Annual Conference and Exposition (WEFTEC 2012), Chicago, IL.  Oct. 2013.  

4. de los Reyes, F. L., T. N. Aziz, L. Wang, E. Hossen.  “Optimizing Anaerobic Co-Digestion 
of Grease Interceptor Waste: Limits, Resilience, and Techno-Economic Assessment”, 
BioEnergy Symposium 2013, UNC Charlotte, April 9, 2013. 

Student Theses 
Hossen, E. H. (2013). Inducing Functional Stability of Anaerobic Co-digestion of Grease Interceptor 
Waste and Thickened Waste Activated Sludge. North Carolina State University, Raleigh, NC. 

Wang, L. (2016). “How to Build a Resistant and Productive Anaerobic Co-digester Treating Waste 
Activated Sludge with Grease Interceptor Waste: Linking Microbial Community Structure and Function 
using Next-Generation Molecular Techniques and Novel Experiment Design Based on Ecological 
Theories.” North Carolina State University, Raleigh, NC. 
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