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Abstract: Anaerobic digestion (AD) is widely considered a more sustainable food waste 
management method than conventional technologies, such as landfilling and incineration. To 
improve economic performance while maintaining AD system stability at commercial scale, food 
waste is often co-digested with animal manure, but there is increasing interest in food waste-only 
digestion. We investigated the stability of anaerobic digestion with mixed cafeteria food waste 
(CFW) as the main substrate, combined in a semi-continuous mode with acid whey, waste bread, 
waste energy drinks, and soiled paper napkins as co-substrates. During digestion of CFW without 
any co-substrates, the maximum specific methane yield (SMY) was 363 mL gVS−1d−1 at organic 
loading rate (OLR) of 2.8 gVSL−1d−1, and reactor failure occurred at OLR of 3.5 gVSL−1d−1. Co-
substrates of acid whey, waste energy drinks, and waste bread resulted in maximum SMY of 455, 
453, and 479 mL gVS−1d−1, respectively, and it was possible to achieve stable digestion at OLR as 
high as 4.4 gVSL−1d−1. These results offer a potential approach to high organic loading rate digestion 
of food waste without using animal manure. Process optimization for the use of unconventional co-
substrates may help enable deployment of anaerobic digesters for food waste management in urban 
and institutional applications and enable increased diversion of food waste from landfills in heavily 
populated regions. 

Keywords: food waste; co-digestion; biogas; specific methane yield; organic loading rate; process 
stability 

 

1. Introduction 

Residential, institutional, and industrial sectors generate large volumes of food waste 
throughout the year. Though some fraction is productively utilized, most of the generated food waste 
is landfilled. In the United States, a few regions have moved towards legislation that bans sending 
food waste to landfills, and it is expected that this practice will decline as it is the most inefficient use 
of the material and does not adequately utilize its embodied energy and water content. Anaerobic 
digestion is currently the most efficient commercial-scale use of food waste, as the end products are 
nutrient-rich digestate and biofuel that can be converted to electrical or thermal energy. Food waste 
not only provides an inexpensive substrate for anaerobic digestion but also significantly improves 
biogas production relative to systems that convert manure or sewage sludge alone [1]. However, a 
relatively small fraction of anaerobic digester plants worldwide co-digest food waste with manure, 
sewage sludge, or lignocellulosic biomass. Most digesters in the US are farm-based and digest dairy 
manure and agricultural residues. While food waste is co-digested in small amounts with manure, 
there is a need for major developments in achieving food waste-only digestion to accommodate 
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increasing rates of landfill diversion. There are certain challenges associated with food waste-only 
digestion because, without any co-substrates, process instability can result from insufficient trace 
elements that regulate enzyme reactions. Therefore, the conventional practice has been to digest food 
waste, at a relatively low fraction, with primary substrates of animal manure or sewage sludge. Use 
of co-substrates in anaerobic digestion of food waste helps to maintain process stability, either by 
balancing the carbon-to-nitrogen ratio or by providing trace minerals and buffering action. Table 1 
provides a sample of the literature exploring various co-substrates used in food waste digestion. The 
majority of the studies have used animal manure and sludge as the co-substrates, except for a few 
studies, which involved rice straw [2], fats, organic fraction of the municipal solid waste [3], and fats, 
oils, and grease (FOG; [4]). It is essential to explore newer co-substrates as food waste generation 
continues to rise, and existing digesters that co-digest food waste with manure cannot handle all the 
additional waste generated. 

There are two classes of methane-forming bacteria: acetoclastic and hydrogenotrophic 
methanogens [5]. Food waste is rich in nitrogen, generally attributed to the presence of proteins. 
Therefore, food waste digestion often leads to ammonia formation, which is toxic to acetoclastic 
methanogens [6]. While hydrogenotrophic methanogens continue to produce methane, food waste 
lacks certain trace elements that lead to the accumulation of volatile fatty acids. Therefore, ammonia 
formation and volatile acid accumulation are the major process challenges in food waste digestion 
that can be addressed by ammonia stripping or trace element supplementation. There are several 
efforts at laboratory and pilot scale for in situ removal of ammonia using side-stream gas stripping 
[7], gas mixing [8], ultrasonication [9], microwave irradiation [10], and other physical and chemical 
methods [11]. Trace element and mineral supplementation has also been proposed by various 
researchers and organizations as an alternative approach to achieving a stable process ([6,12–14]). A 
recent review study on the stability issues in food waste digestion recommended a need for intensive 
process monitoring and microbial management to address instability issues associated with food 
waste digestion [15]. In another review focusing on anaerobic digestion of food waste, none of the 
research studies reviewed used a secondary food waste stream as a co-substrate in food scrap 
digestion [16]. 

Table 1. Literature studies of food waste digestion with various co-substrates (NR: not reported; NA: 
not applicable). 

Food Waste Type 
Co-

Substrate 

Reactor 
Volume 

[L] 

OLR 
[gVSL−1d−1] Operation Mode 

Ratio 
FW/Co-

sub 

SMY  
[mL gVS−1d−1] 

HRT 
[d] Reference 

Cafeteria food 
waste (CFW) 

Chicken 
manure 

(CM) 
5 2.5 

Semi-continuous with only FW 
fed on day 1 and 2, CM fed on 
day 3; the sequence repeated 

NA 508 50 [17] 

CFW CM 1 15 
Semi-continuous with once a 

day feeding and discharge 
2 317 NR [18] 

De-fibered 
kitchen waste 

Biowaste NR 10.9 
Semi-continuous with two 

times a day feeding, five days a 
week 

NR 420 7 [19] 

CFW 
Sewage 
sludge 

5 1 Batch 0.5 494 21 [20] 

CFW Rice straw 1 5 Batch 5 392 NR [2] 

Vegetable waste none 75 1.4 
Semi-continuous with once a 

day feeding and discharge 
NA 250 25 [21] 

Greasy food 
processing waste 

Municipal 
sludge 

0.5 2 
Semi-continuous with once a 

day feeding and discharge 
1 633 20 [22] 

Organic fraction 
of MSW 

Fats, oils, 
and grease 

5 4 
Semi-continuous with once a 

day feeding and discharge 
6.7 318 16 [4] 

OLR: organic loading rate; FW: food waste; SMY: specific methane yield; HRT: hydraulic retention time. 

Anaerobic digestion (AD) is a viable method for the conversion of food waste and other organic 
materials into methane-rich biogas. However, when applied at high organic loading rates, using only 
food waste as feedstock can lead to an unstable process. The methods recommended in the previous 
studies mentioned above, such as ammonia stripping and trace element supplementation, have been 
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proven effective in achieving process stability, but they add significantly to process cost by requiring 
additional infrastructure or chemicals. The present study evaluated non-manure based co-digestion 
of mixed cafeteria food waste (CFW) without the addition of any trace nutrients or recovery methods. 
The co-digestion of CFW with other food sector waste materials, including acid whey (AW), waste 
energy drinks (ED), wasted bread (WB), and paper napkins (PN), was studied to evaluate stability 
issues in food waste digestion. In addition, the digestion of CFW without using any co-substrate and 
cow manure as a co-substrate were studied as controls. This research focused on understanding the 
process stability issues with food waste digestion through analysis of various parameters and 
improving the process using non-manure-based co-substrates. Supplementing CFW regularly with 
other food sector wastes with consistent composition was thought to improve process stability during 
CFW digestion. The safe range of operating parameters is also recommended based on the results 
obtained in this study. Use of unconventional co-substrates offers a potential advantage in situations 
where it is not practical to haul digestate long distances for field spreading, for example, 
decentralized digesters at universities, hospitals, or food processing plants. Facilitating “food waste 
only” systems is also important in diverting a higher volume of food waste from landfills. 

2. Materials and Methods 

The term “reactor” is used to denote the experimental setup used in this study, whereas the term 
“digester” is used in a real-world sense to emphasize the practical importance of this research.” 
Cafeteria food waste” refers to mixed pre- and post-consumer waste from the university dining halls 
and “food waste” is a generic term that relates to both CFW and food processing waste. The term 
“food waste-only digestion” is used to emphasize the importance of unconventional (non-manure) 
substrates originating from the food sector to produce energy using anaerobic digestion. The co-
digestion mixes used in each reactor are listed in Table 2. 

Table 2. Co-substrates used in each reactor, with cafeteria food waste (CFW) as the primary 
substrate. 

Reactor Co-Substrate Abbreviation 
R1 None - 
R2 Acid whey AW 
R3 Energy drink ED 
R4 Waste bread WB 
R5 Paper napkins PN 
R6 Cow manure CM 

2.1. Food Waste and Co-Substrate Characterization 

The substrates utilized in this study were analyzed for physical and chemical characteristics. 
Physical parameters measured in our laboratory included pH, total solids (TS), and volatile solids 
(VS). A third-party laboratory analyzed the samples for all the other parameters listed in Tables 3,4,5. 
The pH of the substrates was recorded using a Seven Compact pH meter (Mettler Toledo, Columbus, 
OH, USA). The TS and VS were analyzed according to standard Environmental Protection Agency 
(EPA) method 1684 [23]. The chemical oxygen demand (COD) was examined for each substrate using 
a standard COD analyzer (Hach DR 3900, Loveland, CO, USA; Method 8000). 
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Table 3. Characteristics of cafeteria food waste (CFW) estimated as an average of several samples 
from different batches. Standard deviations provided for n >2. 

Characteristics of CFW 
Physical and Chemical Properties, n = 6 

pH 4.2 ± 0.3 
TS % 23.8 ± 2.9 

VS/TS % 90.9 ± 2.4 
VS % 22.9 ± 1.2 

COD g/L 197 ± 42 
Ash % 1.8 ± 0.8 

Calorific value, kJ/kg (n = 2) 23,098 
Macronutrients, n = 4 

Crude protein (CP) % 13.3 ± 10 
Available protein % 13 ± 9.9 

Soluble protein % of CP 53 ± 4.2 
Lignin % 0.7 ± 0.9 
Starch % 10.5 ± 8.5 

Simple Sugars % 7.5 ± 4 
Crude fat % 13.4 ± 11 

Minerals, n = 4 
Calcium, ppm 1225 ± 1014 

Potassium, ppm 5950 ± 4088 
Magnesium, ppm 425 ± 263 

Phosphorous, ppm 1900 ± 1449 
Sodium, ppm 4013 ± 2984 

Iron, ppm 23 ± 17 
Zinc, ppm 12.8 ± 8.4 

Copper, ppm 2.7 ± 1.5 
Manganese, ppm 6.5 ± 4.7 

Molybdenum, ppm ND 
Sulfur, ppm 1525 ± 1187 

Chlorine ion, ppm 7125 ± 5227 
Elemental composition, n = 2 

Carbon % 52.4 
Hydrogen % 7.4 
Nitrogen % 3.3 
Oxygen % 30.6 

ND: not detected. TS: total solids; VS: volatile solids; COD: chemical oxygen demand. 
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Table 4. Physical and chemical properties and elemental composition of co-substrates. Standard 
deviations provided for n >2. 

Physical and Chemical 
Properties, n = 3 AW ED WB PN CM 

pH 4.2 ± 0.2 3.3 ± 0 NM NM 6.8 ± 0.5 
TS % 2.9 ± 0.1 0.7 ± 0.1 95.6 ± 0.7 94.5 ± 3.5 10.3 ± 1.4 

VS/TS % 73.3 ± 0.2 80.2 ± 5.0 89.4 ± 2.9 86 ± 6.9 83.5 ± 0.8 
VS % 2.1 ± 0.1 0.6 ± 0.1 85.4 ± 2.3 81.4 ± 9.4 8.6 ± 1.2 

COD g/L 43 ± 4.0 11 ± 0.1 1167 ± 97 1176 ± 142 97 ± 6.0 
Ash % 4.2 ± 0.2 0.2 ± 0 10.2 ± 2.8 13.1 ± 5.9 1.7 ± 0.3 

Elemental composition (single measurements) 
Carbon % 1.5 0.5 45.2 44.8 54.8 

Hydrogen % 11.2 10.8 6.6 6.1 NM 
Nitrogen % 0.5 0.5 2.2 0.3 3.6 
Oxygen % NM NM 42.6 47 NM 

Sulfur, ppm 30 1000 1700 300 2600 
Phosphorus, ppm 875 1 1854 29 3000 

NM: not measured. AW: acid whey; ED: energy drinks; WB: wasted bread; PN: paper napkins; CM: 
cow manure; TS: total solids; VS: volatile solids; COD: chemical oxygen demand. 

Table 5. Composition of selected co-substrates. 

Mineral Composition of Selected Co-Substrates 
Minerals AW WB CM 

Calcium, ppm 1000 ± 282 1100 2340 
Potassium, ppm 125 ± 35 2300 2190 

Magnesium, ppm 100 ± 0 400 670 
Sodium, ppm 290 ± 85 7300 395 

Iron, ppm ND 76 163 
Zinc, ppm 3.5 10 188 

Copper, ppm ND 2 72 
Manganese, ppm ND 7 205 

Molybdenum, ppm ND ND 2.6 
Chlorine ion, ppm ND ND 620 

ND: not detected. AW: acid whey; WB: wasted bread; CM: cow manure. 

2.2. Inoculum and Substrates 

The inoculum used in the experiments was obtained as effluent from a running digester that co-
digests industrial food waste with cow manure. As the effluent contains certain unused nutrients, it 
is necessary to pre-incubate the inoculum under anaerobic conditions to minimize the amount of 
biogas produced by these available nutrients during the experiment. The pre-incubation stage helps 
to deplete the residual biodegradable organic material in the effluent. The effluent was incubated for 
7 days at 370C to obtain a degassed inoculum. After the pre-incubation step, the inoculum was 
analyzed for TS, VS, and pH. The primary substrate used in this study was mixed cafeteria food waste 
(CFW) obtained from one of the university dining halls and contained approximately 50% by weight 
of both pre- and post-consumer wastes. Table S1 shows the fraction of principal components in CFW. 
The mixed CFW was weighed and ground using a blender (Vitamix) to a particle size sufficiently 
small to pass through a 2 mm sieve. The co-substrates studied in this work were acid whey (AW), 
waste energy drinks (ED), waste bread (WB), paper napkins (PN), and cow manure (CM). Acid whey 
was obtained from a local cheese manufacturer and stored in several small vials at 40C to avoid 
repeated thawing. A local digester provided the energy drink cartons; this digester co-digests large 
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volume of caffeinated drinks with cow manure and vegetable waste. The packaged food and drinks 
contribute to a significant amount of the food sector waste processed by digesters in upstate New 
York. Week-old store-bought white bread was used to simulate the waste bread. The bread was cut 
into small pieces and dried at 750C for 6 h and powdered for long-term storage. Paper napkins used 
in this study were unsoiled Tork H1 ® white paper towels. Paper towels were milled to 2–4 mm 
particle size before using in experiments. Cow manure was obtained from a local farm-based digester 
and stored in several small containers in the refrigerator. Vegetable waste (VW), in an independent 
experiment (Supplementary Information), was prepared by grinding only pre-consumer vegetable 
waste from the cafeteria. 

2.3. Reactor Start-Up 

A total of 6 reactors were used in this study, each with 2.2 L total volume and 1.8 L working 
volume. Six reactors were used in a standard configuration as provided by Bioprocess Control (Lund, 
Sweden), and connected to the Automated Methane Potential Test System (AMPTSII). The AMPTSII 
system continuously measures biomethane production and is designed to work in a semi-continuous 
mode, with manual feeding at discrete time intervals. During the start-up, the reactors were filled 
with 1.8 L of pre-incubated inoculum. The reactors were then purged with nitrogen gas to create 
anaerobic conditions before start-up. All the reactor outlets were connected to the AMPTSII detector 
system. A gas sampling T-valve with a self-closing septum was connected between each reactor outlet 
and detector to obtain biogas samples for daily compositional analysis. The volume of biogas 
withdrawn for sample analysis was not included in the calculation of total daily biogas production. 
A 30-day hydraulic retention time (HRT) was maintained for all experiments, and the influent and 
effluent flow rates were adjusted manually at 60 mL d−1. All the reactors were incubated at 37 ± 2°C 
in a water bath incubator. The digester contents were mixed using a built-in stirrer shaft rotating at 
160 rpm with 10 s ‘ON’ and 50 s ‘OFF’ cycles. During the first 14 days of the start-up phase, all the 
reactors were fed with CFW at an organic loading rate (OLR) of 0.5 gVSL−1d−1. On the 15th day, the 
OLR was increased to 1.4 gVSL−1d−1 and maintained at this level until 45 days had elapsed. The 
experiments conducted to test the effect of OLR started after the 45-day start-up phase. The HRT was 
kept constant throughout the experiment period. As the feeding and the effluent withdrawal were 
carried out manually, exact volumes of the feed and effluent were recorded. The reactor working 
volumes were accordingly calculated on a daily basis, to account for any error in feeding and 
withdrawal of reactor contents. 

2.4. Semi-Continuous Anaerobic Digestion Experiments 

The OLR ranged from 1.4 gVSL−1d−1 to 5.5 gVSL−1d−1 after the start-up phase described above. In 
the first reactor (R1), the ground CFW was diluted with tap water to attain the required OLR. The pH 
and mineral composition of tap water were not accounted for in calculating the feed composition. In 
the second reactor (R2) containing CFW:AW mix, acid whey was used instead of water; however, VS 
content of AW was adjusted for calculating OLR. The third reactor (R3) contained a mixture of CFW 
and energy drink (ED). As the ED contains negligible VS, it was directly used to dilute the CFW to 
the required OLR instead of water. The substrates and co-substrates used in each reactor are 
summarized in Table 2. The CFW-to-co-substrate ratios for WB (R4), PN (R5), and CM (R6) were 
chosen based on a pre-optimization study, conducted soon after the start-up phase. In this pre-
optimization work, all the reactors were maintained at 1.4 gVSL−1d−1, and different combinations of 
test mixtures were studied for biogas production for 15 days. Based on these results, CFW co-
digestion with 10 ± 2% WB, 70% CM, and 5–8% PN by weight were selected to investigate the further 
effect of increasing OLR; see Table S2 in Supplementary Materials. The reactors were fed every 24 h 
according to the experimental design presented in Table S3. These experiments continued for 
approximately 100 days, including the time required for recovery of the CFW-only reactor after 
failure. Slight variations in daily HRTs due to sample preparation error are reported in Table S4 of 
the Supplementary Materials. 
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3. Results 

Some of the parameters of interest for growth and product formation are pH, volatile fatty acid 
(VFA) concentration, alkalinity, VFA-to-alkalinity ratio, dissolved ammonium concentration, daily 
biogas production, daily methane, carbon dioxide and hydrogen sulfide composition of biogas, and 
specific methane yield. These parameters were measured on a regular basis and discussed in this 
section. 

3.1. Food Waste Characteristics 

Although different CFW samples were obtained from the same source, considerable variation in 
the properties was observed, as indicated in Table 3. The pH of the mixed CFW used in this study 
only affected the reactor pH by 0.2 to 0.3 units immediately after feeding. However, the variation can 
be significant when digesting in a large-scale digester with continuous feeding cycles. As 
methanogens are very sensitive to changing environments, it is necessary to maintain a balance 
between substrates and co-substrates. Therefore, if the main feedstock for biogas production does not 
possess homogeneous composition, a co-substrate with consistent properties must always be used. 
Various physical and chemical properties of CFW and other co-substrates are summarized in  Table 
4;  Table 5. The digestate characteristics were determined only at OLR of 2.8 gVSL−1d−1 and provided 
in Table S5 in the Supplementary Materials. 

3.2. Process Monitoring 

Figure 1a shows the average pH of each reactor at different OLRs. In R1, the daily pH dropped 
to 6.2 on the seventh day from an initial pH of 7.3 at OLR of 4.4 gVSL−1d−1. The pH drop caused reactor 
failure and led to an excessive CO2 fraction in the produced biogas. The reactors with acid whey 
(AW), waste bread (WB), energy drink (ED), and cow manure (CM) as co-substrates maintained the 
daily pH between 7.3 and 7.5 throughout the experimental duration. There were no major issues with 
process stability with these co-substrates. With paper napkins as the co-substrate (R5), the reactor pH 
varied between 6.8 and 7.3 at different OLRs. However, pH variation was minimal at each OLR, 
indicating a steady process. If the pH drops below 6.8, it is advised to reduce the OLR as lower pH 
values correspond to VFA accumulation and imply the reactor is undersized for a given OLR. 
Analyzed at discrete time intervals, the pH of all the digesters reduced by 0.2 to 0.3 units immediately 
after feeding, and recovered within 2 h. 

At OLR of 4.4 gVSL−1d−1, R1 reached a total VFA concentration of 3375 mg (CH3COOH) L−1 on the 
7th day, where the reactor produced less than half of the daily methane, leading to reactor failure. 
Therefore, the OLR of the CFW reactor was reduced to 3.5 gVSL−1d−1 for further experiments after an 
initial pH adjustment; however, a high average VFA concentration of 2288 mg (CH3COOH) L−1 at this 
OLR indicated reactor overload. Therefore, it is recommended to keep the OLR between 1.4 and 2.8 
gVSL−1d−1 to anaerobically digest the CFW without any co-substrates. The other reactors (R2—R6) 
maintained an acceptable VFA concentration at 4.4 gVSL−1d−1, ranging between 508 and 818 mg 
(CH3COOH) L−1. When the OLR was increased further to 5.5 gVSL−1d−1, only R2 had a VFA 
concentration lower than 600 gVSL−1d−1, whereas all the other reactors had VFAs ranging between 
1087 and 1307 mg (CH3COOH) L−1. These results (Figure 1b) indicate that acid whey may be a viable 
non-manure substrate to co-digest CFW at high OLR where it is not convenient to haul manure, for 
example, in institutional applications, such as hospitals and universities. 

The average alkalinity levels of each reactor are shown in Figure 1c for different OLRs. When R1 
failed to produce methane at higher OLR, it had an alkalinity of 2488 mg CaCO3 L−1. At lower OLRs, 
the alkalinity ranged between 3700 and 4200 mg CaCO3 L−1, which is lower than that observed in 
manure digesters; however, there were no observed instability issues. For other digesters with food 
waste co-substrates, the alkalinity levels ranged between 4324 and 7307 mg CaCO3 L−1. At alkalinity 
levels above 6500 mg CaCO3 L−1, the reactors did not perform well concerning methane production 
even though there was no observed reactor failure. The average variation in alkalinity is shown in 
Figure 1c. Methane production did not increase significantly in R2 and R3 and reduced in R4, R5, and 
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R6. It is important to maintain an acceptable VFA to alkalinity ratio (V/A) during digester operation, 
with municipal digesters typically operating at a V/A ratio below 0.3 (Aquafix, 
https://teamaquafix.com/anaerobic-digester-upset-troubleshooting/). The CFW reactor had a V/A of 
one when it failed. In R4 and R5, the methane production rate was reduced when V/A reached a value 
of 0.3. The other reactors R2, R3, and R6 always maintained an acceptable V/A. Average ammoniacal 
nitrogen (NH3-N) concentration throughout the experimental duration varied from 368 to 1132 mg 
L−1 in all the reactors, as shown in Figure 1d. Ammoniacal nitrogen levels did not change significantly 
in any reactor, even at higher OLRs, and remained relatively stable throughout the experimental 
period. In a review article [24], it was reported that a broad range of ammoniacal nitrogen 
concentrations is inhibitory, ranging from 1700 mg L−1 to 15,000 mg L−1. Methanogens can acclimate 
to increasing ammonia concentration with time. Therefore, it was difficult to recommend a safe 
operating zone for ammonia during biogas production. 

 
Figure 1. Average observed values of (a) pH; (b) total volatile acids [mgCH3COOH L−1]; (c) alkalinity 
[mg CaCO3 L−1]; (d) ammoniacal nitrogen [mg NH3-N L−1]. Co-substrates: R1—none; R2—AW (acid 
whey); R3—ED (energy drinks); R4—WB (wasted bread); R5—PN (paper napkins); R6—CM (cow 
manure). 

The average daily biogas production rate and methane, carbon dioxide, and hydrogen sulfide 
composition of biogas are shown in Figure 2a through 2d. In R1, the average methane level reached 
a high of 62% at 2.8 gVSL−1d-1 but was reduced to 44% at 4.4 gVSL−1d−1, indicating a need to stop 
feeding and let the reactor stabilize for several days to attain a normal methane production level. In 
R2, the methane level reached as high as 71% at 4.4 gVSL−1d−1 with a daily average of 66%, and this 
reactor maintained greater than 62% average methane concentration throughout the measurement 
period. With energy drink (ED) as co-substrate in R3, the biogas contained a high concentration of 
H2S, even though it showed higher methane levels of 60 to 66%. With ED as co-substrate, the H2S 
concentration was greater than 2000 ppm for the first two OLRs and reduced to 1194 ppm at 5.5 
gVSL−1d−1. The average daily H2S concentrations ranged from 78 to 83 ppm for R2, 82 to 326 ppm for 
R4, 91 to 391 for R5, and 139 to 810 ppm for R6 within the safe operating OLR region. The H2S levels 
of R2, R4, and R5 were significantly lower than R6. 
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Figure 2. Biogas properties: (a) average daily biogas production rate; (b) methane fraction; (c) CO2 
fraction; (d) H2S concentration [ppm]. Co-substrates: R1—none; R2—AW (acid whey); R3—ED 
(energy drinks); R4—WB (wasted bread); R5—PN (paper napkins); R6—CM (cow manure). For R3, 
the H2S concentration reached a detection limit of 2000 ppm of the instrument. 

Figure 3a shows the average methane production rate, and Figure 3b depicts the specific 
methane yields (SMYs) of different reactors at each given OLR. In CFW digestion without any co-
substrates, observed SMY was 352 ± 46 mL gVS−1d−1 at 1.4 gVSL−1d−1 and 363±28 mL gVS−1d−1 at 2.8 
gVSL−1d−1 with all the other process parameters within the acceptable range. Therefore, if CFW has to 
be digested alone, it is recommended to keep the OLR below 2.8 gVSL−1d−1, preferably between 1.5 
and 2.0 gVSL−1d−1. However, it was possible to digest food waste at high OLRs using the previously 
identified unconventional co-substrates. For example, with paper napkins as the co-substrate (R5), a 
maximum SMY of 381 ± 30 mL gVS−1d−1 was observed at 2.8 gVSL−1d−1. The reactors R2, R3, R4, and 
R6 showed maximum SMYs of 455 ± 31, 453 ± 20, 479 ± 29, and 372 ± 41 mL gVS−1d−1, respectively, at 
OLR of 4.4 gVSL−1d−1 with all other process parameters within acceptable ranges. Acid whey, energy 
drinks, and waste bread were the most efficient co-substrates with higher methane yield and lower 
VFA levels. The SMYs of all the reactors reduced significantly at 5.5 gVSL−1d−1 compared to lower 
OLRs, indicating reactor overload. A higher SMY from all the co-digestion mixtures compared to 
CFW indicated a synergistic relationship between CFW and co-substrates. Reactors R2, R3, and R4 
showed a higher observed SMY compared to R6, where cow manure was the co-substrate. 
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Figure 3. (a) Daily average methane production rate [mL d−1]; (b) Specific methane yield (SMY) [mL 
gVS−1d−1]. Co-substrates: R1—none; R2—AW (acid whey); R3—ED (energy drinks); R4—WB (wasted 
bread); R5—PN (paper napkins); R6—CM (cow manure). 

Biogas productivity is an indicator of process stability and must be monitored on a regular basis. 
Reactors R2, R3, and R4 showed increasing productivities with increasing OLR up to 4.4 gVSL−1d−1 
(Figure 4a), and productivity either reduced or remained the same at a loading of 5.5 gVSL−1d−1 for 
all reactors except R2 and R6. No further increase in productivity indicates the onset of reactor 
overload and implies that the OLR should be reduced to maintain stable operation. The productivity 
in R1 did not increase further after an OLR of 2.8 gVSL−1d−1, and the productivity decreased in R5 at 
the highest OLR tested. Therefore, it is suggested that OLRs be kept below 4.4 gVSL−1d−1 when acid 
whey, bread, and energy drinks are used as co-substrates with CFW, below 2.8 gVSL−1d−1 when co-
digesting CFW with cow manure and paper napkins, and between 1.4 and 2.0 when digesting CFW 
alone. The degradability or percent degradation signifies waste management efficiency because it is 
directly proportional to the amount of food waste converted into biogas. All the reactors had a lower 
biodegradability at the highest OLR, as indicated in Figure 4b. A significant improvement in 
biodegradation from 1.4 to 2.8 gVSL−1d−1 was observed in all the reactors. However, at 4.4 gVSL−1d−1, 
only R2, R3, and R4 had higher COD removal. The COD removal reduced in all the reactors at 5.5 
gVSL−1d−1 except for R5. 

 
Figure 4. Parameters indicative of process efficiency: (a) biogas productivity expressed as the volume 
of biogas produced per unit volume of the reactor per day; (b) average fractional COD (chemical 
oxygen demand) degradation at each OLR (organic loading rate). Co-substrates: R1—none; R2—AW 
(acid whey); R3—ED (energy drinks); R4—WB (wasted bread); R5—PN (paper napkins); R6—CM 
(cow manure). 

4. Discussion 

Anaerobic digestion involves a synergistic metabolism between different classes of microbes: 
hydrolyzing bacteria, acetogens, acidogens, and methanogens. These microbial communities differ 
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significantly in their morphology, optimum conditions for growth and product formation, and 
sensitivity to changing microenvironments. Therefore, it is necessary to monitor different process 
parameters to maintain a healthy balance between microbial populations and achieve a steady 
process. 

The nutrient composition of the substrates directly affects microbial growth and biogas 
production. The pH of the substrate supports faster acclimatization of the microbial population to 
changing environments and solubilizes certain nutrients for easy uptake by microbes. Maximum 
biogas production was observed when the pH of the food waste was 7.0, with a significant reduction 
in biogas production at pH of 5.0 and 9.0 under batch conditions [25]. The carbohydrates, lipids, and 
proteins contribute to maintaining a healthy carbon-to-nitrogen ratio (C/N). Proteins act as a nitrogen 
source upon degradation into ammonia. A high level of proteins in the substrate, for example, from 
meat products, corresponds to lower C/N and leads to process instabilities by producing excessive 
ammonia. 

The daily pH of the anaerobic digester is known to impact digester performance by affecting the 
mass transfer rate. In a substrate containing a high concentration of ammoniacal nitrogen, pH affects 
the ratio of free ammonia (NH3) to the ionized form of ammonia (NH4+) [24]. As the pH increases, 
ammonia toxicity increases due to the increase in free ammonia. Methanogens are susceptible to 
higher concentrations of ammonia and, therefore, they consume VFAs at a slower rate. Slower VFA 
consumption leads to their accumulation and creates a low pH environment in the digester. 
Therefore, if acetogens outnumber the methanogens, pH will drop, which can inhibit methanogens, 
and ultimately lead to digester failure. A balanced metabolism of acetogens and methanogens helps 
in maintaining the pH of a digester within the optimum range. A pH of 6.8–7.5 for a healthy 
population of methanogens [26] has been suggested in earlier literature studies for manure and co-
digestion. Even though pH cannot be a single parameter that determines digester stability, for food 
waste-only digestion, it is recommended to maintain a pH of 7.2–7.8 based on the observations in this 
study. The pH drop was observed to be much faster below a level of 7.2 in food waste digestion. 

Though pH is not an early indicator of process instability, it is important to maintain a constant 
digester pH and, hence, VFA levels at all times. Maintaining lower concentrations of VFAs helps both 
in attaining higher methane production and better waste conversion efficiency. Because of the 
inhibitory effects of volatile fatty acids, it is required to monitor the VFA concentration in the digester 
on a regular basis. Consistently elevated levels of VFAs indicate digester overload and can ultimately 
lead to digester failure. Researchers have studied different strategies to decrease the negative effect 
of VFAs, including co-digestion, the addition of certain metal ions like Ca2+ [27], and reagents that 
increase alkalinity [28]. Another approach suggests that a discontinuous feeding profile can avoid 
VFA accumulation in the digester [29]. While the existing literature is ambiguous on acceptable levels 
of VFA, a total VFA concentration of below 800 mg (CH3COOH) L−1 at all times would be 
recommended in this study to maintain optimum digester operation. In the event that VFA levels rise 
above the recommended value, the temperature of the reactor must be reduced by 3–50C, the feeding 
must be stopped (or OLR appropriately reduced) for a few days until the pH becomes normal, or the 
pH should be adjusted to 7.2 with a base additive, such as sodium hydroxide. 

Alkalinity levels lower than the optimum indicate VFA accumulation and can be maintained by 
using an appropriate co-substrate that has the natural buffering ability or by using external agents 
like calcium carbonate or sodium bicarbonate. The use of waste materials like egg shells and lime 
mud from pulp and paper processing has been proposed for maintaining digester alkalinity [28]. In 
a manure-only digester maintained at pH = 7.4, normal alkalinity levels were observed to be 5500 mg 
CaCO3L−1 to maintain stable operation [30]. As manure-only digesters are known to run stably for a 
long time, this value can also serve as a basis for average required alkalinity levels in food waste-only 
digestion. Alkalinity also affects the digestate characteristics by changing the phosphorus (struvite) 
removal efficiency [31]. 

Ammoniacal nitrogen refers to the nitrogen from free ammonia (NH3), and ammonium ions 
(NH4+) in the digester are the end products of protein, amino acid, and urea degradation. Ammoniacal 
nitrogen levels did not change significantly in any reactor, even at higher OLRs, and remained 
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relatively stable throughout the experimental period. In a review article by Chen et al. [24], it was 
reported that ammoniacal nitrogen concentrations are inhibitory in the range of 1700 to 15,000 mg 
L−1. Methanogens have a capability to acclimatize to increasing ammonia concentration with time. 
Therefore, it was difficult to recommend a safe operating zone for ammonia during biogas production 
in the current experimental campaign. Free ammonia is known to affect methanogenic activity by 
inhibiting the methane-producing enzymes or by diffusing into the microbial cells, causing proton 
imbalance or potassium deficiency [32]. Liu et al. [31] observed that NH4+-N concentration of 1000 
mg L−1 or higher was inhibitory in anaerobic digestion of municipal solid waste leachate using an 
expanded granular sludge anaerobic reactor [33]. These authors also achieved a higher COD removal 
efficiency by maintaining the NH4+-N concentrations below 500 mg L−1. A lower concentration of 
NH4+ or free ammonia is beneficial to anaerobic digestion, as these compounds serve as a nitrogen 
source for microbes. Inhibition effects of ammoniacal nitrogen depend on the type of substrate, the 
presence of other metal ions [34], and process conditions like temperature and pH. 

Biogas production is by far the most important parameter to monitor in anaerobic digestion. 
Measuring the biogas production daily helps to identify any stability issues arising during the 
process. Biogas contains two main components, methane and carbon dioxide, with small amounts of 
hydrogen sulfide (H2S), ammonia, nitrogen, and hydrogen. In a well-controlled digester, the methane 
percentage of biogas varies between 55% and 65%. In a continuously fed digester at steady-state, 
daily biogas composition should remain constant over time. Methane content below 55%, or CO2 
content above 35–40%, indicates VFA accumulation and inhibition in the activity of methanogens. 
Methane, which is a result of volatile solids destruction, is the final product of the anaerobic digestion 
pathway, suggesting that higher methane production indicates better waste processing efficiency of 
the digester. 

In addition to methane, it is necessary to monitor the H2S concentration of biogas. Though 
sulfides help in maintaining the alkalinity similar to ammonia, higher sulfide concentrations are toxic 
to methanogenic bacteria. Also, higher H2S concentration in biogas demands additional 
infrastructure for purification before its use. The higher H2S levels with an energy drink as the co-
substrate may be attributed to the presence of taurine. Taurine, or 2-aminoethanesulfonic acid, acts 
as a source of sulfur for anaerobic bacteria. These microbes dissimilate taurine to produce sulfite, 
which is a nutrient source. The microbes then carry out sulfite respiration through sulfate reductase 
enzyme, and sulfides are excreted out of the cells [35]. Sulfide, excreted as hydrogen sulfide gas, 
makes a major component of biogas. The energy drink also contains caffeine, which is a well-known 
stimulant of biogas production [36]. Therefore, it is important to characterize the feedstocks for the 
presence of specific substrates that may cause unusual problems even after being stimulatory to 
biogas production. In the current work, daily average biogas production was higher with acid whey 
and waste bread compared to cow manure as a co-substrate. Therefore, acid whey and waste bread 
can make better co-substrates than cow manure for CFW digestion. 

Specific methane yield is the volume of the methane produced per gram of volatile solids added 
per day. The SMY relates to the extent of biodegradability of each substrate. Babaee and Shayegan 
[21] investigated the effect of OLR on vegetable waste digestion in a scale reactor operating at steady-
state. They suggested an OLR of 1.4 gVSL−1d−1 as the design criterion, with a SMY of 250 mL gVS−1 
d−1. This paper also recommended an OLR of 1.4 gVSL−1d−1 for vegetable waste digested in semi-
continuous mode, as elevated VFA concentration was observed at higher OLR. Vegetable waste had 
a SMY of 198 ± 48 mL gVS−1d−1 when mixed continuously, and 350 ± 90 mL gVS−1d−1 with intermittent 
mixing in an independent experiment (not included in the graphs; see Supplementary Materials Table 
S6). Specific methane yield is dependent on waste composition and process conditions. An OLR limit 
of 1.5 gVSL−1d−1 was suggested in a previous study for mixed food waste digestion without any co-
substrates, yielding a SMY of 371 mL gVS−1d−1 [37]. Food waste digestion at considerably high OLR 
of up to 5.6 gVSL−1d−1 was achieved using special strategies like thermophilic digestion [37] and lipid 
removal [38]. 

5. Conclusions 
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Use of unconventional co-substrates helped enhance anaerobic digestion of food waste at high 
organic loading rates. These co-substrates generally resulted in increased daily methane production, 
higher methane fraction in biogas, improved waste degradation, and process stability. Pure CFW 
digestion is challenging at higher organic loading rates, and process instabilities are often observed; 
however, it is possible to digest CFW if OLR is consistently kept lower. Our results show that, during 
pure CFW digestion, a high level of volatile acid accumulation occurs, indicating poor degradation. 
Digesting CFW at low OLRs will need a considerably larger volume of the digester than conventional 
substrates for the same OLR, increasing the upfront capital cost. 

In summary, it may not be practical to build “food waste only” digesters to enable higher OLR. 
This study showed that, when CFW is mixed with widely available wastes like acid whey, caffeinated 
energy drinks, waste bread, paper napkins, and conventional co-substrates, such as cow manure, the 
digestion process can be stabilized and lead to higher biogas yield and biodegradability. In addition, 
co-digesting food waste with bread, acid whey, and paper napkins has been shown to reduce 
hydrogen sulfide emissions and ammoniacal nitrogen in the digester. Because of the synergistic effect 
offered by the co-substrates, the primary feedstock (i.e., CFW or mixed food waste) is utilized more 
efficiently, leading to increased biodegradability. It is, therefore, recommended that CFW be co-
digested with more homogenous substrates that do not frequently change in their composition to 
achieve a long-term steady-state process. Co-digestion has a beneficial impact in reducing the design 
volumes of reactors, making provisions for treating large amounts of food waste. It is important to 
note that commercial-scale digesters may process more than two food sector waste materials at the 
same time, in which case, the interaction between these wastes may vary. Because the reported 
experiments were carried out in semi-continuous mode with once daily feeding, at higher organic 
loading rates, there is a possibility of nutrient shock soon after the feeding, which could have affected 
some of the measured parameters like total volatile acids. Such an effect may be less likely in a 
continuous digester with multiple feeding cycles per day. The substrates used in this work are 
generated in large amounts in New York State, but the use of other potential co-substrates like waste 
cooking oil, grease trap waste, and fruit and vegetable processing wastewater need further 
evaluation. Co-digestion would be expected to have beneficial impacts on reducing digester volume 
and water footprint of anaerobic digestion processes while increasing food waste management 
throughput and renewable electricity production. The co-substrates suggested through this study 
may help in the deployment of decentralized digesters in settings where it is not practical to haul 
manure, for example, in institutional or commercial installations, such as hospitals, universities, or 
large grocery stores. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Sample 
kinetics of cafeteria food waste (CFW) digestion, Table S1: Components of mixed cafeteria food waste (CFW), 
Table S2: Optimization to choose the ratio of CFW to co-substrates, Table S3: Experimental design for feeding 
CFW and co-substrates at different OLRs, Table S4: Observed hydraulic retention times at different OLRs, Table 
S5: Digestate characteristics at OLR = 2.8 gVSL−1d−1, Table S6: Process monitoring during digestion of mixed 
cafeteria food waste (CFW) and vegetable waste (VW) with continuous mixing. 
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