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Abstract: Food waste (FW), a major part of the US waste stream, causes greenhouse gases within
landfills, but there is an opportunity to divert FW to anaerobic digestion (AD) facilities that produce
biogas and digestate fertilizer. The composition of FW inputs to AD determines the value of these
products. This study provides insight into the effect of waste composition on the quality of AD
products by first characterizing the biogas and digestate quality of anaerobically digested FW from
four diets (paleolithic, ketogenic, vegetarian, and omnivorous), and then estimating the difference
in biogas produced from codigested FW and brewery waste (BW). Waste feedstock mixtures were
incubated in lab-scale bioreactors for 21 days with live inoculum. Biogas quality was monitored for
21–30 days in four trials. Samples were analyzed using a gas chromatograph for detection of methane
(CH4) and carbon dioxide (CO2). The composition of the waste inputs had a significant impact on
the quality of biogas but not on the quality of the digestate, which has implications for the value of
post-AD fertilizer products. Wastes with higher proportions of proteins and fats enhanced biogas
quality, unlike wastes that were rich in soluble carbohydrates. Codigestion of omnivorous food waste
with carbon-rich agricultural wastes (AW) improved biogas quality, but biogas produced from BW
does not necessarily improve with increasing amounts of AW in codigestion.

Keywords: anaerobic digestion; methane; paleolithic; ketogenic; Miscanthus × giganteus; codigestion;
organic waste; biogas; biodigestion

1. Introduction

Anaerobic digestion (AD) technology used to manage organic wastes can provide
benefits to the waste, energy, and agriculture sectors. Wastes are digested by microbes
and converted into two marketable products: renewable natural gas (RNG) and diges-
tate fertilizers. Of the 292 million US tons of waste entering landfills, 24% is comprised
of food waste (FW) that can be diverted for use in AD systems [1]. The composition of
feedstock waste greatly influences AD system performance and the quality of output prod-
ucts [2]. Large industrial AD systems consistently monitor and adjust both waste inputs
and system conditions to ensure the productivity and health of the microbial community
during digestion. Small-scale systems are more vulnerable to instability caused by variable
feedstocks [3]. It is essential to understand how FW from different sources will affect AD
products, regardless of the scale of application.

Emerging food diets result in changes to organic waste streams. Determining how
these changes will impact the quality of AD system outputs is essential information that
can assist AD operators in system management. This study analyzes how wastes from a
typical omnivorous diet digested within an AD system compares with wastes digested from
the alternative vegetarian, paleolithic, and ketogenic diets. These alternative diets have
increased in popularity and may influence household, community, or even regional organic
waste composition [4,5]. The ketogenic diet requires a composition of foods with high fat
(55–65% of energy), very-low soluble carbohydrate (<100 g/day), and high protein [5].
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The typical lacto–ovo–vegetarian diet eliminates animal meat, which creates a low fat, low
protein, and high soluble carbohydrate composition of foods [6]. The paleolithic diet has
equal parts of all organic groups but does not have processed grains, processed foods, or
dairy [7].

Another waste emerging as a management challenge in the US is from microbreweries.
The number of microbreweries has grown eight-fold in the US between 2009 and 2019 [8],
generating new waste management issues for many municipalities. Globally, the brewing
industry produces a significant amount of waste that has a high content of organic matter,
minerals, vitamins, and phenolic compounds [9]. Brewery waste (BW) is a wet mixture
of spent grain, water, trub, yeast, and other products such as fruits or diatomaceous
earth (which is used in filtration) [9]. The world consumed about 180 billion liters of
beer in 2007 [10], and 20 kg of spent brewer’s grain is left over from every 100 L of beer
produced [11]. Some breweries already utilize AD technology to convert this waste into
renewable energy at their production facilities and to drastically reduce the costs for sewer
and municipal wastewater treatment systems [12]. Spent grain can be used for animal
feed, whereas the BW trub is conventionally sent to wastewater treatment plants for
processing [4]. It is important to note which portion of BW is being used in AD studies, as
each possesses different biomethane potential [13]. Although the benefits of AD with BW
are established [14], there is demand for additional methodologies that allow small-scale
microbreweries to effectively offset their energy and waste management costs.

Codigestion, which involves combining organic wastes from different sources in AD,
provides a way to stabilize feedstock composition. This study evaluates the effect of
codigesting agricultural residues with FW and BW using agricultural waste (AW) from
Miscanthus × giganteus, an emerging advanced bioenergy crop. Miscanthus × giganteus is a
promising bioenergy crop with many environmental benefits such as low input require-
ments, high biomass yield, and less environmental impacts relative to other bioenergy crops
such a corn [15,16]. By codigesting FW products with AW, this study explores possible
synergies between bioenergy production pathways (for both biogas and biomass crops that
serve liquid or solid fuel markets). Lignocellulosic crops are comprised primarily of three
structural polymers: cellulose, hemicellulose, and lignin [17]. Hemicellulose and cellulose
can be deconstructed to sugar-like compounds [18], while lignin are structural fibers that
are more challenging to breakdown [19] and thus can end up concentrated in the post-AD
digestate product.

The purpose of this study is to measure the quality of AD outputs from different FW,
BW, and codigestions with AW. We tested eight different waste mixtures to determine
how emerging organic waste streams may impact the quality of AD outputs (biogas and
digestate) and hypothesized that wastes with greater structural carbohydrate content would
yield greater potential RNG. This work contributes to the body of knowledge available for
management and design of AD systems for communities with different organic wastes.

2. Materials and Methods

The research was conducted as a two-part study. Part One tested how FW from an
omnivorous diet (FW-O) compared to FW from the paleolithic (FW-P), ketogenic (FW-K),
and vegetarian diets (FW-V). The first step of Part One was a food waste audit. Actual food
waste discarded by diners at an Ohio University dining hall over the course of two dinners
was sorted and measured in order to create a standard of what types and proportions
of macronutrients are found within food waste streams. Food macronutrient groups
were adapted from Prescott et al. [20]. For the experimental treatments, the proportional
composition for each diet was adjusted with reference to the average dietary composition,
and foods were purchased from a local grocery store to mimic the proportional wastes (by
wet weight) for each diet. These mixture proportions can be found in Table 1 below.
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Table 1. Food Waste Treatment Components.

Paleolithic Omnivorous Ketogenic Vegetarian AW:FW 1:1 AW:FW 2:1 AW:BW 1:1 AW:BW 2:1

Feedstock
Component

Feedstock
Component

According to
Diet [7]

Included? Mass Used in
Experiment (g) ** Included? Mass Used in

Experiment (g) ** Included? Mass Used in
Experiment (g) ** Included? Mass Used in

Experiment (g) ** Included? Mass Used in
Experiment (g) ** Included? Mass Used in

Experiment (g) ** Included? Mass Used in
Experiment (g) ** Included? Mass Used in

Experiment (g) **

Sweets Sugar No - Yes 19.76 No - Yes 22.90 Yes - Yes - No - No -

Starch

Bread Whole
grain * 95.22 Yes 33.33 No - Yes 38.40 Yes - Yes - No - No -

Pasta No - Yes 33.13 No - Yes 37.70 Yes - Yes - No - No -

Breakfast Cereals No - Yes 33.79 No - Yes 36.60 Yes - Yes - No - No -

Rice No - Yes 35.50 No - Yes 37.40 Yes - Yes - No - No -

Vegetables

Potatoes No - Yes 39.35 No - Yes 41.60 Yes - Yes - No - No -

Root vegetables Yes 103.04 Yes 38.82 No - Yes 43.30 Yes - Yes - No - No -

Vegetables Yes 102.55 Yes 38.90 Low
carb 106.60 Yes 42.80 Yes - Yes - No - No -

Fruits Fruits, berries Yes 54.24 Yes 19.26 Low
carb 56.17 Yes 23.20 Yes - Yes - No - No -

Animal-
based

protein

Milk, yogurt No - Yes 8.90 Full-fat 26.70 Yes 8.90 Yes - Yes - No - No -

Cheese No - Yes 7.50 Full-fat 26.40 Yes 8.00 Yes - Yes - No - No -

Plant-based
protein

Fish, meat,
seafood, chicken

Grass-
fed 69.28 Yes 50.60 Yes 174.57 No - Yes - Yes - No - No -

Egg Yes 69.10 Yes 50.40 Yes 174.72 Yes 56.60 Yes - Yes - No - No -

Plant-based
protein

Beans, lentils No - Yes 5.10 No - Yes 5.65 Yes - Yes - No - No -

Nuts, seeds Yes 13.50 Yes 5.00 Yes 17.34 Yes 5.90 Yes - Yes - No - No -

Cooking fats No - Yes - Yes - Yes - Yes - Yes - No - No -

Total Food
Waste Yes 79.22 Yes 52.9

Beer Waste - No - No - No - No - No - No - Yes 310.91 Yes 212.8

Miscanthus - No - No - No - No - Yes 30.83 Yes 41.11 Yes 30.83 Yes 41.11

* All limitations were followed, ** Wet mass.
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For example, since vegetarians do not eat animal meat, the 20% of animal-based FW
was replaced in part by egg whites (10%), and the remaining 10% animal FW was replaced
with an evenly distributed mixture of FW from other categories. It was assumed that each
diet resulted in food waste with similar proportions as the dietary composition. Nonfood
waste, such as napkins and straw wrappers, was not measured in this study.

The mean fat, protein, soluble carbohydrate, and fiber contents were estimated for
each diet using the nutrition platform CalorieKing [21] and summarized in Table 2 below.

Table 2. Compositions of food waste mixtures.

FW-O FW-P FW-K FW-V AW:FW 1:1 AW:FW 2:1 AW:BW 1:1 AW:BW 2:1

Fat 13.8% 18.2% 36.1% 11.1% 6.9% 4.9% 5% 3.3%
Protein 19.8% 31.1% 49.3% 13.9% 9.9% 6.6% 12.3% 8.2%
Soluble

Carbohydrate 62.4% 40.1% 12.1% 70.5% 34.7% 25.4% 3.9% 4.9%

Fiber 4% 10.6% 2.4% 4.5% 2.0% 1.3% - -
Ash - - - - 1.4% 1.8% 3.1% 3.0%

Cellulose - - - - 16.2% 21.6% 25.5% 27.8%
Hemicellulose - - - - 12.3% 16.4% 23.5% 23.9%

Lignin - - - - 9.7% 13.0% 19.8% 19.7%
Unresolved

Portion - - - - 7.0% 9.4% 7.0% 9.4%

C:N ratio 14.2 10.0 6.9 19.4 19.2 27.3 12.0 13.9

Batch laboratory-scale AD reactors were constructed using 1 L mason jars. Three
replicate jars were created for each of the four food waste treatments, and the experiment
was repeated for a total of 6 replicates per FW mixture (N = 24). Synthetic FW from
each diet was ground immediately after collection into a homogenized mixture using a
custom kitchen sink disposal unit and standardized to a 10% solids content with deionized
tap water. The ground FW slurry was then combined in a 1:2 ratio with inoculum from
healthy digester effluent collected from a nearby commercial AD facility (Quasar Energy
Group; Zanesville, OH, USA). This was a volumetric ratio that was proportional to dry
volatile solids content. The experimental digestion vessels were filled to 50% volumetric
capacity, leaving half of the volume as headspace for biogas collection. The headspace
was flushed with pure N2 for two minutes each so there was no oxygen remaining in
the headspace. A series of tubes and stopcocks were installed in the sealed lids of the
jars to allow for gas sampling and the diversion of any excess biogas produced to an
external bag to avoid hazardous pressure buildup. The jars were incubated in a Thermo-
Scientific IMH100-S Incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C.
Biogas samples of 5 mL were collected and analyzed daily for each jar for 21 days using a
Bruker gas chromatograph with FID and TCD detectors for the simultaneous determination
of CH4 and CO2, respectively (Bruker Daltonics, Billerica, MA, USA).

To evaluate digestate quality, wet samples of each slurry were collected before and after
digestion for phosphorus analysis and to measure moisture content. The dried samples
were ground using a bead-beater to reduce their particle size and were analyzed in a
Costech ECS 4010 CHNSO elemental analyzer equipped with a 3m AYESEP Q 80/100
MESH column and a TCD (Costech Analytical Technologies, Inc., Valencia, CA, USA) to
measure total carbon (C) and nitrogen (N) content. These data were used to determine the
C:N ratio of the feedstock and effluent. Phosphorus was measured in Ohio University’s
Institute for Sustainable Energy and the Environment (ISEE) lab using vial tests. It was
necessary to dilute each wet sample with deionized water and filter them before phosphorus
analysis. Food waste samples had higher solids content and therefore needed to be diluted
in a 1:5 ratio, while the slurries before and after digestion were diluted in a 2:5 ratio. The
batch AD digesters were monitored daily for pressure leaks. Three experimental jars, one
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with FW-P and two with FW-V, were excluded from the results due to irreparable pressure
leaks found during the incubation period.

In Part Two of this study, FW-O and BW were codigested with AW in lab-scale batch
AD reactors using methods similar to Part One. BW trub was collected fresh from a local
microbrewery. Residues from biomass crops of Miscanthus × giganteus were collected from
the Ohio University Land Laboratory and used as AW. The FW and BW mixtures were
created with ratios of 1:1 or 2:1 codigested AW mixed with either FW or BW. These ratios
raised the C:N of the treatment mixtures closer to the optimum C:N ratios for AD [22,23].
AW was not added beyond a 1:1 ratio so AW did not become the dominant component of
any treatment mixture.

Each mixture ratio was based on the dry mass of volatile solids of each feedstock
mixture [3,24]. The AW was ground to individual particle sizes no larger than 1 cm3 using
hand shears and a 2008-Era Fellowes® C-120 20-Sheet Strip-Cut Shredder (Fellowes, Itasca,
Illinois). Four replicate digestion vessel jars were assembled with identical mixtures for
each of the four treatments. There were 16 total jars (four of each treatment) for the first
round of testing and 12 total jars (three of each treatment) for the second round of testing.
In total, there were 7 replicate jars per treatment mixture.

Liquid digestate was added to each jar until the jars were filled to 670 mL to ensure that
the jars had the exact same head space for the gases produced. The feedstock mixtures were
all comprised of 10% solids. Gas samples were collected from the jars every 2–3 days for
21 days. Gas chromatography was used to measure concentrations of CO2 and CH4 in the
samples following the same procedures described for Part One of the study. The reference
food waste against which all others were compared was FW-O, and the composition was
based on the average dietary composition of food waste in a university dining hall, as
described in Part One.

Overall, the experimental design includes the following treatments: FW-O (n = 6),
FW-P (n = 5), FW-K (n = 6), FW-V (n = 4), AW:FW 1:1 (n = 7), AW:FW 2:1 (n = 7), AW:BW
1:1 (n = 7), and AW:BW 2:1 (n = 7).

2.1. Statistical Analysis

A Shapiro–Wilk test for normality was applied to the dataset for the average CH4
produced by the treatments, and the data were not normally distributed. A Kruskal–Wallace
test first found that there was a significant difference between the treatments in this study.
A Whitney–Mann U test was then applied to determine which treatments differed from
one another significantly in average CH4 output.

A Shapiro–Wilk test for normality was applied next to the dataset for the peak CH4
concentrations produced by the treatments, and all of the treatments other than AW:BW 2:1
had a normally distributed data range. For the treatment comparisons, an Independent
t-Test was then applied to assess which treatments differed significantly from one another
in peak CH4 output. For comparisons regarding the AW:BW 2:1 treatment data set, a
Whitney–Mann U test was applied instead.

Digestate quality was assessed based on the C, N, and phosphorus concentrations of
the effluents, although no formal standards have been set to define a digestate fertilizer
quality based on nutrient contents [25]. One-way ANOVA was used to determine significant
differences in elemental concentrations and C:N ratios between treatments and overall
differences in average elemental concentrations and C:N ratios over the entire measurement
period between treatments.

3. Results
3.1. Methane Outputs of Various Waste Treatments

The waste treatments yielded significantly different biogas quality, as measured by
average daily CH4 output and average peak CH4 output (see Table 3; Figure 1).



Energies 2022, 15, 1538 6 of 13

Table 3. Full experiment ANOVA of treatment differences for biogas quality. (There were 50 total
different AD reactors jars for this study. The peak CH4 measurement for each individual jar reactor is
reflected in this table. The daily average CH4 concentration for a treatment in a particular incubation
round was assessed within 212 sampling sessions, which is also reflected here in Table 3).

N DF 1 DF 2 F-Value Sig. Null

Daily Average CH4 212 7 204 45.703 <0.001 Rejected
Peak CH4 50 7 42 3.487 0.005 RejectedEnergies 2022, 15, x FOR PEER REVIEW  6  of  13 
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Figure 1. Average and peak methane concentrations produced by different anaerobically digested
waste feedstock mixtures. Different letters indicate a statistical difference between treatment groups
within each methane variable, and error bars represent standard error (See Section 2.1 for Statistic
Analysis).

The FW-K treatment produced the highest quality biogas with a daily average of 52.6%
CH4 over the 21-day incubation period. By this measure, FW-K performed 53.8% better
than the next highest performing treatment of AW:FW 2:1. FW-K also produced the highest
average peak quality biogas of 71.0% CH4. This was 17.8% higher than the second-best
average peak performing treatment of AW:BW 1:1. Overall, FW-K produced a significantly
higher quality biogas than all other treatments and also produced significantly higher peak
methane than all treatments except AW:BW 1:1. The treatment AW:FW 2:1 produced the
second highest biogas quality and the third highest average peak CH4 of 51.1%. Average
biogas quality and peak CH4 for the second- and third-best performing treatments AW:BW
1:1 and MW 2:1, respectively, were not significantly different (p > 0.05).

FW-V had the lowest performance of all treatments by measure of average biogas
quality and average peak biogas quality. FW-V produced biogas with an average of 11.3%
CH4. FW-V also produced the lowest quality biogas peak with an average of 30.0% CH4.
FW-V also performed significantly worse than AW:FW 2:1, FW-P, and AW:BW 1:1. The
treatments AW:BW 2:1 and FW-O performed only marginally better than FW-V, producing
a biogas with an average CH4 of 12.5% and 12.6%, respectively. AW:BW 2:1 outperformed
FW-O for peak CH4 production, with an average biogas peak of 46.5% CH4, in contrast
to the average peak of 31.0% CH4 for FW-O. AW:FW 2:1 performed significantly better
than FW-O (p < 0.05). AW:FW 2:1 performed significantly better that AW:BW 2:1. The



Energies 2022, 15, 1538 7 of 13

treatment FW-K produced CH4 peaks that were significantly higher than all treatments,
except AW:BW 1:1. Both AW:FW 2:1 and AW:BW 1:1 produced significantly greater peak
biogas than both FW-V and FW-O (p < 0.05).

There is higher variation in average and peak CH4 produced among FW-treatments
without AW residues than there was between treatments with AW residues. The average
of daily CH4 in the FW treatments without AW is 24.0%, with the difference between the
highest (FW-K) and lowest (FW-V) treatment being 41.3%. The average biogas quality for
the FW treatments with AW was 19.3% CH4, with a difference between the highest and
lowest performing treatments of 11.8%. The FW treatments without AW had a maximum
of 71.0% CH4 and a minimum of 11.3% CH4. The treatments with AW had a maximum of
58.3% CH4 and a minimum of 40.26% CH4.

With the treatment FW-O as a reference, Figure 2 depicts the temporal dynamics of
biogas quality (percent CH4) in the FW-K treatment and the AW:BW 1:1 treatment, the two
treatments with the highest quality biogas. Although the AW:BW 1:1 treatment did not
have significantly different average CH4 concentration peaks than FW-K, the performance
of this feedstock was much more variable. The AW:BW 1:1 feedstock performance was
also much more variable than the FW-O feedstock. The BW treatments generally declined
in performance after 14 days, while the FW treatments continued to produce CH4 until
the end of the study at day 21. The BW treatments did not maintain consistent biogas
production, unlike the FW treatments.
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3.2. Macronutrient Trends

Food waste mixtures comprised of greater proportions of fat, proteins, and structural
polysaccharides (cellulose and hemicellulose) generally yielded biogas with a greater
proportion of CH4, while mixtures with soluble carbohydrates did not perform as well
(Figure 3). Fats, proteins, and structural polymers appear to have a balancing effect on
biochemical reactions in AD, while high soluble carbohydrate content does not yield
sustained biogas quality.
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The best performing treatment, FW-K, had the highest amount of both fats and proteins,
as well as below average amount of soluble carbohydrates. The next best performing
treatments were AW:FW 2:1 and AW:BW 1:1, which produced biogas with an average of
24.3% and 22.7% CH4, respectively. Both of these treatments had above average structural
carbohydrate content, as well as below average soluble carbohydrate content (Figure 3).
In addition, these treatments had below average amounts of protein and fats and some
of the highest amounts of structural carbohydrates of the treatment groups, which likely
contributed to their enhanced biogas quality. The next two best performing treatments
were FW-P and AW:FW 1:1, which produced biogas with an average of 19.3% and 17.8%
CH4, respectively. FW-P had above average protein and fat content but also above average
soluble carbohydrate content. AW:FW 1:1 had below average protein and fat content
but above average structural carbohydrate, as well as soluble carbohydrate content. The
next best performing treatment was FW-O, producing biogas with an average of 12.6%
CH4. FW-O contained slightly above average protein and fat contents and no structural
carbohydrates.

When comparing FW-O to the codigested treatments, another trend emerges. The
codigestions of AW:FW 2:1 and AW:FW 1:1 compared with the reference FW-O indicate that
structural carbohydrates play an incrementally larger role in improving biogas quality than
fats and proteins. Conversely, increasing proportions of soluble carbohydrates may reduce
biogas quality, but some fat and protein is required to maintain biogas. The AW:BW 2:1
treatment is second to last in performance with an average of only 12.5 % CH4. Although
AW:BW 2:1 has low protein and fat content, it has high structural carbohydrate content and
low soluble carbohydrate content.

Unlike the codigested FW, the BW did not perform better with a higher proportion
of codigested AW. BW with less AW had a higher protein and fat content and a lower
soluble carbohydrate content. AW:BW 2:1 did have 5.3% more structural carbohydrates
than AW:BW 1:1, but this did not outweigh the effect of the macronutrients. The lowest
performing treatment was FW-V, producing biogas with an average of 11.3% CH4. In align-
ment with predominant trends, the vegetarian treatment had no structural carbohydrates,
and the highest content of soluble carbohydrates (being 70.5% of vegetable composition).

3.3. Digestate Quality Results

There were no significant differences in C:N ratios or C concentrations of digestate
between treatments or rounds (Table 2). Spearman’s Rank Correlation was used to deter-
mine that there was a significant positive correlation (p < 0.001; r = 0.75) between the final
concentration of CH4 in the headspace and the C:N ratio of the effluent. Lastly, there were
no significant differences in phosphorus concentrations (Table 2). The final phosphorus
concentrations of the effluents for the FW-V, FW-O, FW-K, and FW-P diets were 0.03%
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(SE = 0.01), 0.05% (SE = 0.01), 0.12% (SE = 0.05), and 0.16% (SE = 0.04), respectively as seen
in Table 4.

Table 4. Digestate characteristics from different food waste treatments.

Diet
(Jars)

C:N Pre-
Digestion (SE)

C:N Post-
Digestion (SE)

% C Post-
Digestion (SE)

% N Post-
Digestion (SE)

% P Post-
Digestion (SE)

TS Pre-
Digestion

(%)

TS Post-
Digestion

(%)

Paleo
(N = 5) 8.94 (0.09) 8.65 (0.18) 42.11 (0.49) 4.87 (0.11) 0.16 (0.04) 10 7

Omni
(N = 6) 11.09 (0.45) 8.17 (0.14) 41.23 (1.46) 5.01 (0.14) 0.05 (0.01) 10 7

Keto
(N = 6) 7.12 (0.03) 12.26 (0.13) 43.62 (0.55) 3.56 (0.04) 0.12 (0.05) 9 6

Veg
(N = 4) 13.60 (0.09) 8.72 (0.08) 41.97 (0.40) 4.81 (0.05) 0.03 (0.01) 11 9

4. Discussion

The results of this study suggest that there are multiple characteristics of organic
waste streams that can influence the quality of biogas produced from AD systems. The
FW-K treatment outperformed all other treatments, with the highest mean biogas CH4
concentration (52.6%), due to its macronutrient composition with high fats, proteins, and
low soluble carbohydrates. Codigestion of FW and BW with agriculture residues also
produced some of the highest quality biogas, but the quality was not sustained over time
as it was in the case of FW-K. These codigestions had lower amounts of fats and proteins,
which seem to be useful for stabilizing biochemical reactions that lead to methanogenesis
in AD.

FW-K was comprised of 36.1% fat, which was the highest of all the treatments. This
trend was also reported in prior studies where fats yielded greater biogas potential than
other biodegradable organics [26,27], as long as these fats did not generate excess long-
change fatty acids that could inhibit biogas production. Although fatty acid profiles were
not characterized, we speculate that oleic and palmitic acids, found in animal-based foods,
were not high enough in the keto diet to cause inhibition [22]. The FW-K treatment was
comprised of 49.3% protein (primarily animal), which was also the highest of all treatments.
Although proteins have a high potential to inhibit biogas production [24], the results of
this study suggest that amino acid concentrations were not high enough to suppress the
methanogens. These findings support other studies where amino acids produced a large
quantity of biogas because they are compounds high in nitrogen, which contributes to
anaerobic bacterial proliferation [23]. In contrast, soluble carbohydrates combined with
low levels of nitrogen are less effective in supporting bacterial proliferation [23]. This is
also consistent with the findings of our study where the treatment that yielded the lowest
quality of biogas, FW-V, was comprised of 70.5% carbohydrates. This FW-V treatment had
the highest proportion of soluble carbohydrates of all treatments and produced biogas with
an average of only 11.3% CH4.

In addition to nitrogen playing an influential role in the performance of treatments
with highly divergent compositions, it also appears that C influences the performance of
the feedstock treatments, although more moderately. The FW-O, AW:FW 1:1, and AW:FW
2:1 treatments varied in total C content, with greater AW proportions providing greater
C concentrations. Biogas quality improved with the amount of AW codigested, and this
improvement corresponds to an increase in the C:N ratio of the treatments (Table 2). This
finding supports the existing literature that the use of codigestion can produce positive
synergisms as the mixture reaches the optimum 20–30 C:N range [28,29]. Within this
optimum C:N, the stages of the AD process (hydrolysis, acidogenesis, acetogenesis, and
methanogenesis) occur in a more optimal balance. When the C:N is too low, the microbes
will primarily convert nitrogen to ammonium ions, which increases the pH and negatively
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affects biogas production [30]. If the C:N is too high, then the acidogenic bacteria outpace
the methanogenic bacteria, also lowering biogas yield [28]. Our findings indicate that
optimum C:N does enhance biogas yield in batch reactions, likely due to the enhanced
synchronicity of the AD process.

Although the two BW codigestion treatments had fairly similar C:N (see Table 2),
they performed very differently. Codigesting FW with more AW increased the quality of
biogas. In contrast, codigesting BW with more AW reduced biogas quality. Since they are
both derived from fibrous plant material, both AW and BW possess quantities of cellulose,
hemicellulose, and lignin. These three components have different levels of biodegradability
by the bacteria in AD systems, with cellulose and hemicellulose being beneficial to methane
production, while lignin impedes methane production [19]. Cellulose from AW is about
58.9% biodegradable, followed by hemicellulose at 49.5%, and lignin, having only 0.1%
biodegradability [19]. AW:BW 2:1 was comprised of 23.9% hemicellulose and 19.7% lignin,
similar to AW:BW 1:1, which was comprised of 23.5% and 19.4% of hemicellulose and
lignin, respectively. The AW:BW 2:1 treatment was comprised of 2.3% more cellulose than
the AW:BW 1:1 (27.8% and 25.5%, respectively) but the AW:BW 2:1 treatment performed
worse that AW:BW 1:1. The explanation thus lies in the components of the BW, where
AW:BW 1:1 has more BW in the mixture, which contained 4.1% more protein, 1.67% more
fat, and 1% fewer carbs that the AW:BW 2:1 treatment. These findings suggest fat and
protein would be needed to enhance digester performance, potentially outweighing the
benefits that more cellulose can have for biogas production.

Adding more AW to the BW would increase the particle size of the feedstocks, which
may play a significant role in their biodegradability. Past studies also found that particle
size of feedstock mixtures had a significant impact on biogas production, as microorganisms
are able to breakdown these feedstocks more efficiently because there is more available
surface area for digestion [31]. Even though the FW and AW were both ground through
a grinder and shredder, respectively, the BW clearly had much finer waste particles due
to the preprocessing of grains before use at a brewery. Preprocessing grains for brewing
involves milling, which can increase CH4 yields of lignocellulosic wastes by 5–25% due to
increases in the hydrolysis rate in the digester [31].

There are a few trends that emerge from the digestate effluent composition analysis.
The total C concentration in the effluents were not significantly different and were less
than the concentrations in the feedstocks for each treatment. This is because C is converted
to CH4 and CO2 during AD. All of the effluents from the different FW treatments were
therefore equally valuable as soil amendments.

The FW-K treatment was the only one with decreased nitrogen concentration in the
effluent, from 6.5% (SE = 0.11) to 3.6% (SE = 0.04). It started with a significantly greater
concentration of nitrogen than the other treatments (p < 0.001) and ended with significantly
less nitrogen than the initial feedstock (p < 0.001). The high nitrogen concentration for the
feedstock is not surprising since the ketogenic diet is high in protein. However, the decrease
in the nitrogen concentrations of the effluent suggests that bacterial communities used the
available nitrogen [23], which may contribute to greater biogas production. In contrast, the
effluents from the vegetarian (FW-V) and omnivorous (FW-O) diets increased in nitrogen
concentration, from 3.3% to 4.8%, and 3.9% to 5.0%, respectively. These findings suggest
that the microbial communities did not utilize the available nitrogen, which is reflected in
the lower biogas production [22]. Other studies have found that if the pH was low, FW high
in soluble carbohydrates (such as that of the omnivorous and vegetarian diets) would yield
volatile fatty acids (VFAs) and ammonium that could accumulate and cause methanogenic
inhibition [32]. Although VFA profiles were not measured, this was likely the case for the
omnivorous and vegetarian diets, as their resulting nitrogen concentrations were higher.
This characteristic makes these effluents useful as nitrogen fertilizers, as long as they do
not have concentrations high enough to leach from soils [33].

The C:N ratio of the effluent after digestion is positively correlated with the final CH4
concentration. Effluent from the ketogenic diet had the highest average C:N ratio, at 12.4,
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and produced significantly more CH4, but it started with the lowest C:N ratio at 7.1. The
vegetarian feedstock more closely aligned with the ideal C:N ratio [34], with a C:N of 13.3,
but it yielded the lowest amount of biogas with a maximum of only 16.7% CH4. This
indicates that while the C:N ratio of the feedstock is an important indicator of performance,
the balance of carbohydrates, lipids, and proteins is more important.

The effluents from the ketogenic and paleolithic diets had the highest concentrations
of phosphorus, at 0.12% and 0.16% respectively. As long as these concentrations are not
high enough to leach from soils, these effluents would be more appropriate for use as
phosphorus fertilizer than the effluents from the other diets [32]. This therefore suggests
that FW from the ketogenic diet would generate both high-quality biogas and phosphorus-
rich digestate via AD. Micronutrients, minerals, heavy metals, and toxins all contribute to
digestate quality. While all components of digestate were not measured in this study, prior
work indicates that effluents derived from FW are better quality than other waste streams
(e.g., municipal waste) due to low concentrations of heavy metals and pathogens [25].
Therefore, the marketability of the effluents described here as fertilizer is high.

5. Conclusions

This study is relevant for both small- and large-scale AD systems that source organic
material from postconsumer food facilities. If low-carbohydrate diets, such as the ketogenic
or paleolithic diet, continue to increase, the composition of the wasted food will change
and therefore affect the performance of AD systems. Since waste from the ketogenic diet
has been found to produce more biomethane, it is important to keep these wastes out
of landfills, where the biomethane has the opportunity to escape into the atmosphere
as a potent greenhouse gas. AD systems that source postconsumer FW generated from
facilities with a mostly omnivorous or vegetarian clientele can increase biogas production
by codigesting with feedstocks higher in C, such as dedicated Miscanthus × giganteus
residues, or higher in fat, such as grease waste. Since consumers who eat more fresh fruits
and vegetables waste these foods more (due to the shorter shelf-life [35]), the resulting
FW is higher in soluble carbohydrates and therefore does not perform well in terms of
biogas production in AD. The ketogenic and paleolithic diets are high in animal-based
foods, which are a large source of greenhouse gas emissions during production [35], but
wastes from these foods perform well in AD. BW does not need as many C-rich additives
in codigestion to perform well, in contrast with omnivorous FW.

If soluble carbohydrate consumption continues to increase in the human diet [36], then
this could benefit farming communities that seek organic nitrogen fertilizers. However, the
high soluble carbohydrate content of these waste streams contributes to inhibitory VFA
and ammonium production during AD [31]. The low C:N ratios of the effluent from each
treatment put them in a good position for use as soil amendments and nitrogen fertilizer.
Specifically, the effluents from the ketogenic and paleolithic diets have high marketability
potential due to the higher concentrations of phosphorus, as long as the concentrations are
not so high that they leach from the soil. Reducing FW at the source should be a priority
over the generation of by-products. Still, as long as FW continues to increase, emerging
organic waste characteristics need to be considered while designing more sustainable
food–energy–waste management systems.
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