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Abstract 
As global populations grow, the generation of various waste materials like fats, 
oils, and grease (FOG), fruit waste, and other perishable wastes increases con-
currently. Disposal of these highly putrescible waste products in landfills con-
sumes valuable landfill space. Anaerobic digestion can transform these waste 
materials into valuable components, including fertilizer and biogas, reducing 
the demand for landfill space. The current study is based on the hypothesis 
that incorporating high-strength organic waste into conventional wastewater 
sludge can enhance the production of onsite biogas at wastewater treatment 
plants, therefore contributing to the reduction of the plant’s energy demands 
from the grid. The batch anaerobic biodegradability test assays were per-
formed for 63 days to observe the impact on the biomethane yield from adding 
high-strength organic waste to the wastewater sludge and to investigate the 
combined effects of co-digesting two different preselected high-strength or-
ganic waste streams. Additionally, physicochemical characterization was per-
formed on different fruit waste juicing residuals to indicate which fruit wastes 
might increase anaerobic digestion efficiency. The highest methane yield of 
243 mL/gVS and 280 mL/gVS, respectively, were obtained with two mixtures 
having 10% FOG as the sole substrate and 10% FOG along with 10% fruit 
waste. The study also assessed the siloxane concentrations present as trace 
contaminants in the biogas samples. An initial economic feasibility assessment 
of food waste co-digestion at two wastewater treatment plants in Florida was 
conducted using the Co-Digestion Economic Analysis Tool (CoEAT) model. 
Based on the laboratory results, the analysis indicated a net positive benefit of 
$39,472 for a medium-sized plant (10 - 30 MGD capacity) and $52,488 for a 
larger plant (>30 MGD capacity) after 15 years, while diverting 10 - 18 tons/day 
of food waste from landfills with an anticipated minimal increase in sludge 
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volume production at food waste additions less than 10% of the digester feed 
as stated in the literature. 
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1. Introduction 

Nearly one-third of global food production is wasted at an annual cost of $990 
billion [1]. In developed nations, up to 40% of this food waste is discarded at the 
post-consumer level [2]. Americans waste $408 billion of food, which costs an 
average family of four $1800 per year [3]. According to USEPA (2018) [4], the 
United States produces about 292.4 million tons of municipal solid waste (MSW) 
annually. The same USEPA (2018) study found that food waste constitutes 21.6% 
of the MSW waste stream. On the pre-consumer side, 43% of food waste from the 
food manufacturing and processing sector was anaerobically treated [5]. How-
ever, only 1% of the food waste produced by the food retail, food service, and 
residential sectors was managed by anaerobic digestion in 2019. Since the retail 
and service sector generates over 100 million tons of food waste per year, there is 
a potentially large amount material that could be diverted from landfills for energy 
capture via anaerobic co-digestion. With seven states in the U.S. potentially run-
ning out of landfill space within the next decade, finding alternative solutions for 
food waste disposal is essential. Converting food waste into anaerobic co-diges-
tion feedstock offers dual benefits: it not only extends landfill lifespan but also 
generates biogas, a valuable renewable energy source [6].  

Landfill disposal of food waste exacerbates environmental challenges due to the 
rapid biodegradation of organic matter in landfills. In 2020, the U.S. Environmen-
tal Protection Agency (USEPA) reported that municipal solid waste landfills re-
leased 94.2 million metric tons of carbon dioxide equivalents of methane, account-
ing for 15% of the nation’s total methane emissions. Notably, 61% of fugitive me-
thane emissions from food waste in landfills are released into the atmosphere ra-
ther than captured [5]. Given that methane is 28 times more effective than carbon 
dioxide at trapping atmospheric heat [7], these emissions significantly contribute 
to global greenhouse gas levels and climate change. 

To address this issue, anaerobic co-digestion has emerged as a viable and well-
established technology. This process converts organic waste into two valuable 
products: methane-rich biogas and a nutrient-rich solid byproduct. The biogas 
can be captured for electricity generation [8], while the solid byproduct serves 
as an effective fertilizer or soil amendment. The process takes place in a reactor 
vessel, where a consortium of anaerobic microorganisms breaks down high-
strength organic matter—such as carbohydrates, proteins, and lipids—into simpler 
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monomers. By diverting waste from landfills and transforming it into renewable 
energy and soil enhancers, anaerobic co-digestion mitigates the environmental 
impact of food waste, reduces landfill space demand, and decreases dependence 
on fossil fuels. 

Anaerobic co-digestion is a process in which high-strength organic wastes such 
as Fats, Oils, and Grease (FOG) and/or food scraps are added to conventional an-
aerobic digesters to increase biogas production. These high-strength organic 
wastes contain high concentrations of readily biodegradable, carbon-rich com-
pounds, often indicated by elevated chemical oxygen demand (COD) and volatile 
solids to total solids ratio (VS/TS) [9]. For example, FOG and food waste are char-
acterized by a VS/TS ratio above 0.8 and COD values greater than 4500 mg/L as 
O2 [10]-[14], indicating conditions favorable for biogas production. In contrast, 
low-strength municipal wastewater typically has a COD below 800 mg/L as O2 and 
a lower VS/TS ratio [15].  

While a higher VS/TS ratio (>0.8) in FOG and food waste suggests ample or-
ganic matter, it does not necessarily imply a higher proportion of biodegradable 
organic matter. Nonetheless, it has been reported that FOG and food waste can 
enhance the methane yield as they contain three times the methane production 
potential of biosolids or manure [16]. Furthermore, many wastewater treatment 
plants have spare capacity in their existing anaerobic digesters, enabling them to 
take extra organic wastes for co-digestion [17].  

Anaerobic co-digestion offers multiple benefits, such as higher methane pro-
duction potential, economic feasibility, and fewer upsets due to process instability 
from nutrient imbalances, pH changes, or toxic inhibitors. To increase methane 
production by co-digestion, substrates that are compatible and mixed in the 
proper ratios to avoid any system imbalance should be identified [18]. Co-diges-
tion also results in greater volatile solids destruction with a corresponding mar-
ginal increase in biosolids production [19]. Co-digestion feedstocks may require 
pretreatment such as removal of undigestible contaminants like grit or plastic 
contamination, reduction in the particle size of substrates, mixing for homoge-
nized slurry formation, and/or heating for flowability control. However, any in-
creased costs incurred for preprocessing may be offset by enhanced biogas pro-
duction or gate fees collected by the wastewater treatment facilities for managing 
food waste [20]. 

Anaerobic digesters typically operate under mesophilic (25˚C - 45˚C) or ther-
mophilic (45˚C - 65˚C) conditions, influencing methanogenic growth rates, gas 
transfer, and sludge settling. Thermophilic digestion enhances methane produc-
tion at lower hydraulic retention times but is less stable, while mesophilic condi-
tions offer greater stability with longer retention times and lower yields [21] [22]. 
Methanogenic bacteria thrive within a pH range of 6.6 - 7.6 [23], but excessive 
volatile acid accumulation during acidogenesis can drop pH below 6, causing pro-
cess inhibition [24]. Maintaining alkalinity between 1500 - 5000 mg/L as CaCO3 
with a volatile acid/alkalinity ratio of 0.10 - 0.35 is essential for stability [25]. 
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Carbon and nitrogen are both essential for microbial cell growth. If the C:N 
ratio in the feedstock is too high, then there may not be enough nitrogen to sup-
port cell growth or the formation of amino acids, proteins, and nucleic acids, 
which can result in reduced biogas production. If the C:N ratio is too low, there 
may not be enough carbon to provide sufficient energy to support bacterial 
growth. Moreover, ammonia, resulting from the deamination of nitrogen-rich 
feedstocks, should be kept below 3000 mg/L as NH3-N, as higher concentrations 
can be toxic to methanogens [26]. Therefore, it is desirable to have C:N ratio of 
20:1 to 30:1 [27].  

1.1. Related Works 

1.1.1. FOG as a Feedstock for Anaerobic Digestion  
Anaerobic co-digestion can be accomplished with a wide range of feedstocks such 
as food waste and high strength industrial byproducts added to sewage sludge sol-
ids [28]. However, the amount and quality of the biogas are influenced by both 
the feedstock composition and the operational conditions inside the digester [29]. 
Among the common high-strength organic waste feedstocks, FOG (fats, oils, and 
grease) and fruit waste juicing residuals are particularly prominent. FOG is one of 
the most lipid-rich materials [30] (refer to Table S1 (supporting information)) 
sourced from grease traps, food processing operations, and food-based industries 
[31]. Improper handling of FOG can obstruct sewer lines and is responsible for 
50% - 75% of the sanitary sewer overflows as it forms hardened deposits on the 
pipe walls, reducing the conveyance capacity, or even completely blocking the 
flow [32]. The cost of removing FOG deposits from the sewer lines can reach up 
to $25 billion in the United States annually [33] [34]. Given these challenges, an-
aerobic co-digestion of FOG with conventional wastewater sludge can be an ef-
fective technique in converting a costly waste problem into a valuable feedstock 
for biogas production [35]. 

The anaerobic digestion process occurs in four main stages: 1) hydrolysis, 2) 
acidogenesis, 3) acetogenesis, and 4) methanogenesis. The composition of the 
feedstock plays a vital role in maintaining stability at each stage of the digestion 
process. For instance, during anaerobic co-digestion, hydrolysis of FOG produces 
long-chain fatty acids (LCFAs) such as oleate and palmitate [36] that may lower 
the pH and inhibit methanogenesis [32]. LCFAs are insoluble, tend to coagulate, 
and are typically less bioavailable, which can limit methane generation. Therefore, 
the decomposition of lipids can be the rate-limiting step in anaerobic co-digestion 
[33]. When FOG loading rates are optimized, methane production from anaerobic 
co-digestion of FOG can increase by 140% - 620% compared to the methane pro-
duction from digestion of wastewater sludge alone [37]. However, beyond a cer-
tain loading threshold, the inhibitory effects of high solids content and LCFA ac-
cumulation can disrupt the digestion process [11], underscoring the delicate bal-
ance required for efficient co-digestion.  

EI Mashad and Zhang (2020) [38] conducted batch scale anaerobic co-digestion 
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under mesophilic conditions for 25 days with an organic loading of 4 g/L for dif-
ferent feedstocks. The methane yield results are shown in Figure 1. The highest 
methane yield was obtained from grease trap waste (FOG), while fish waste might 
have exhibited a higher methane yield than fruit waste and mixed food waste due 
to the presence of fish oils. 

 

 
Figure 1. Energy production from different organic waste feedstocks (EI Mashad and 
Zhang, 2020, adapted from Libre Texts Engineering having Creative Commons license). 

 
Collin et al. (2020) [39] compared the methane potential of different FOG sub-

strates in 60-day batch tests under mesophilic conditions. Samples collected fur-
ther from their source exhibited more variation due to dilution and the presence 
of contaminants. FOG from floating scum had the lowest lipid content and lowest 
methane potential, suggesting that its energy per unit mass was diluted by mixing 
with wastewater. In this study, FOG was collected from floating scum. This mate-
rial was readily available from the centralized wastewater treatment facility and 
represents the most conservative feedstock from a methane yield perspective. 

The effectiveness of FOG digestion depends not only on its type but also on the 
substrate-to-inoculum (S/I) ratio, which governs the quantity and quality of bio-
gas produced during anaerobic co-digestion. Mahat et al. (2020) [36] performed 
batch experiments on food processing wastewater (FPW) with FOG feedstock and 
anaerobic digestate as the inoculum under mesophilic conditions with a solids 
retention time (SRT) of 54 days. The maximum biogas yield of 229 mL/gVS was 
achieved with a methane production yield of 201 mL/gVS when the ratio of FPW 
to anaerobic digestate was 1:1 on a volume-per-volume basis in reactors with a 
working volume of 100 mL. The methane yield decreased to 67.5 mL/gVS when 
the ratio was 2:1. Increasing the FPW ratio raised the lipid loading into the system, 
which, in turn, increased the LCFAs concentration inside the digesters. The lower 
amount of anaerobes at a 2:1 ratio may have contributed to incomplete grease 
degradation. Additionally, the inhibitory effects of LCFAs—including cell damage, 
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reduced cell permeability, and adsorption onto microbial cell walls that limits nu-
trient transport—further impacted biogas production [36] [40]. Nonetheless, it 
has been reported that adding FOG at a rate of 10-30% of the total digester feed 
to two full-scale wastewater anaerobic digesters increased biogas production by 
30% - 80% [41].  

1.1.2. Fruit Waste as a Feedstock for Anaerobic Digestion 
Apart from the controlled addition of FOG, incorporating a complementary feed-
stock such as fruit waste juicing residuals could enhance the buffering capacity 
and improve overall digestion stability. Fruit waste residuals are a carbohydrate-
rich feedstock that might help alleviate the inhibitory effects of FOG during an-
aerobic co-digestion. Fruits provide essential nutrients, and exponential popula-
tion growth has driven an increased demand for fruits and processed fruit prod-
ucts. In 2020, the global production of bananas was 120 million metric tons fol-
lowed by watermelons (102 MMT), apples (86 MMT), grapes (78 MMT), and or-
anges (75 MMT) [42]. With respect to apples, the United States accounts for 6.2% 
of the total worldwide production. However, only 70% - 75% of the total apples 
produced are consumed directly, while the remaining fraction is used to make 
various processed products, 65% of which are used to manufacture juice [43]. The 
remaining byproducts, comprising fruit pulp, stems, peels, and cores, are collected 
as fruit waste residuals characterized by a high moisture content (>70%) and high 
sugar content (~75%), enhancing biodegradability and methane formation [44]. 
These large amounts of fruit waste residuals in the municipal solid waste stream 
not only places stress on the land availability for disposal but their high moisture 
content (>70%) results in low heating value 5815 KJ/kg (<2500 BTU/lb) compared 
to MSW without organic waste 11630 KJ/kg (~5000 BTU/lb) [45], making this 
material less suitable for incineration. 

Anaerobic co-digestion with energy recovery for feedstocks with fruit waste re-
siduals can be a viable option for efficient management of these wastes as they 
contain readily hydrolysable soluble sugars, organic acids, and a desirable C:N ra-
tio between 20 and 30:1 [46]. However, utilizing fruit waste residuals as a sole 
substrate can result in the rapid conversion of carbohydrate polymers into volatile 
fatty acids (VFAs), which can lower the pH, resulting in the potential souring of 
the digester requiring alkalinity adjustment [44] [47]. 

In previous research, Hallaji et al. (2019) [48] carried out anaerobic co-diges-
tion using 1000 mL bioreactors under mesophilic conditions for a period of 30 
days. The feedstocks consisted of anaerobic digestate, waste activated sludge, 
cheese whey, and fruit waste. The maximum methane yield of 384 mL/gVS oc-
curred when 15% combined cheese whey and fruit waste were mixed with 85% 
anaerobic digestate/waste activated sludge to achieve a 1.2 substrate-to-inoculum 
ratio. The fruit waste was a blended slurry of equal parts by weight of apple, to-
mato, carrot, orange, and potato. Since few studies have determined the methane 
potential of fruit waste residuals, its potential as a suitable co-digestion feedstock 
still needs to be more fully investigated. 
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1.2. Evaluation of Siloxane Levels in Biogas 

Besides assessing the methane yield from various feedstocks, it is also imperative 
to evaluate the quality of biogas to ensure its usability in downstream applications. 
In addition to carbon dioxide, biogas from anaerobic co-digestion may have trace 
impurities, such as siloxanes, hydrogen sulfide, NOx, volatile organic compounds, 
and ammonia that affect biogas quality and its use as a renewable energy source 
[49]. Siloxanes are volatile silicon-based compounds from personal care products, 
fuel additives, and anti-foaming agents that can contaminate biogas. Siloxanes are 
abrasive and cause excess wear on engine parts, turbines, boilers, and heating ele-
ments. Siloxanes occur in two types: 1) polydimethylsiloxanes (PDMS), which 
have higher molecular weight and low vapor pressure and 2) volatile methyl si-
loxanes (VMS), which have lower molecular weight and are highly volatile. In raw 
wastewater, some VMS and most PDMS adsorb onto sludge solids because they 
are hydrophobic and then enter the anaerobic digester. After digestion, biogas will 
contain VMS from direct volatilization of solid-bound VMS alongside hydrolysis 
of PDMS. During biogas combustion, siloxanes decompose into silicon and oxy-
gen, forming hard deposits that can build up and damage combustion equipment, 
reducing useful life and increasing maintenance costs. Therefore, VMS may need 
to be removed from biogas before energy recovery operations [50]. 

1.3. Objective of the Research Work 

The primary objective of this study was to conduct biochemical methane potential 
tests under mesophilic conditions using high-strength organic waste feedstocks 
containing FOG and fruit waste juicing residuals. Co-digestion was achieved by 
mixing the specified substrates with wastewater treatment plant sludge and inoc-
ulum in suitable ratios, while the performance of the different combinations were 
evaluated based on measured biogas/methane production rates and key water 
quality parameters. Moreover, the concentration of siloxanes in biogas samples 
was measured to assess the feasibility of utilizing the anaerobic co-digestion gen-
erated biogas in energy recovery applications. The study intends to provide data 
to determine if additional siloxane removal systems will be needed if anaerobic 
co-digestion of FOG and fruit juicing waste residuals were adopted at full scale. 
The study also assessed the preliminary economic viability of implementing food 
waste diversion programs and co-digestion processes in bioenergy generation us-
ing the Co-Digestion Economic Assessment Tool (CoEAT) model with inputs de-
veloped from this work. 

2. Materials and Methodology 

For the batch lab scale anaerobic co-digestion experiments, anaerobically digested 
sewage sludge was used as the inoculum, collected from the primary anaerobic 
digester from a local conventional anaerobic digestion operation at a publicly owned 
wastewater treatment plant. Fats, oils, and grease (FOG) were collected from the 
surface of the primary clarifier, and thickened waste activated sludge (TWAS) was 
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collected from the bottom hopper of the secondary clarifier. These feedstocks were 
obtained from a medium-sized wastewater treatment facility (10 - 30 MGD capac-
ity) (Boca Raton Glades Road Wastewater Treatment Plant). Even though FOG 
collected as floating scum has lower methane potential compared to FOG sourced 
directly from food service establishments, the ease of accessibility was a main con-
sideration. This approach underscores the practicality of implementing anaerobic 
digestion by utilizing waste materials that are readily available and easier to source 
locally. Different fruit juicing waste residuals were obtained from a local small 
processing facility (Raw Juce Company) to characterize the fruit juicing waste re-
siduals and select suitable candidate food waste feedstocks to undergo anaerobic 
co-digestion treatment. Prior to analysis, the samples were refrigerated.  

2.1. Physico-Chemical Characteristics 

Key water quality parameters were analyzed prior to incubation and periodically 
throughout the batch anaerobic co-digestion experiments. These included pH, al-
kalinity (mg/L as CaCO3), total volatile acids (mg/L as CH3COOH), ammonia 
(mg/L as NH3-N), chemical oxygen demand (COD; mg/L as O2), total nitrogen 
(TN; mg/L as N), total solids (% wet weight), and volatile solids (% total solids). 
The water quality parameters were measured following the Standard Methods for 
the Examination of Water and Wastewater [51]. 

Fruit waste characterization was performed to identify the most suitable fruit 
juicing waste residuals to be used as a substrate feedstock for anaerobic co-diges-
tion. Waste products from the processing of green apples, lemons, pears, red apples, 
cucumbers, and kale were collected from Raw Juce Company in sterile Whirl-pak 
bags. About 30 grams of each material was measured and then combined with 100 
mL of distilled water in a commercial blender to form a homogeneous slurry that 
was subsequently analyzed for each of the water quality parameters of interest. 
Initial characterization was also performed on the individual feedstock of anaer-
obically co-digested sewage sludge, thickened waste activated sludge (TWAS), and 
FOG. The C:N ratio of the feedstocks was calculated by converting the chemical 
oxygen demand (COD), expressed in mg/L as O₂, to mg/L as C, and then dividing 
this value by the total nitrogen (TN), expressed in mg/L as N. 

2.2. Experimental Procedure 

To determine the biodegradability and technical feasibility of a range of substrates 
and feedstocks for anaerobic digestion, batch anaerobic co-digestion bioassay 
tests were conducted in 500 mL serum bottles. Specific substrates were selected 
based on factors discussed in the introduction. Tests were conducted at meso-
philic temperatures (35˚C ± 0.5˚C) for SRT = 63 days and at adequate ratios of 
substrate to inoculum on a volume basis, as shown in Table 1. The substrate ratios 
for this study were selected based on guidance from the USEPA Quality Assurance 
Protocol Plan (QAPP) and findings from prior research. Two controls—100% an-
aerobic digestate and 100% TWAS—were included for comparison purposes. 
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Anaerobic digestate and TWAS was mixed with only one type of substrate at a 
time, followed by a combination of both substrates. This approach provided val-
uable insights into the effects of each individual substrate and in combination on 
biogas production. The feedstock combination ratios were selected primarily 
based on previous research indicating that adding FOG at a rate of 10% - 30% of 
the total digester feed to two full-scale wastewater anaerobic digesters increased 
biogas production by 30% - 80% [41] [52]. Furthermore, a 50% inoculum ratio 
was maintained across all mixtures within the working volume for simulating a 
realistic scenario where a full-scale anaerobic digester at a wastewater treatment 
plant typically operates at 50% - 80% capacity. At this inoculum level, adequate 
microbial biomass will be present to degrade the substrates while maintaining a 
headspace of 400 mL in all the 500 mL serum bottles for safe and efficient biogas 
collection. 

 
Table 1. List of specific mixtures tested. 

Sample Type Ratio 
Volume (mL) 

Inoculum TWAS FOG HSW Total 

Control Blank 100Sa 100 0 0 0 100 

TWAS Only 100TWASb 0 100 0 0 100 

TWAS/FOG 50S:40TWAS:10FOGc 50 40 10 0 100 

TWAS/HSWd 50S:40TWAS:10RAe 50 40 0 10 100 

TWAS/FOG/HSW 50S:30TWAS:10FOG:10RA 50 30 10 10 100 

aS: anaerobic digestate; bTWAS: thickened waste activated sludge; cFOG: fats, oils, and grease; dHSW: high-strength waste; eRA: red 
apple juicing waste residuals. 

 
Mixtures were prepared in duplicate in 300 mL beakers and then transferred to 

a 500 mL serum bottle with a working volume of 100 mL and headspace of 400 
mL. Therefore, two serum bottles were used for each ratio for reproducibility of 
the results in the batch bioassay tests. Prior to incubation, alkalinity, pH, and vol-
atile acids of all the mixtures were measured. The volatile acids/alkalinity ratio of 
all mixtures was found to be greater than 0.3. Therefore, approximately 2 grams 
of sodium bicarbonate powder were added in all mixtures before incubation, and 
the ratio of volatile acids/alkalinity was brought to within 0.1 - 0.3. Subsequently, 
N2 gas was used to purge the headspace of each serum bottle for at least 1 minute 
to create anaerobic conditions. After purging, an aluminum cap with rubber sep-
tum was immediately secured over the serum bottle using a specialized crimping 
tool. Serum bottles were then partly submerged in a water bath and incubated at 
35˚C ± 0.5˚C (Figure S1(a) (supporting information)). Bottles were manually in-
verted ten times per day during the incubation period to ensure adequate contact 
between microorganisms and the substrate, facilitate uniform distribution of 
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temperature, and prevent scum formation, solids deposition, and accumulation of 
toxic compounds. 

Biogas sample duplicates were collected periodically using an 18-gauge, 1.5-
inch needle attached to a 550 mL plastic syringe (Figure S1(b) (supporting infor-
mation)). The 550 mL capacity plastic syringe was selected with respect to the 500 
mL capacity serum bottle to accommodate for the full biogas volume expected to 
be produced in each measurement interval minimizing the need for repeated 
withdrawals of the biogas from the headspace of each serum bottle. The syringe 
was tightly fitted to a 2 micron syringe filter via an adapter to trap any water vapor 
in the biogas to ensure accuracy in biogas volume and composition measurements. 
The filter assembly was then connected to the needle. Afterwards, the needle was 
used to pierce through the rubber septum and the plunger was allowed to move 
freely until the internal pressure was neutralized and the plunger stopped moving, 
indicating that equilibrium was reached. The volume of biogas collected was then 
recorded from the graduated marks of the syringe. Syringe collection of biogas is 
flexible, economical, convenient and easy to set up with minimal biogas loss. Bio-
gas samples were then injected into a portable biogas analyzer (LandGEM 5000+), 
and the biogas composition in percent by volume (CH4, CO2, and O2) was rec-
orded. The instrument was purged with ambient air and then calibrated daily us-
ing specialty calibration gas with composition of 50% CH4, 35% CO2, and 15% N2. 

2.3. Siloxane Measurement 

Siloxanes were analyzed by a certified laboratory (Atmospheric Analysis & Con-
sulting, Inc.) using GC/MS in accordance with EPA Method TO-15M, which de-
fines the performance criteria of sampling and analysis of volatile compounds in 
air contained in sample canisters. Once per run, biogas samples were withdrawn 
from the digesters as described in Section 2.2 and then transferred to sample col-
lection canisters via suction using tubing connected to a filter to trap any water 
vapor present and reduce interference from any trace constituents.  

2.4. CoEAT Model 

The co-digestion economic analysis tool (CoEAT) is an Excel-based framework 
designed by USEPA (2010) to assess the preliminary economic feasibility of pro-
posed anaerobic co-digestion. The CoEAT model calculates fixed and recurring 
costs, solid waste diversion savings, capital investment, and expected biogas pro-
duction and energy value [53] based on user-provided input. The model considers 
feedstock availability, capital investment, food waste collection capacity, transpor-
tation distances, number of personnel required, average labor cost in the service 
area, and feedstock moisture content. Additionally, the model accounts for di-
gester sizing, solids retention times, digester capital costs, operation and mainte-
nance requirements, and financial data. 

In this research study, the CoEAT model was run for two scenarios: 1) a me-
dium-sized wastewater treatment plant (10 - 30 MGD capacity) receiving 10 
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tons/day of supplemental food waste but without co-generation capability and 2) 
a larger-sized wastewater treatment plant (>30 MGD capacity) receiving 20 
tons/day of supplemental food waste with an existing co-generation plant. Addi-
tionally, the cost of co-digestion on a per ton basis was determined manually by 
considering the total capital cost, total operating cost, revenue earned from re-
placing grid-supplied electricity with biogas electricity generation and avoided 
landfill tipping fees, as well as revenue earned from implementing a food collec-
tion fee in the service area. Table 2 shows the input parameters considered to 
perform the initial economic feasibility assessment using CoEAT model for both 
the medium-sized and larger-sized wastewater treatment plants.  

 
Table 2. Input parameters provided to the CoEAT model for both medium-sized and larger-sized wastewater treatment plants 

Input item Input value for scenario 1 Input value for scenario 2 

Number of digesters 
3 primary (2 operational, 1  

redundant), 1 secondary 

2 primary (operating);  
2 secondary (operating);  

1 redundant 

Custom feedstock audit 
10 tons/day (5 tons/day per  
digester as specified by the 

plant) 

20 tons/day (900 tons of  
food waste generated daily,  
2% diverted = 20 tons/day 

Percent of rejected food waste due to contamination 0.0 0.0 

Diameter of the digester 80 feet 65 feet 

Height of the digester 23 feet 34 feet 

Average wastewater flow 14 MGD 21 MGD 

Effective operating capacity 80% 

Biogas Production Rate To be determined experimentally 

In the absence of co-digestion does your food waste goes to  
landfill 

yes 

Capital cost of the feedstock collection trucks $100,000 [54] 

How many tons does your typical food waste pickup truck hold 16 tons (80% of 20-ton truck) 

The landfill tipping fee in the service area $42 (specific to the county) 

The tipping fee at the digester $0 

The average number of miles for each roundtrip for each truck  
to complete a food waste pickup and delivery to the digester 

88 miles 77 miles 

The average number of miles for each roundtrip to dispose of  
the biosolids (landfilled or land applied) 

70 miles 60 miles 

Will digester biosolids waste be landfilled? no 

Will digester biosolids waste be land applied? yes 

Feedstock access costs in the service area $0.0 

https://doi.org/10.4236/jep.2025.162008


S. Sharmin et al. 
 

 

DOI: 10.4236/jep.2025.162008 159 Journal of Environmental Protection 
 

Continued  

Feedstock pre-processing cost based on tons/day $91 per ton per day 

Average labor cost in the service area 
$31 per hour (service area-specific rates (e.g., supervisor,  

laborer, driver) 

Number of full-time personnel needed to support feedstock  
acquisition and digester operations 

8 (6 at the plant (2 per shift), 1 at the transfer station,  
1 driver) 

Consumer Price Index in the service area 1.1% 

Discount rate used for investments 3.0% 

Finance rate used for investments (for a period of 15 years) 5.0% 

Annual operation and maintenance cost of the digester $120,000 $150,000 

Organization’s current electricity costs $0.16 kWh $0.12 kWh 

Organization’s current natural gas costs $13.66 MMBtu (nationwide) 

Ancillary equipment costs 1,413,700 (default values) 

 
The average number of roundtrip miles per collection truck to complete a food 

waste pickup and delivery was determined using Equation (1). The average num-
ber of roundtrip miles to dispose of the biosolids (landfilled or land applied) was 
calculated using Equation (2), as follows. 

( )food food plant-to-stationD R D 2= + ×                     (1) 

biosolid plant-to-biosolidD 2 D= ×                       (2) 

Dfood represents average roundtrip distance for collecting and transporting food 
waste to the digester (in miles), Rfood represents the average radius of the service 
area, Dplant-to-station denotes the distance between the wastewater treatment plant and 
the transfer station (in miles). Dbiosolid denotes the average roundtrip distance for 
biosolids disposal (in miles) and Dplant-to-biosolid is the distance between the 
wastewater treatment plant and the biosolids processing or disposal site (in miles) 

The food waste preprocessing costs at the digester location and transfer station 
were estimated to be $91 per ton per day [55], considering the costs associated 
with preprocessing, which includes receiving stations, pumps, heaters, odor con-
trol, piping, and grinders, etc. Lastly, default values were used for the ancillary 
equipment costs incorporated during the modeling scenarios. 

3. Results and Discussion 
3.1. Summary of Waste Characterization Parameters for Individual 

Feedstock 

Table 3 summarizes the physical and chemical characteristics of each feedstock 
tested. The FOG and fruit juicing waste residuals were acidic with low to no alka-
linity. The inoculum, thickened waste activated sludge, and FOG had low C:N 
ratios (20-30:1 is ideal for anaerobic co-digestion [27]). For efficient anaerobic co-
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digestion to occur, a substrate with a low C:N ratio, such as FOG, should be co-
digested with a feedstock that has a high C:N ratio [46]. Red apple juicing waste 
residuals had the highest C:N ratio (135) among the high-strength organic waste 
feedstocks tested. Even though lemons had C:N ratio of 30, the presence of citrus 
acid and D-limonene, an antimicrobial agent present on the lemon peels are toxic 
to microbial cells during AD, resulting in catastrophic failure of the digester [56]. 
On the other hand, kale and cucumber had C:N ratios below 10 indicating unsuit-
ability of these feedstocks as an AD additive. Therefore, selecting a mixture of fruit 
waste might have reduced the methane yield. The selection of abundant, locally 
available red apple waste as a sole fruit waste residual reduced the variability in 
the AD process, ensuring consistency and reproducibility in the methane yield 
results and the influence on pH and VFAs, such that the measured methane pro-
duction rate can be attributed to red apple waste’s specific characteristics. Besides, 
preliminary studies were conducted on red apple, pear, and lemon juicing waste 
residuals, which indicated that red apple waste had the highest methane produc-
tion potential (523 mL/gVS) compared to pear waste (325 mL/gVS) and lemon 
waste (30 mL/gVS) [55]. Therefore, the selection of red apple waste for the batch 
bioassay tests was based on prior experimental evidence demonstrating superior 
performance and its distinctive properties (C:N ratio of 135). 
 

Table 3. Characteristics of anaerobically digested sewage sludge (inoculum), TWAS, FOG, and different fruit waste juicing residuals. 

Parameter Inoculum 
Thickened Waste  
Activated Sludge 

(TWAS) 

High-Strength Organic Waste Feedstocks 

FOG Lemons Kale Cucumber 
Green 
Apple 

Pear 
Red 

Apple 

pH 7.79 7.78 5.47 3.10 5.33 5.45 4.09 3.96 4.40 

Alkalinity 
(mg/L as CaCO3) 

16,700 10,400 1150 N/A 50 75 <50 <50 <50 

Total Volatile Acids 
(mg/L as CH3COOH) 

2070 3324 1285 1958 1063 678 945 1163 1065 

Ammonia  
(mg/L as NH3-N) 

210 34 17 70 25 19 60 61 16 

Chemical Oxygen  
Demand (mg/L as O2) 

3000 3300 600 15,000 3000 1700 8300 12,000 7900 

Total Nitrogen 
(mg/L as N) 

420 2820 42 184 142 84 60 60 22 

Total Solids 
(% wet weight) 

1.90 4.70 0.20 1.43 0.92 1.47 1.95 1.33 1.36 

Volatile Solids 
(% total solids) 

74 77 96 97 99 95 99.6 96 97.5 

C:N ratio 2.7 0.4 5.4 30 7.9 7.6 52 75 135 

https://doi.org/10.4236/jep.2025.162008


S. Sharmin et al. 
 

 

DOI: 10.4236/jep.2025.162008 161 Journal of Environmental Protection 
 

While we acknowledge that a mixed fruit waste approach could provide a 
broader spectrum of analysis and a more realistic scenario, our goal was to en-
hance methane yield while maintaining uniformity in substrate composition. 
Moreover, this study provides a comprehensive analysis of the behavior of red 
apple waste during anaerobic digestion, disseminating useful baseline data for fu-
ture studies when mixed fruit waste will be employed as a comparative feedstock. 
Additionally, none of the feedstocks had toxic levels of ammonia (>3000 mg/L as 
NH3-N; [26]). 

3.2. Monitoring of Chemical Parameters and Stability of Batch  
Biomethane Potential Tests 

3.2.1. Variation in Chemical Oxygen Demand (COD) Over the Incubation 
Period 

Figure 2 shows the variation in COD levels of different mixtures over time. On 
day 7, the COD values of all mixtures increased, including controls attributed to 
hydrolysis and solubilization of particulate organics that increased the bioavaila-
ble organic content and stimulated microbial growth. The COD of the 100% in-
oculum fluctuated throughout the incubation period but tended towards stabili-
zation. Beyond 42 days, the mixtures generally experienced a decline in the rate of 
organic consumption, indicating evidence of stabilization. 

 

 
Figure 2. Variation in COD (mg/L as O2) of the mixtures monitored over 63 days. 

3.2.2. Variation in Ammonia Over the Incubation Period 
Figure 3 shows the variation in ammonia over time. In general, ammonia con-
centration increased due to the hydrolysis of nitrogen-bound organic molecules, 
resulting in ammonia release. Proteins are large organic macromolecules created 
from building blocks of amino acids linked by peptide bonds. During the hydrol-
ysis stage of anaerobic digestion, larger protein molecules are decomposed into 
polypeptides and simpler amino acids that undergo further degradation to form 
volatile fatty acids, carbon dioxide, hydrogen, and ammonia [36]. Nevertheless, 
throughout the incubation period, ammonia levels in the control and all other 
tested mixtures remained below the toxic threshold limit (~3000 mg/L as NH3-N; 
[26]). A full-scale anaerobic digester typically operates with an SRT of 30 days, 
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and Figure 3 suggests that the ammonia concentrations in all mixtures tested were 
well below the inhibitory level after an incubation period of 28 days. The observed 
increase in ammonia concentrations at SRT > 42 days could be attributed to cell 
lysis, releasing cellular proteins and nucleic acids that served as an additional ni-
trogen source similar to the phenomenon observed by Chuchat and Skolpap 
(2015) [57] during anaerobic digestion of waste activated sludge. 

 

 
Figure 3. Variation in ammonia (mg/L as NH3-N) of the mixtures over 63 days. 

3.2.3. Variation in Total Nitrogen (TN) over the Incubation Period 
 

 
Figure 4. Variation in total nitrogen (mg/L as N) of the mixtures over 63 days. 

 
Figure 4 shows the variation in total nitrogen measurements over the incuba-

tion period carried out on the slurry and includes the particulate organic matter. 
Unlike the carbon content that decreases after the digestion due to the conversion 
of organics into methane, the total nitrogen content remains relatively constant as 
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the speciation may change. As expected, the total nitrogen content remained rel-
atively stable across all mixtures and controls, with fluctuations observed specifi-
cally in the TWAS control. Figure 4 shows that the TWAS control had higher TN 
values compared to the feedstocks that contained high-strength organic wastes. 

3.2.4. Variation in Alkalinity Over the Incubation Period 
Figure 5 shows the variation in alkalinity over time. For mixtures with 10% FOG, 
alkalinity decreased until day 21. On day 7, the alkalinity fell below the minimum 
recommended alkalinity level (5000 mg/L as CaCO3) inside the digester in one of 
the duplicate samples containing 10% FOG and 10% red apple juicing waste re-
siduals. The decrease might be attributed to the rapid degradation of soluble or-
ganic sugars into volatile acids. However, the pH and alkalinity values of the mix-
ture later recovered and remained stable, possibly because ammonia was released 
as digestion continued.  

 

 
Figure 5. Variation in alkalinity (mg/L as CaCO3) of the mixtures monitored over 63 days. 

3.2.5. Variation in Volatile Fatty Acids (VFAs) over the Incubation Period 
Figure 6 summarizes the variation in volatile acids monitored over 63 days. The 
concentration of volatile acids in all mixtures increased and peaked on day 21, 
indicating that the consumption rate of volatile acids was lower than the genera-
tion rate until day 21. The inoculum, already in a nearly stabilized condition, had 
a relatively constant concentration of volatile acids, indicating negligible methane 
production over the incubation period. As seen with COD, an extended lag phase 
was observed with VFAs for the mixtures containing 10% FOG. This delay was 
likely due to the time required for the digested sludge to acclimate to the complex 
10% FOG added to the digesters, rather than to methanogenesis inhibition caused 
by souring from a rapid buildup of volatile acids, as the digestion process eventu-
ally recovered. 

Figure 7 describes the variation in the volatile acids/alkalinity ratio over time. 
Initially, the value climbed until day 28, when nearly all mixtures exceeded the 
optimal range of 0.1 - 0.3 [25], presumably because hydrolysis and acidogenesis 
were primarily taking place. On day 42, the ratio of almost all mixtures, including 
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100% TWAS, dropped below 0.3, indicating a delayed onset of methanogenesis 
until day 28. Consequently, the elevated ratios observed earlier in the process were 
likely due to the acclimation time of the microbes to the substrates, with no im-
pending digestion failure expected.  

 

 
Figure 6. Variation in volatile acids (mg/L as CH3COOH) of the mixtures monitored over 
63 days. 

 

 
Figure 7. Variation in volatile acids/alkalinity ratio of the mixtures over 63 days.  

3.2.6. Variation in pH over the Incubation Period 
The pH is a primary factor that can indicate the stability of the anaerobic co-di-
gestion process. Figure 8 illustrates the variation in pH over time. The pH re-
mained stable in the range of 7.5 - 8.5 for the duration of the incubation period. 
No attempt was made to optimize the bicarbonate addition, but the level can likely 
be reduced since no signs of souring were observed in any of the experiments. 

3.2.7. Variation in Volatile Solids Reduction over the Incubation  
Period 

Figure 9 summarizes the reduction of volatile solids (%) in the mixtures moni-
tored over time. Unlike other parameters, volatile solids were measured only on 
days 14, 42, and 63. Despite this limitation, the selected time intervals effectively 
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captured the trend in volatile solids reduction, allowing for meaningful interpre-
tation of the results. The volatile solids decreased by a maximum percentage 
(~85%) for the mixture containing 10% FOG and 10% red apple juicing waste 
residuals within 63 days of incubation. After day 42, the reduction of volatile solids 
in the mixtures leveled off, indicating stabilization of the digestion process. Mean-
while, the mixture containing 10% FOG as the single substrate reduced volatile 
solids by 80.5%. Furthermore, except for the mixture containing 10% FOG com-
bined with 10% red apple juicing waste residuals, slight differences were observed 
in the volatile solids reduction between 42 and 63 days for the other mixtures. The 
discrepancy may be attributed to differences in microbial density between the re-
spective mixtures on day 42 and day 63.  

 

 
Figure 8. Variation in pH of the mixtures monitored over 63 days. 

 

 
Figure 9. Variation in volatile solids reduction (%) of the mixtures over the incubation 
period. 
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3.3. Cumulative Biogas Production Yield 

Figure 10 summarizes the variation in cumulative biogas yield over 63 days incu-
bation. Until day 21, the mixture containing red apple juicing waste residuals pro-
duced more biogas compared to controls and those containing FOG. This indi-
cates the presence of more readily biodegradable soluble carbohydrates. After 21 
days, a linear increase in biogas production was observed for the mixture contain-
ing 10% FOG and 10% red apples, suggesting a lag phase of approximately 21 days 
for biogas production for mixtures with FOG. The observed lag phase may be at-
tributed to the inhibitory effects of LCFAs produced during the degradation of 
lipids in FOG. It took time for the anaerobic microbial community to acclimate 
to the complex FOG substrate and its hydrolysis products.  
 

 
Figure 10. Variation in cumulative biogas production yield (mL/gVS) of the mixtures 
monitored over 63 days. 
 

The observed lag phase aligns with findings from Usman et al. (2020) [58], who 
reported a 25-day lag phase during anaerobic digestion of FOG, attributed to the 
initial presence of LCFAs. In the current study, the lag phase was likely caused by 
physical transport limitations of LCFAs rather than metabolic inhibition. Addi-
tionally, insufficient nitrogen purging might have resulted in extending the lag 
phase by leaving residual oxygen in the headspace, potentially affecting initial mi-
crobial activity. Other factors, such as LCFA concentration, inoculum character-
istics, and temperature fluctuations, could also have influenced the duration of the 
lag phase. To mitigate this delay, future studies could explore strategies such as 
inoculum pre-acclimation, improved nitrogen purging, and bioaugmentation 
with LCFA-degrading microbes. 

Despite the lag phase, Figure 10 shows that the mixture containing 10% FOG 
had a biogas yield of 453 mL/gVS after 63 days, while the mixture containing 10% 
FOG along with 10% red apple juicing waste residuals demonstrated an even 
higher biogas yield of 492 mL/gVS. This yield was 2 - 3 times higher than the 
controls (e.g., no FOG or fruit waste) and also surpassed the mixture containing 
only 10% red apple waste (369 mL/gVS). These findings align with Abdallah et al. 
(2022) [59], who noted that lipid-rich substrates can achieve higher methane 
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yields but often exhibit slower hydrolysis kinetics. Similarly, Xue et al. (2019) [60] 
highlighted a positive correlation between biogas production and lipid content in 
the digester medium. 

Although biogas yield trends indicate a lag phase and microbial acclimation, a 
detailed analysis of the microbial interactions responsible for biogas production 
and process stabilization was beyond the scope of this study. However, the perfor-
mance and stability of anaerobic digestion are directly related to the microbial 
composition involved in the process [61]. Future studies incorporating meta-
genomic analysis and microbial sequencing could elucidate microbial diversity, 
community composition, and functional interactions, particularly those involved 
in LCFA degradation and syntrophic relationships between fermentative bacteria 
and methanogens. This would provide deeper insights into their roles in anaerobic 
co-digestion and enhance our understanding of biogas production dynamics dur-
ing co-digestion. 

3.4. Cumulative Methane Production Yield 

Figure 11 shows the variation in methane yield over time and demonstrates that 
the feedstock composition plays a vital role in anaerobic co-digestion perfor-
mance. The highest recorded methane yield (280 mL/gVS with 55% methane) was 
obtained for the mixture containing 10% FOG and 10% red apple juicing waste 
residuals on day 63, after exhibiting a lag phase of 21 days (Figure 11). The me-
thane yield of the inoculum stayed below 50 mL/gVS throughout the incubation 
period. The methane yield of the mixture containing 10% FOG as the sole sub-
strate started to increase after day 21 and attained stabilization within 63 days with 
a methane yield of 243 mL/gVS with 53% methane compared to the highest me-
thane yield of 201 mL/gVS obtained by Mahat et al. (2020) [36] after SRT = 54 
days by mixing substrate rich in lipid content with anaerobic digestate in equal 
amounts.  
 

 
Figure 11. Variation in methane yield (mL/gVS) of the mixtures monitored over 63 days. 

 
It is anticipated that increasing the percentage of FOG (>10%), regardless of 

whether fruit juicing waste residuals were added, will extend the observed lag 
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phase (>21 days) as the microorganisms need to adapt and degrade even higher 
concentration of complex LCFAs produced from the hydrolysis of FOG [55] [58] 
[62]. LCFA intermediates are known inhibitors of nutrient transport and enzyme 
activity and can damage cell membranes and lead to biomass flotation due to co-
agulation [11] [55] [63]. While this study focused on a 10% FOG loading rate to 
balance substrate availability and process stability, further research at higher FOG 
loadings (>10%) or on optimizing the FOG-to-fruit waste ratio is recommended 
to better evaluate microbial adaptation and system performance during process 
scale-up. Specifically, future studies could increase FOG loading rates from 10% 
to 30%, while varying fruit waste ratios to observe their influence on methane yield 
without compromising the process stability. Such research would provide valua-
ble insights for scaling up anaerobic digestion systems to handle high-strength 
organic waste streams in industrial settings. Despite this, FOG addition increased 
methane yield more than simply adding red apple juicing waste residuals alone 
since FOG lipids typically have a higher energy density (700 - 1430 mL CH4/gVS; 
[64]) than carbohydrates from fruit waste (160 - 350 mL CH4/gVS; [65]). Figure 
11 shows that replacing 10% of red apple juicing waste residuals with 10% of FOG 
increased the methane yield from 158 mL/gVS to 243 mL/gVS.  

Conversely, Figure 11 also shows that using red apple juicing waste residuals 
as the sole substrate resulted in a higher methane yield of 158 mL/gVS compared 
to the TWAS control (133 mL/gVS). This difference can be attributed to the pres-
ence of complex extracellular polymeric substances with low biodegradability in 
the TWAS control, making it resistant to anaerobic co-digestion, resulting in re-
duced methane production [66]. In contrast, the presence of 10% red apple juicing 
waste residuals in the waste slurry, with its aqueous composition and simpler 
structure, enhanced the biodegradability and made it easier for the microbial 
fauna to access the soluble sugars (fructose, sucrose, glucose, and sorbitol) and 
increase methane yield. However, the rapid exhaustion of these readily accessible 
carbon sources might have resulted in the marginal observed increase in the me-
thane yield compared to the TWAS control. 

An interesting observation was that the combination of red apple juicing waste 
residuals and FOG resulted in the highest methane yield measured (280 mL/gVS), 
twice as much as the TWAS control. The mix of nitrogen-rich TWAS with lipid-
rich FOG and carbohydrate-rich fruit juicing waste residuals of the red apple va-
riety were compatible and increased the methane yield. The simple sugars present 
in the fruit juicing waste residuals may have provided more bioavailable carbon 
to increase the microbial growth rates supported by the presence of high energy 
density lipids from the FOG. The red apple waste offered rapidly digestible carbo-
hydrates as an energy source, thereby increasing the biogas production rate and 
improving the reaction kinetics. Meanwhile, FOG’s lipid content provided a 
slower released, more sustained source of carbon. Together, these two substrates 
created a more stable process and continuous methane production. Additionally, 
adding 10% red apple waste slurry might have aided in physically dispersing the 
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FOG more evenly inside the digester, thereby increasing the bio accessibility of 
FOG for degradation. In addition, the presence of red apple waste likely en-
hanced the microbial diversity and density, increasing the robustness of the di-
gestion process. Therefore, the combined recipe created an environment favora-
ble for methanogenic growth by enhancing buffering capacity, diluting potential 
toxins, providing essential nutrient supplementation, and establishing more bal-
anced conditions for anaerobic co-digestion. Figure S2 shows that the combined 
mixture (50S:30TWAS:10RA:10FOG) produced more methane compared to a 
similar study conducted by Mahat et al. (2020) [36], who used feedstock contain-
ing food processing wastewater (FPW) and anaerobic sludge mixed at a ratio of 
1:1 (50 mL:50 mL) with a value of 201 mL/gVS.  

3.5. Siloxane Results 

High-strength organic substrates, such as fruit juicing waste residuals, are gener-
ally not expected to generate siloxane compounds, precursors, or derivatives dur-
ing anaerobic co-digestion. This inference is based on the fact that siloxanes are 
typically used in personal care products and industrial applications, such as fuel 
additives and antifoaming agents [67], which are unlikely to be present in fruit 
waste streams. However, there are various pathways through which siloxane com-
pounds can contaminate feedstock—for example, siloxane-containing pesticides 
or siloxane-based cleaning agents. Figure 12 summarizes the total siloxane con-
centration and the concentration of octamethylcyclotetrasiloxane (D4) in the bi-
ogas of several mixtures after 30 days of co-digestion under mesophilic conditions. 
D4 and D5 are the most prevalent form of siloxanes in biogas, which typically 
comprise 90% of the total siloxanes in biogas [68]. D4 comprised approximately 
60% of the total siloxanes in this study.  
 

 
Figure 12. Concentration of octamethylcyclotetrasiloxane (D4) in comparison to total siloxane concentration of the 
mixtures (mg/m3). 
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Figure 12 shows that all siloxane levels measured in this study were below 2 
mg/m3, which did not exceed the emission limit for internal combustion engines 
(15 mg/m3) or thermoelectric units in Germany (6 mg/m3). However, all biogas 
samples analyzed had siloxane concentrations higher than 0.1 mg/m3, the recom-
mended limit for biogas intended to be used in turbines and fuel cells. A more 
stringent limit is established for turbines owing to their greater susceptibility to 
siloxane damage [69]. With respect to the emission limit for internal combustion 
engines (15 mg/m3), there was barely any variation in siloxane levels across the 
control and the mixtures, as the concentrations remained consistently below 2 
mg/m3, ranging from 0.8 - 2 mg/m3. D4 concentrations in all biogas samples were 
below the permissible limit of 11 mg/m3 for energy recovery systems [70]. Thus, 
addition of high-strength organic wastes for co-digestion with TWAS did not in-
crease the siloxane concentrations such that no additional costs would be expected 
for siloxane removal from co-digested derived biogas. 

3.6. CoEAT Model  

For the CoEAT model input in this study, the biogas production potential value 
was determined from the batch biodegradability tests to be 15 ft3/lb (0.94 m3/kg) 
of volatile solids destroyed obtained for the 10% FOG and 10% red apple juicing 
residuals waste slurry. The financial outputs for the two scenarios from the 
CoEAT model are summarized in Table S2. The net benefit will be positive after 
15 years, suggesting the implementation of co-digestion at an existing wastewater 
treatment plant as a long-term investment expected to have a net positive benefit 
with $39,472 and $52,488 for scenarios 1 and 2, respectively. The analysis assumes 
that 10 - 18 tons/day of food waste will be diverted from landfills. It has been re-
ported that a 10% food waste addition to the digester feed marginally increases 
sludge volume production due to the high biodegradability of food waste (volatile 
solids reduction > 85%), while a 50% addition could lead to a 24% increase in 
dried sludge mass, potentially raising operational costs and necessitating further 
analysis of increased sludge handling and disposal costs [71]. Using a 5% interest 
rate and a 15-year planning horizon, the cost per ton of food waste was determined 
to be $220/ton for scenario 1 and $114/ton for scenario 2. 

We also investigated the cost of an annual subscription service based on 50 cli-
ents providing 50 tpy of waste. For scenario 1, a $160/ton subscription yields 
+$81,000 net benefit; scenario 2, a $120/ton subscription provides +$240,000 net 
benefit. We did not account for avoided landfill air space savings (estimated 
broadly at $100 - $400/ton but varies by location, available space, and landfill age), 
flow control issues, or costs associated with an additional 20% - 25% more biosol-
ids disposal volume. 

4. Conclusion 

The results of this study revealed that co-digesting high-strength organic wastes 
could be a viable technique for the efficient management of organic wastes and 
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the production of renewable energy. Anaerobic co-digestion of high-strength or-
ganic wastes such as red apple juicing waste residuals and FOG with TWAS can 
redirect food waste from landfills while increasing biogas and methane produc-
tion. The ultimate digestibility tests showed that red apple juicing waste residuals 
alone produced more methane than the control, but FOG alone produced even 
more. Combining red apple juicing waste residuals and FOG was observed to be 
particularly advantageous in boosting the methane yield. Co-digestion of both 
waste types with TWAS enhanced the methane yield from 133 mL/gVS to 280 
mL/gVS compared to the TWAS control under mesophilic conditions with SRT 
= 63 days, with essentially no change in the siloxane concentration. Additionally, 
the comprehensive analysis of the economic factors indicates that, after a payback 
period of approximately 15 years with an interest rate of 5%, the co-digestion fa-
cility will begin generating profit, demonstrating the promising financial feasibil-
ity of implementing a food waste diversion program that takes advantage of excess 
digester capacity at an existing wastewater treatment facility at an organic diver-
sion rate of 10 - 18 tons/day from the landfills. Smaller additions of food waste 
(<10%) will result in negligible change in operational parameters. However, with 
higher food waste additions (>50%), additional operational costs must be ac-
counted for due to the greater volume of sludge production. The CoEAT model’s 
prediction of an organic diversion rate of 10 - 18 tons/day from landfills suggests 
that food waste additions to the digesters are likely to remain below 10%. While 
this is expected to result in negligible changes to operational parameters, a more 
rigorous evaluation is needed to determine the optimal food waste additions to 
the digesters, maximizing organic diversion and biogas yield while minimizing 
operational costs. This study specifically focused on red apple waste to maintain 
substrate compositional consistency and ensure a well-controlled analysis of its 
impact on anaerobic digestion. The explicit selection of high-performance red ap-
ple waste over other available fruit wastes (lemons or pears) ensured that the ob-
served influence on methane yield was directly attributable to the characteristics 
of this specific fruit waste. While this approach allowed for a comprehensive in-
vestigation of the specific feedstock, we acknowledge that the inclusion of other 
fruit wastes or mixed fruit waste streams would enhance the generalizability of 
these findings. Future studies incorporating a broader range of lipid-rich and car-
bohydrate-rich feedstocks, including mixed fruit waste streams, are recom-
mended to validate these results and further explore the potential of high-strength 
organic feedstocks for improving methane yield during anaerobic co-digestion. 
Therefore, future research should explore the variability in composition and be-
havior of different fruit wastes to establish broader applicability. 
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Supporting Information 
 

 
(a) 

 
(b) 

Figure S1. The photographs of the experimental setup. (a) Incubation of the serum bot-
tles in water bath chambers; (b) Measurement of biogas volume using 550 mL plastic 
syringe.  
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Figure S2. Histogram showing the methane yield (mL/gVS) of the two best-performing 
mixtures in this study compared to the previous work conducted by Mahat et al. (2020) 
under similar conditions.  

 
Table S1. The chemical characterization of different food waste feedstocks. 

Food Waste 
Carbohydrates 

(%) 
Proteins  

(%) 
Lipids  

(%) 

Used vegetable oil 0 0 100 

FOG from food processing 0 0.2 99.8 

FOG from restaurants 0 0.1 99.0 

Butter 3.3 13.3 83.4 

Cooked eggs 26.5 7.9 65.6 

Fish flesh (salmon) 13.7 25.0 61.3 

Fruit waste residuals 58 - 94 5.5 - 41 0.2 - 1.7 

Vegetable waste 80.8 17.8 1.4 

 
Table S2. Summaries of the CoEAT model results for two scenarios.  

Scenario 

Net Present 
Value from 

CoEAT (2010 
version) 

Per ton basis 

Client  
Subscription 

Based on 50 tpy 
per Client 

1) Medium-sized Wastewater 
Treatment Plant without an  

existing co-generation facility  
receiving 10 tpd food waste 

+$39,500 $220/ton 
+$81,000/yr. 
(50 clients 

@$160/ton) 

2) Large-sized Wastewater  
Treatment Plant with existing  

Co-generation facility receiving  
20 tpd food waste 

+$52,500 $114/ton 
+$240,000/yr. 
(120 clients 
@$120/ton) 
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