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ABSTRACT
ANAEROBIC CO-DIGESTION FOR ENHANCED RENEWABLE
ENERGY AND GREEN HOUSE GAS
EMISSION REDUCTION

Navaneethan Navaratnam

Marquette University, 2012

The need to develop renewable energy is important for repléassi fuel, which is
limited in quantity and also tends to increase in price over tifilee addition of high
strength organic wastes in municipal anaerobic digesters isngyamd tends to increase
renewable energy production. In addition, conversion of wastes to esggyicantly
reduces uncontrolled greenhouse gas emissions. Co-digestion of musliodge with any
combination of wastes can result in synergistic, antagonisticeatral outcomes. The
objectives of this study were to identify potential co-digestatletermine synergistic,
antagonistic and neutral effects, determine economic benefits, fupatformance of
bench scale co-digesters, identify influence of co-digestiomionobial communities and
implement appropriate co-digestion, if warranted, after fullestasting. A market study
was used to identify promising co-digestates. Most promisingewagére determined by
biochemical methane potential (BMP) and other testing followed Isymple economic
analysis. Performance was investigated using bench-scaletetisge@sceiving synthetic
primary sludge with and without co-digestates. Denaturing gradiel electrophoresis
(DGGE) and quantitative polymerase chain reaction (qPCR) analyses werengdron the
gene encoding ther subunit of methyl coenzyme M reductasecrA) to compare
methanogen communities among the digesters. One significant bandwimjrito the
greatest difference in banding patterns was excised, clongtifiacthand sequenced. Full-
scale co-digestion was conducted using the most promising co-digestaterat8ore
Wastewater Reclamation Facility (Oak Creek, WI). Over 88tegawere identified from 54
facilities within 160 km of an existing municipal digester. A gieneconomic comparison
identified the greatest benefits for seven co-digestates. Meginadaction rates of two co-
digester systems increased by 105% and 66% in comparison toral @ystem. These
increases were great than anticipated based on theoreticalnmgit@duction from the
additional chemical oxygen demand (COD) of the co-digestatesgigestion of the most
promising wastes with primary sludge was estimated to genenough electricity to power
more than 2500 houses. Synergistic outcomes of co-digestion maydezl day chances in
microbial community resulting in more rapid methane production ratengher specific
methanogenic activities of the biomass against acetate, propiowhke as substrates. The
presence oMethanospirillum hungatei correlated to higher SMAs in the Co-Digester 1
system. In subsequent full-scale testing, acid whey in addaigmimary sludge increased
methane production by 16 %, biogas methane content by 5%, methangetieMS
destroyed by 9% ( from 650 to 710 L €Hkg VSiestroyed) and volatile solids removal by
20%. Co-digestion is a promising technology to increase renewablgy production and
convert municipal digesters into regional renewable energy facilities.
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Chapter 1
Anaerobic co-digestion for increased renewable engy

1.1 Introduction

World energy demand is rapidly increasing with increasing human population,
urbanization and modernization (Asif and Muneer, 2007). Most of a countries’ energy is
delivered by fossil fuels, which are limited in quantity. Moreover, eneeggigtion from
fossil fuels can potentially increase greenhouse gas emissions.ofegeitas important
to find alternative energy production strategies such as a renewalgg.éviany
attempts to produce renewable energy have been made by researclsersitfEnapts
involve wind energy, solar energy biogas energy and other technologies. Biegag e
from waste is an interesting option since it offers two benefits: energyqiraa and
waste treatment. Anaerobic digestion is a proven technology to produce Iborgas f

waste.

1.1.1 Anaerobic digestion and anaerobic co-digestion

Anaerobic digestion (AD) is a process for treating organic compounds in wastes
and produces biogas. Produced biogas is basically composed of around 65 % methane
(CH,) and 35 % carbon dioxide (Gwith trace quantities of potentially corrosive
hydrogen sulfide and water vapor. £¢&n be burned to produce combined heat and
power (CHP) as renewable energy. This process relies on microorgainégroseak
down complex organic compounds into biogas as an end product in the absence of
oxygen. Anaerobic digestion is carried out in a series of four main steps involving

different groups of microorganisms: hytrolytic bacteria, acidogenic tacteetogenic



bacteria and methanogens (Speece 1996; White 2000; Ecke and Lagerkvist, 2000; De
Mes et al., 2003). Figure 1.1 summarizes the process. Organic matter camloogta

chain polymers including particulate carbohydrates, lipids and proteins. The gangdle
insoluble polymer cannot penetrate cellular membranes and is not dimtilynemed by

the microorganisms. The first step is called hydrolysis in which the coropjexic

matter is broken down into soluble organic matter (monomers) containing,sagare

acids and fatty acids by hydrolytic bacteria. Subsequently, these solleleutes are
converted into fatty acids and alhohols by acidogenic bacteria/fermdatineyia.

During acetogenesis, acetogenic bacteria convert these fatty madidkcahols into

acetate and hydrogen and £@ the last step (methanogenesis), methanogens use acetic
acid or CQand hydrogen to produce GEnd CQ. In addition to the four main steps in

the anaerobic digestion carbon flow (metabolic pathway), there is a linkageebet

acetic acid and hydrogen and £GHydrogen and C&nay be converted to acetate by

the homoacetogenic bacteria (White, 2000). On the other hand, acetate may bedonvert
to hydrogen and C£by acetate oxidizing organisms (Karakashev et al. 2006). Overall,

anaerobic digestion carbon flow is a complex pathway (McMahon et al. 2004).

Anaerobic digestion process performance depends on operating parameters such
as temperature, mixing, hydraulic retention time (HRT), solid retentioe (6RT) as
well as digester configuration. Digestion is often operated in the mesopduige (30 to
38°C or 95 to 105F). It is also possible to operate in the thermophillic range (5096 57
or 122to 138 F (Metcalf and Eddy, 2003Y0ptimum pH for methanogenesis is in the

range of 6.8—-8.3 (Speece, 2008).
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Figure 1.1 Summary of the anaerobicdigestioncarbon flow

For treating high strength organic pollution, acher treatment ioften morecost
effective tharaerobic treatmenMoreover, energy recovery from GHroduced,ower
operating cost (no aeration requirand the capability of handling higheading rats are

benefits that encouragiee use ofanaerobic treatment as a sustainable treatmemtideeh

A modification called “c-digestion” is now used. In adigestion, a mixture ¢
waste/feedstocks from multiple locations isated togethefAhring et. al., 199.. In this
way, more organic carbon is added to make efficisgtof existing digesters to prodi

more CH. When various wastes are mixed «co-digestedsynergistic, neutral ar



antagonistic outcomes are possible. Before describing these outcomes, advanthg

disadvantages of co-digestion are described below.

1.1.2 Advantages and disadvantage of anaerobic co-digestion

A significant opportunity exists to increase renewable energy production using
existing anaerobic digesters. Use of co-digestion at municipal anaergpésteds is
typically focused on increasing sustainable waste treatment for cotresuimcreased
revenue and renewable energy production. Many municipal digesters exist and are
distributed around the United States. For example, there are 1455 municipal westewa
treat plants (including 104 plants with combined heat and power installaticthe) i
United States and more than 60 municipal wastewater treatment plantstatéhef
Wisconsin that have anaerobic digesters (EPA, 2011, Vik, 2003). Furthermore, the biogas
already produced is often used for renewable energy for combined heat and@id®gr
applications including electricity generation. Existing municipal digestave excess
capacity and could treat other co-digestates. When multiple co-digestatproperly
blended, more organic carbon can be digested at a facility to produce mpaacCH

renewable energy.

Increased use of co-digestion can help reduce greenhouse gas (GHG) emissions.
GHG emission from materials such as dairy manure that release @¢ atmosphere
can be reduced by collecting and burning the.@Yso, the biogas can replace fossil-
fuel-derived electricity that generates £fom sequestered carbon, such as coal. It is

estimated that biogas plants in Denmark reduced the country’s total 1996 GH®@msnissi



by 0.3% (Maeng et al., 1999). Biomass carbon, such as that in food, ethanol and bio-
diesel production waste, is primarily derived from Qiged from air; therefore digesting
and burning this organic carbon recycles,®@ck to the atmosphere with little or no net

increase.

Other advantages of co-digestion are cost-sharing by processimglenukstes
in a single facility, equalization of floating, settling, acidifying vegsthrough dilution
and improved nutrient balance. Others report the optimum C/N/P ratio (on a maks bas
to be 100-128/4/1 (Rizk et al., 2007). Chen et al. (2008) listed an optimum C/N ratio (on
a mass basis) of 20 and CODI/N ratio (on a mass basis) of 70. Some co-digestates ma
have a higher C/N ratio, meaning that available nitrogen may not be adequate, and
would be beneficial to add other co-digestates that have a low C/N ratis imay, co-
digestion may improve digester performance through better nutrient baldm@ver,
co-digestion can be used to gain revenue such as carbon credits, tipping fees, and
renewable energy tax credits in addition to revenue from biogas for @tgcnd heat.
However, there are significant expenses such as transportation as digjested
biosolids handling and disposal costs. It is important to consider these remenue a

expense items when selecting promising wastes for co-digestion.

1.1.3 Disadvantage of anaerobic co-digestion

There are a few disadvantages of full scale anaerobic co-digestione&aice
waste comes to a wastewater treatment plant from a differenblocdiere could be

high conveyance / transportation costs. In some locations, when waste corveyaotc



possible on a daily basis, a large tank for temporary storage of wastatgel and
received may be required. When waste has large particles, pretreataebe required
for size reduction before co-digestion. Moreover, when multiple wastes and eariabl

feeds are digested together, there may be the possibility for foaming igdséedi

1.1.4 Synergism, anatonistic and neutral outcomes

Anaerobic co-digestion can result in different outcomes including synergism
antagonistic or neutral outcomes depending on waste identity and charasteristise
outcomes can be defined based upon fidduction that is greater than, less than or the
same as that observed when each material is digested alone (Zitome2Gag)l
Therefore, anaerobic co-digestion with synergistic waste is gginineased attention.
However, identification of synergistic wastes is challenging sinatigestion outcomes
have not been studied for a broad range of wastes. Synergistic outcomascorayhen
substrate utilization rate can be increased through optimum nutrient balanasdefble
wastes. Antagonistic outcomes may result from inhibitory concentrationsiof tox
substances in one or more wastes. However, other fundamental mechanisms for thes
outcomes have not been defined. It is important to develop a proper method for

investigating these outcomes for engineering applications.

Successful combinations of different types of wastes and wastewateerequir
careful management. Batch anaerobic bioassay techniques have been developed by
others as simple and inexpensive procedures to monitor relative biodegradability and

possible toxicity of wastes to be treated by anaerobic digestion. Thenereeetly two



assay tests, (1) biochemical £pbtential (BMP) and (2) anaerobic toxicity assay (ATA),
to identify potential co-digestates for anaerobic co-digestion. Also, theseste can be
used to determine synergistic, neutral and antagonistic outcomes as deschbed in t
subsequent part of this Chapter. The BMP and ATA tests are relatively siogbsdoys

that can be conducted in laboratories without the need for sophisticated equipment.

1.1.5 Biochemical methane potential (BMP) test

The BMP is a measure of sample biodegradability (Osveh, 1979). The BMP
test is a screening tool to determine the;@blume that can be produced from a waste’s
short-term, non-steady state digestion. In other words, the BMP is a meastnag of
fraction of a given wastes’ COD can be converted tq &tderobically (Speece, 1996).
The assay provides a simple means to monitor relative anaerobic biodegradabilit
substrates. Uses of the BMP are as follows:

e Assaying the concentration of organic pollutants in a wastewater which can be
anaerobically converted to GH

e Evaluating potential anaerobic process efficiency

e Measuring residual organic pollution amenable to further anaerobic tregatme

e Testing for non-biodegradable chemical oxygen demand (COD) remaining after

treatment

1.1.6 Anerobic toxicity assay (ATA) test

The ATA was developed to determine any toxic effect of a substance or waste on

the organisms that convert acetate to,@Bwenet al., 1979). These organisms are



typically considered to be the microbes most sensitive to toxicants in thé migebial
culture that achieves Ghbroduction from complex substrates. Like the BMP test, the
ATA test is relatively simple. The significant difference betweerBid& and ATA
assays is that the ATA is supplemented with a high concentration of acetatbass we
varying wastewater concentrations, whereas no acetate is added to tley8MR. The
ultimate or maximum biogas produced is most important in the BMP test, whkeca

initial rate of gas production is of primary interest in the ATA test (&p€eE996).

1.1.7 Economic analysis

BMP and ATA results can be used to help select the most promising wastes for
bench-scale testing. However, these tools don’t reveal the actual wortidigiestion.
Therefore net cost-benefit analysis should be performed by considémsgjrakated
benefits and costs related to co-digestion. The benefits include revemuleidgas-
generated electricity and heat, carbon credits, tipping fees, renewaly tax credits
and any other benefits that accrue. The costs include transportation andidigesitds
handling costs. It is important to consider all revenue and costs when selectingjnomi

wastes for co-digestion.

1.1.8 Bench-scale anaerobic co-digestion

Most previous bench-scale co-digestion studies focused on optimizing process
performance by determining blending ratio of co-digestates withaipahisludge. In
addition, foaming potential and volatile solids destruction should be observed using
bench scale testing before implementing full-scale co-digestion. Previocis- lzend

pilot-scale studies of co-digestion have been performed using various ctadiges



Typical co-digestates combined with municipal sludge include fat, oil aadere

(Kabouris et al., 2008; Kabouris et al., 2009), food waste ( Kim et al., 2004; Di Palma et
al., 1998; Bjornsson et al., 2000; Edelmann et al., 2000; Lafitte-Toru and Forster, 2000),
algae (Cecchi et al., 1996), winery wastewater (Rodriguez et al., 2007),tmordec

waste including syrups (Lafitte-Toru and Forster, 2000), cattle manurearialit

vegetable and poultry waste (Misi and Forster, 2002), slaughterhouse wasiengncl
stomach content and dissolved air floatation float (Rosenwinkel and Meyer, 1999), paper
mill sludge and organic fraction of municipal solid waste (Einola et al., 2001), wood
waste and starch hydrolyzate (Converti et al., 1997) and the organic fraction oifpadunic
solid waste including office paper, newspaper, grass clipping and dog food production

waste (Schmit and Ellis, 2001).

1.1.9 Full-scale-scale anaerobic co-digestion

There has been some full scale co-digestion testing and implementation ednduct
in the past two decades. Full-scale thermophilic anaerobic co-digestiow shanure
and oil or waste from protein extraction from bone was reported (Ahring et al., 1992)
Fats, oils and grease (FOG) was co-digested with wastewatendrggilant sludge in
Oxnard, CA (Alatriste-Mondragon et al., 2006; Bailey, 2006); Lincoln, NE and East Bay
Municipal Utilities District, CA (Schater et al., 2007); Redwood and Riverside
(Bailey, 2006); Milbrae, CA (Chung, 2007; York, 2009); Watsonville, CA (Cockrell,
2008); and South-Cross Bayou Water Reclamation Facility (WRF) and PinellasyC
FL (Kabouris et. al., 2007, Kabouris et. al., 2009). Most of the full-scale co-digestion

studies for municipal anaerobic digesters were performed with addition of F@G. T
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expansion of full-scale co-digestion to other possible co-digestates should be

investigated.

1.1.10 Research hypothesis

In this study, three hypotheses were considered:

1. Co-digestion of some co-digestates increases biogas production signyficemd
than predicted by digestion of each co-digestate alone.

2. Co-digestion of some co-digestates increases specific methanagewittes
(SMAs) against acetate, propionate and hydrogen.

3. Co-digestion of acid whey in full-scale demonstrates a synergistic ogitcom
(produces additional CHyreater than anticipated theoretical Gtbm chemical
oxygen demand (COD)).

1.2 Methodology

The work described herein was performed to assess anaerobic co-digestion of
various wastes with municipal primary sludge as a sustainable energglogghn
However, synthetic primary sludge was used for bench-scale testing tolabid
variability of real primary sludge and potential infection from patho@ems real
sludge. High-organic-strength wastes were considered from sourcesllactitin 100
miles (160 km) from South Shore Wastewater Reclamation Facility (SSVWWWRFak
Creek, WI. After the most promising co-digestates were seleatgubs$sible full-scale
digestion, the capability of the existing equipment at the wastewatenémgplant was

considered.
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This study focused on protocols of co-digestate selection for full-scale
applications and increased renewable energy. The research work was daitodedr
parts: (1) identification of promising co-digestates using a markeg, qi2i)didentification
of at least 5 promising co-digestates using waste characteriaatiosimple economic
analysis, (3) determination of performance of bench-scale co-digéstiselected co-
digestates, and (4) determination of performance of full-scale cstitigdor one of the

best co-digestates. The research plan is shown in Figure 1.2.

[ Possible wasts within 160 km radius (~80 wastes ]

@ gMarket study D

[ Promising cc-digestates (~ 25 waste ] 1. BMP
test
Waste characterization and 2. ATA
Simple economi@nalysis test
3. Sieve
[ Most-Promising cc-digestates (5 waste ] analys
[
|
< , < ‘ L
Control ] Co-Digester 1 [ Co-Digester 2
Primary sludge Primary sludge and Primary sludge and
5 co-digestates single co-digestate

Full-scale co-digestion Molecular work
(1 waste) 1. DGGE
2. gPCR

Figure 1.2: Research work plan schematic diagram
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1.2.1 Preliminary screening

A market survey was performed primarily to identify high-strengthegast
produced within a 160-km radius of the Milwaukee Metropolitan Sewerage District
(MMSD) South Shore Wastewater Reclamation Facility (Oak CreekU@A,).

However, the market study was extended to identify bio-refinery wagessthough the
distance to the SSWWRF was more than 160 km. Industries were contacted and
guestioned using a questionnaire for assessment of potential feedstockdipahuni
anaerobic digesters. The questionnaire included questions about potential ateligest
identity, quantity and constituent concentrations. For simplicity, a faciibtact person

was requested to fill out a table which was comprised of the followindsletai

1. Facility waste stream

2. Facility name

3. Facility address

4. Facility contact person

5. Facility email address and phone number

6. Current disposal method (Landfill, wastewater treatment, land application)
7. Quantity (Ib/day) or (gal/day)

8. Organic strength (mg/L VS, mg/L VSS, mg/L COD, mg/L B{ither)

1.2.2 Identify most promising co-digestates

After preliminary screening, the promising wastes were sampled and

characterized by constituent analyses, BMP, ATA and sieve analangte
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1.2.2.1 Biochemical methane potential (BMP) testing

The BMPprotocol of Owen et al. (1979) was used as one of the tools to screen
co-digestates in terms of the volume of {gifoduced per unit of waste at 35°C and 1
atm. Seed biomass was used from a bench-scale anaerobic digester fedinomil&t
and nutrients. All systems were seeded with 30 mL of biomass. No basal media wa
added to all systems. Test assay and standard contained approximatglZ &®nof
waste or glucose, respectively, in addition to the biomass, and seed blankexraoe

waste (see Figure 1.3).

Blank Assay Standard

BP Thistil B 5P /Tl e st

Seed biomass | 1§ - Ire T Glucose (65 mgCOD)

Waste (65 mgCOD)

Figure 1.3: BMP experiment set-up

Testing was conducted in 160-mL serum bottles sparged with oxygen-free gas
(7:3 viv Ni:C(O,) and sealed with solid, black, butyl rubber stoppers and aluminum-
crimped seals. All testing was performed in triplicate &C3&nd 150 rpm using an
incubator shaker (model C25KC, New Brunswick Scientific, Edison, NJ). The biogas
volume produced was measured at ambient pressure &0k@éry day using a 100-mL
glass syringe with a wetted glass barrel. Syringe content wasoteidjinto the serum
bottle after volume measurement. HeadspacgoHtent was measured by gas
chromatography (GC). Net Ghbroduction was calculated as the total volume of CH

produced by seed blanks subtracted from the total volume gpi©Huced in test
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systems. BMP was calculated as the nej @idduction divided by the co-digestate COD

or VS added to the serum bottle.

1.2.2.2 Anaerobic Toxicity Assay (ATA) testing

ATA tests were performed to determine the potential inhibitory or stimylator
affect of each waste on maximum g£ptoduction rate from acetate (Owen et al., 1979).
For each assay, different doses of waste (< 12 g COD/L) were addedvéloeglcium
acetate (10 g/L) as the main, non-limiting substrate to 50 mL of biomass. Seed$iom
was used from a bench-scale anaerobic digester fed non-fat dry milk andtautrie
Testing was conducted in 160-mL serum bottles sparged with oxygen-free gas (7:3 v/iv
N.:CQO,) and sealed with solid, black, butyl rubber stoppers aluminum-crimped seals. All
testing was performed in triplicate at°8and 150 rpm using an incubator shaker (model
C25KC, New Brunswick Scientific, Edison, NJ). The biogas volume produced was
measured at ambient pressure and temperature 6fe8&ry day using a 100-mL glass
syringe with a wetted glass barrel. The maximum, Gtéduction rate was determined by
linear regression using the initial portion of a graph of cumulativepeétiuction versus
time. A dose-response curve was prepared by plotting the maximymr@diiction rate
versus waste dose. For inhibitory wastes, the concentration causing a Se&sedar
CH, production rate (165 concentration) was determined from a graph of, @tdduction

rate versus waste dose.
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1.2.2.3 Sieve analysis

There was a concern that large solid particles in the waste could potentially
damage pumps and other equipment and settle in the unmixed waste storage tank and the
digester at the treatment plant. Therefore it was important tandateparticle size
distribution of each waste. This test was performed using a standard sigggsanal
method. For sieve analysis, sieves with minimum opening size of 0.053mm (No 270) and
maximum opening size of 4.75mm (No 4) were used. In this test, each waste wasd allow
to pass through the selected, stacked sieves. The number of sieves usedesttheses t
in the range of 4 to 6 because 4 sieves were enough for some wastes in whichtimeost of
particles (> 99%) passed through all the sieves. The total dry mass oédgparticles on
each sieve was measured. Percent (%) retained and % passingsoeadallated.

Finally, a plot of % passing versus sieve opening size was constructedfavaste
(i.e., a “sieve curve”). Thesgl(sieve opening size passing 10% of the materigd)aiid

dgo were calculated from the plots.

1.2.2.4 Analytical methods

Chemical oxygen demand (COD), soluble chemical oxygen demand (SCOD)
total solids (TS), volatile solids (VS), ammonia nitrogen {(NNJ, total Kjeldahl
nitrogen (TKN), total phosphorous and alkalinity concentrations wexasured using
standard methods (APHA et al., 1998). Fats, oils and grease (FGGh&esured using
EPA (1999). The pH was measured using a glass electrode and Biegas CH
content and volatile fatty acid (VFA) concentrations were deteth by gas

chromatography (Series 7890A GC system, Agilent Technologiega S2lara, CA,
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USA) with a thermal conductivity detector (TCD) and flame zation detector (FID),
respectively. In waste characterization, total phosphorug;NNHKN and FOG were
analyzed byMike Dollhopf, Lab Manager of the Water Quality Center, Marquette

University.

1.2.2.5 Metals analyses

The samples were sent to Northern Lake Service, Inc., 400 North Lake, Crandon,
WI for metals analyse3he methods for digesting samples for metals analysis are
presented in Table 1.1. Methods of digestion were different for solid/seichisaohples
and liquid sampleslhe lrewery grain, paunch, dried manure, float, flavorings yeast,
yeast centrate, sprout, wet distillers grain, syrup, whole stillage, thagstiwaste rice,
waste noodles, mustard, metal cutting fluids waste, oil and hydraulic fluckagiag
waste and white waste were in the solid/semisolid waste catddaracid whey,
brewery yeast, trube, cookie waste, soap, confectionary waste, boilengleaste and

can crushing waste were in the liquid waste category.

Table 1.1: Analysis methods for solid/semisolid and liquid samples

Digestion via
Metals - — — Instruments
Solid/semisolid Liquid
Arsenic v SW846 7060 SM 3113-B 19ed GFAA
Cadmium, Chromium, .
Copper,Lead, Molybdenum, SW846 6010 EPA 200.7 | 'CP-MS, Agilent
) . X ! 7700

Nickel, Potassium, Silver, Zinc
Mercury SW846 7470A EPA 245.1 Cold Vapor
Selenium SW846 7740 SM 3113-B 19ed GFAA

GFAA: Graphite FurnacAtomic Absorption Spectrophotometry

ICP-MS: Inductively Coupled Plasma-Mass Spectrogcop

SW846: Test Methods for Evaluating Solid Waste RiayChemical Methods published by Environmental
Protection Agency (EPA)

SM 3113: Standard Method for metal analysis in watel wastewater published by EPA
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1.2.2.6 Economic analysis

A simple cost-benefit analysis was performed for co-digestatese3timated net
worth of each co-digestate was calculated as the sum of the estimateadf\@lie
produced (0.21 United State Dollar (USDJ@H, @ 35°C), GHG avoided (0.003
USD/kg CQ) and treatment charges (0.28 USD/kg COD and 0.28 USD/kg TSS) less the
sum of waste conveyance (0.16 USBkm) and solids handling and disposal (0.110
USD/dry TS kg). The C@avoidance was estimated assuming fuel switching from
bituminous coal (emission factor = 0.088 kg4 MJ). The emission factor for bio GH
was assumed to be negligible since the €Qitted was assumed to be originally fixed
from the atmosphere. The unit GHG emission credit value was estimated from the
average daily closing price of 2003-vintage ££€dits on the Chicago Climate
Exchange. Unit treatment fees were estimated based on current munasgal w
treatment fees charged by municipalities in and near Milwaukee, Wiscdih& waste
BODs concentration was estimated to be 50% of the measured COD concentration.
Waste conveyance unit cost was estimated from tanker truck contract tarsts af
discussion with regional trucking companies. Solids handling and disposal unit)cost (E
was estimated after discussion with operators of various wastewatendrg plants. A
volatile solids reduction value of 50% was assumed; therefore, solids to be disposed of
were assumed to be composed of half of the waste volatile solids and all of the inert
solids. A CH heat content (G) of 35 MJAMTH, at 35°C was employed.
Subsequently, the selected most promising wastes were co-digestetienthescale

digesters.
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1.2.3 Performance of bench-scale anaerobic digesters

Performance of co-digestion was investigated using pairs of bench-gedeeds
under three conditions (Control, Co-Digester 1 and Co-Digester 2) based on biogas
production, percent CHontent, total and individual VFA and TS and VS destruction. In
addition, foaming potential and any synergistic outcome were also observed as an

indicator of digester performance.

1.2.3.1 Anaerobic digester set-up

Six laboratory-scale anaerobic digesters were fabricated using jpatramis
acrylic cylinder of 14-cm internal diameter and 30-cm height. Both endssealed by
an acrylic plate. Each digester had an approximate total volume of 4.5 L aadgvor
liquid volume of 2.5 L. Magnetic mixing was provided to achieve completely mixing in
the digester. Each digester was provided with three ports: one for feedihgpe s
second for withdrawal of digested biosolids, and one for biogas collection. ddeesbi
generated during digestion was collected in a 10-L polyvinyl fluoride #XH) gas
sampling bag. A schematic diagram of the bench-scale anaerobic digegteeniin

Figure 1.4.
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Figure 1.4: Schematic diagram of bench-scale anaerobic digester

1.2.3.2 Digester start-up and operation

All digesters (R1, R2, R3, R4, R5, and R6) were initially seeded with biomass
from a full-scale anaerobic digester at SSWWRF. Right after inauo)deadspace in
the digesters was sparged with oxygen-free gas containing 39%8%N\,. The
digesters were kept under continuously mixed condition using magnetic stirrers (150
rpm) in a temperature-controlled room (35°C). During the first two days, digestee
kept without feeding. However, biogas production and pH were monitored. Digesters
were operated with daily wasting and feeding (semi-continuous mode) ads soli
retention time (SRT) of 15 days. Synthetic primary sludge (TS = 2.9% and VS = 2.4%)

contained a mixture of organic (12% fat, 26% protein 5% fiber) and inorganic solids
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(Natural Choice Dog Food, NutroProducts, Inc., City of Industry, CA, USA) and

anaerobic basal medium (see Table 1.2).

Table 1.2: Basal medium

Concentration (mg/L)

NH,CI 400
MgSQO, 250
KCI 400
CaCl 120
(NH,),HPO, 80
FeCk.6H,0 55
CoCI2.6HO 10
Kl 10
Metals* 0.5
Alkalinity 5000

*Metals include MnCl.4H,0O, NHVO3;, CuCh.2H,0, Zn(GHs0,),.2H,0,
AlCI;.6H,0, NaMoQ.2H,O, H;BOs; NiCl,.6H,0, NawQ.2H,0 and
Na,SeQ added together to make a 0.5mg/L metals solution.

The volume of biogas produced was measured by forcing the collected biogas
through a wet test gas meter (every two days after wasting and feddiegyontrol (R1
and R2), Co-Digester 1(R3 and R4), and Co-Digester 2(R5 and R6) systems were fed

with synthetic primary sludge for the first 55 days (>3 SRTSs).

After Day 55, Co-Digester 1 systems were fed with a mix of 5 of the most
promising co-digestates in addition to synthetic primary sludge. Coiergesystems
were fed with synthetic primary sludge and the most promising co-digeafter Day
55, co-digester 1 systems (R3 and R4) were fed the following five most promising
digestates (described in Table 1.6), which were identified through singlerac

analysis, in addition to synthetic primary sludge: float (3.1 mL/d, 0.52 gCOD/d), can



21

crushing waste (2.8 mL/d, 0.22 gCOD/d), thin stillage (4.9 mL/d, 0.76 gCOD/d),
flavorings yeast (1 mL/d, 0.26 gCOD/d), and acid whey (3.7 mL/d, 0.54 gCOD/d). Co-
Digester 2 systems (R5 and R6) were fed with synthetic primary sludgeasadrfgs
yeast waste (4 mL/d, 1.05 gCOD/d) which was shown to have synergistic affects
previous work (Zitomer et al., 2008). Control systems were continuously fed with only
synthetic primary sludge. The loading rates of individual co-digestates to bealeh-
anaerobic digesters were selected based on the actual full-scafestai®i volumes
produced and the full-scale digester volume at the SSWWRF. This loading ratay may

may not be optimum. The analytical frequency of parameters is presentzolenlT3.

Table 1.3: Analysis parameters in anaerobic digestion

Parameter Frequency
Biogas production 1/2days
Biogas composition 2/lweek
Individual and total VFA 2/lweek
Soluble chemical oxygen demand (SCOD)* 2/lweek
pH* 7lweek
Alkalinity 2/week
TS* 2/week
VS* 2/week

*- parameters were also measured for each feed.

All digesters were operated until quasi-steady state was reacheguddiesteady
state was reached either when the effluent characteristics drdnyanore that 10% or
after 3 SRTs of operation time (i.e., 45 days). After quasi-steady staieTKN, total
suspended solids (TSS), volatile suspended solids (VSS), and total soluble ordpomc car
(TOC) concentrations were measured using standard methods (APHA et al., 12@8) for

least 5 measurements.
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1.2.4 Specific methanogenic activity

The digester performance or "activity" of microbial cultures was datedrusing
SMA tests of biomass samples against acetate, propionate, aeddtding to standard
methods (Angelidaki et al. (2007) for acetate and propionate; Coates et al. (2005) and
Coates et al. (1996) foriH

Assays were conducted in triplicate at 35°C, 150 rpm using an incubator shaker
(model C25KC, New Brunswick Scientific, Edison, NJ). All assays were pertbrme
under anaerobic conditions in 160-ml serum bottles. The VS concentration of the biomass

was measured at the beginning of activity tests.

1.2.4.1 SMA against acetate and propionate

Fifteen mL (140-180 mg VS) and 25 mL (240-300 mgVS) of biomass were used
in acetate and propionate activity tests, respectively. The final totaheadf the assay
was kept at 30 mL by adding the appropriate amount of basal media. Bottles were
sparged with oxygen-free gas (7:3 v/¥.G0,), closed with solid, black, butyl rubber
septa and incubated. Approximately 3 days were allowed for degassing frduakes
COD in the biomass. CHtontent in the headspace was measured using gas
chromatography (GC). Substrates were injected through the septum usiimgea apd
needle to achieve a calcium acetate concentration of 12 g/L and a calciuanatepi
concentration of 3.4 g/L. The biogas volume produced was measured at ambient pressure
and 38C every day using a 10- or 100-mL (depending upon gas production) glass

syringe with a wetted glass barrel. The syringe content wasa@edjinto the serum
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bottle after volume measurement. HeadspacgdOHtent was measured by GC at the

end of testing.

For acetate and propionate activities, maximum @idduction rate (mL
CHy/day) was determined by linear regression of the initial, linear portion of afplot
cumulative CH production versus time. SMA values (mL £ VS-day) were

calculated by dividing maximum GHbroduction rate values by average VS mass.

1.2.4.2 SMA against H,

A sample of 8 to 12 mg VS of biomass was used in hydrogenotrophic activity
tests. The final total volume of the assay was kept at 30 mL by adding the aperopria
amount of basal media. Bottles were sparged with oxygen-free gas (7:3@M:N
closed with solid, black, butyl rubber septa and incubated. Then, 3 days were allowed for
degassing from residual COD in the biomass. Subsequently, 100 mL egfean I€Q
gas mixture (at a ratio of 1:4, v/v) at ambient pressure and temperatuirgecssd
through the septum using a syringe and needle; then the bottles were incubated. Bottle
headspace volume was measured by inserting the needle of a glasswsyhnvgetted
barrel at ambient pressure and at 35°C twice a day for 7 days. Syringe oageat

injected into the serum bottle after volume measurements.

For hydrogenotrophic activity, the volume o%:80, gas utilized was calculated
as from the decrease in the gas volumes in the assay plus the gas volume produced from

endogenous control bottles at the given period of time4 gEétluction was estimated as
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the volume of HCO, gas utilized divided by 4 based upon the stoichiometry of CH
production from Hand CQ (1 mol CH, produced from every 4 mols;dnd 1 mol of
CH,). Maximum CH production rate (mL Cliday) was determined by linear regression
of the initial, linear portion of a plot of cumulative ¢production versus time. SMA
values (mL CH/g VS-day) were calculated by dividing maximum J#loduction rate

values by average VS mass.

1.2.5 Co-Digestion with synergistic, antagonistic and neutral outcomes

A series of BMP tests (13 tests) were performed to determinedigestion of
different combinations of selected wastes resulted in synergistagamstic or neutral
outcomes. The most promising wastes (5 wastes) which were co-digestetienche
scale Co-Digester 1 systems and one of the antagonistic wastesc(itietg fluid) were
used for BMP testing with synthetic primary sludge. BMP testing was cautifart
each waste alone and together with synthetic primary sludge (1:1 COD bd$&)lPA

tests were conducted using the procedure described in Section 1.2.2.1.

1.2.6 Full-Scale co-digestion testing at SSWWRF

The most promising waste (acid whey) was co-digested with municipal
wastewater sludge (primary sludge) in five operating anaerobic digestios (hamed
D6, D8, D10, D11 and D12) at the SSWWRF. The total volume of the five tanks was 12
million gallons (MG). Tanks D6 and D8 were 1.5 MG each, whereas tanks D10, D11 and

D12 were 3MG each. The waste was transported using tanker trucks that couldaonta
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maximum of 5500 gallons based on transportation weight limits, then stored in an
existing 80,000 L tank at the treatment plant and pumped using a metering pump (model
23H1-K20Z-2131, Chemtron, Inc.) to the feed line to all of the digesters. A maximum of
27,500 gallons (5 truckloads) per week of the acid whey was fed at an average rate of
10.2 liters per minute over 61 days. Digester stability/operations, volatile smindyal

and CH production during co-digestion were compared to those observed during a
previous 60-day period when only wastewater sludge was digested (conwd) e a
50-day period from the time when acid whey feeding was stopped (post co-digestion
period). The primary sludge fed to the digesters was combination of pratndge from

the Jones Island Wastewater Reclamation Facility (JIPS) and BS\piimary sludge

(SSPS). A schematic diagram of feed and waste streams at SSWW®Hisg-igure

15.
Biogas
JIPS —-)—I > | g
SSPS —> > > > Digested sludge
Co-digestate—p——1 [ | >

Figure 1.5: Feed and waste streams at the SSWWRF
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1.2.6.1 Sampling and analysis

Sampling frequency and parameters analyzed are listed in Table 1.4. Samples
COD, NH:-N and TKN analysis were preserved b8, immediately after samples
were collected. Total daily biogas volume (summed value) from all fivesidigewas

measured using exiting gas meters4Cbhtent of biogas was measured once a week.

Table 1.4: Testing schedule during co-digestidfi

Parameters JISS SSPS Dsl?uedsgt(;d Co-digestate Frequency
Flow rate X X X X daily
Duration of flow X X X X daily
pH X X X** X daily
TS X X X X 1/week
VS X X X X 1/week
Total VFA X X X** X 1/week
COD - - X X* 2/week
NHs-N - - X X* 2/week
TKN - - X X* 2/week
Alkalinity - - X** - 1/week
Temperature - - X** - daily

X = measurement/analysis was performed

L All samples are weekly composite sample unless otherwise noted
2 * two grab samples

3+ measured for each digester separately

The operational conditions during three periods (Control, Co-Digestion and Post
Co-Digestion) are presented in Table 1.5. The average COD of acid whé&28@0 +

7400 mg/L.
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Table 1.5: Operational conditions of digesters

Co- Post Co-

Paramerters Control . , , .

Digestion  Digestion
SRT (days) 22 20 22
Average primary sludge loading rate (gTS/L-day) 1.25 1.48 1.23
Average primary sludge loading rate (gVS/L-day) 0.92 0.99 0.95
Average acid whey flow rate (L/min) 0 10.21 0
Average acid whey loading rate (g COD /L-day) 0 0.019 0

1.2.6.2 Mass balance

A mass balance of VS for the full-scale anaerobic digesters wadatatt This

mass balance was used to calculate the yi#id per unit mass of VS destroyed.

1.2.7 Statistical analyses

All statistical analyses were performed using ANOVA standard software

(Statistics 18, SPSS Inc., Chicago, IL USA).

1.3 Results and Discussion

The results and discussion of this chapter are described under the following
subsections: market study; identify most promising co-digestates; penicerobbench-
scale co-digesters; specific methanogenic activities; synergstagonistic and neutral

outcomes; and performance of full-scale co-digesters.

1.3.1 Market study

There were 81 wastes from 54 facilities identified during the market surtey

sources of wastes are presented in Figure 1.6. Other wastes includedratpaesirigom
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lakefront areas, zoo animal waste, anap production wastes. Moreatin 50% of waste
were identified asood production wastes (see Figure 1.€The main food productior
wastes were meat products, flavorings, frozen foddsy/cheese and snack foods (
Figure 1.6 b). Thenaximumdistance between the source of eaelste and SSWWF
was16 km for 20% of wastes, 48 km for 39% of wasté&sk®® for of 52% wastes an
160 kmfor 100 % of waste However, one of wastes, Fischer-Tropg€h) reactol
condensate waste, wiaentified as an intere even though it waat a distance of .00

km. This was included since it is of special interesadiorefinery wast.

Others
25% —

e

P |
A
A
y ]
/1
Brewing/ A
valing_ [
2%
Distilling?
5%
Ethanol
production

6%

(a) All wastes tested
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Mustard Other
Soy 2% 6% Meat
Products
6%

Candy____
8% £

Cheese
16%

Frozen
Foods Flavorings

14% ' 14%

(b) Food production waste tested

Figure 1.6: Sources of wastes identified for caligestior

1.3.2 Identify most promising cc-digestates

From preliminary seening, 46 wastes (see Table) n@re chosen fc
characterization based upon the significant volpnoeluced, high COD concentratic

and/or proximity to the digeste



30

Table 1.6: Waste characteristics and facility descriptions for potendil co-digestates

COD (mg/L | TS Distance to
Waste or other as Description digester,
marked) | (%) km
Cooking solids 1,056,000% 46.8 ]
- Meat Production 10
Wood chip/Charcoal 660,000* 39.6
Flavorings yeast 216,000 15.7
Yeast centrate 35,000 0.6 Food flavqungs 12
production
Sprout 127,000* | 14.3
Oil and hydraulic fluids 77,000 2.6 Metal recycling facility 20
Compost 174,000* 56.8 Garden waste (Plant
wastes, grass, clippings 21
Cocoa husks 350,000*| 64.1  and cocoa husks)
Alage (Botrycoccus braunii) 1,749,000 98(7 . .
: Liquid bio-fuel from algae 24
Alage (Nannochloropsis) 1,413000f 968
Lettuce 50,000* 7.0
Pine apple 94,000* 4.1 _
Vegetable food production 24
Potatoes waste 126,000% 1417
Cabbage waste 50,000* 4.8
Heads from rum distillation 1,444,000 0.0 Rum distillation
Molasses wash 126,000 9.3 Rum fermentation 25
I(i:qourir(‘j’ Rye/Wheat/Barley in 172,000 | 11.9 Distillation
Dissolved air flotation
Float 133,000* | 12.5 float from meat
production 26
Paunch 105,000* | 10.6 _
: Meat production
Dried manure 449,000* | 86.4
Pre-filter slurry 39,000 11.9 Shave gel productior 26
Trube 203,000 9.9
Brewery yeast 313,000 16.2 Beer fermentation 29
Brewery grain 107,000 20.1

* These values are in units of mg/kg (wet)
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Table 1.6: Waste characteristics and facility descriptions for potentiato-digestates

(continued)
COD (mg/L Distance to
Waste orotheras | TS Description® digester,
marked) km
Soap 47,000 2.0 Soap production 29
Corrigated cardboard 1,184,000* 926 N/K 30
Coal-fired boiler heat
Boiler cleaning waste 33,000 5.7 exchanger cleaning 48
solution
Metal cutting waste 75,000 2.3 Machine shop 48
Mustard waste 59,000* 8.5 Mustard production 53
Sorghum 89,000 5.6 Winery production 56
, Waste candy from
*
Packaging waste 972,000 76.8 packaging operation 71
White waste 1,089,000% | 90.1 | Floor sweepings from 71
candy production
Acid whey 148,000 12.7 Soft cheese production 79
Confectionary 23,000 1.9 Candy production 89
Waste rice 287,000* 22.7 )
Frozen food production 98
Waste noodle 502,000* | 35.3
Cheese waste 438,000 72{1 Cheese production 106
Wet distillers grain 206,000* | 31.1
Syrup 399,000 30.4 )
: Corn ethanol production 110
Whole stillage 155,000 14.5
Thin stillage 137,000 9.1
Can crushing waste 76,000 6.1 Soft drink production 120
Cookie waste 13,000 0.6 Industrial bakery 153
Dewatered paper mill sludge 311,000¢ 35.6 Paper/tissue production 156
Corn Stover 1,662,000% 90.3 Corn Production 160
FT reactor condensate 104,000 0|0  Liquid bio-fuel from wood 1535

* These values are in units of mg/kg (wet)

1 N/K: Not known
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1.3.2.1 Constituent analyses

Summary of waste constituent analyses for 46 wastes which were choseherom t
market study are presented in Table 1.7. These constituent analyses incluyd@&d pH
VS, TSS, VSS, COD, total phosphorous,N¥Y TKN, FOG, alkalinity and selected
metals in each waste. The selected metals analyses included healgy caeimium,
chromium, lead, arsenic, mercury, trace metals: copper, selenium, nickel, zinc,
molybdenum and light metals: potassium and silver. Based on the metals analbysjs, tr
brewing yeast, acid whey and soap waste contained high potassium concengd@ons (
2300, 3300 and 900 mg/L, respectively). Boiler cleaning waste contained significant
amounts of copper (68 mg/L) and chromium (6.9 mg/L). The FOG concentrations of
waste are presented in Table 1.7. High FOG was observed in float waste (59400fmg/kg

wet sample) and in syrup (51640 mg/L).
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Table 1.7: Summary of waste characteristics

1 2 3 4 ) 6 I
Parameters Trube Brewing yeast Grain Cookie Soap Packaging | White waste

pH 4.02 4.88 3.9 4,79 12.26 - -
TS (%) 9.9 16.2 21.4 0.6 2 89.1 91.1
VS (%) 9.5 14.3 20.1 0.5 1.2 76.8 90.1
TSS (mg/L) 33933 138200 - 3330 59 - -
VSS (mg/L) 33133 129333 - 2997 40 - -
COD (mg/L) 203,294 313,380 107377* 12,543 47,299 972 083* 1089391*
Total Phosphorus (mg/L) 248 1,509 3973* 19 87 86.3* 400*
NH3-N (mg/L) 50 218 66* 0 137 0.7* 0.06*
TKN (mg/L) 2,828 24,724 41698* 51 241 45.7* 3.67*
FOG (mg/L) 4,580 280 N/A 3,309 4,837 18* 21
Alkalinity (mg/L as CaCO3) 0 35.7 0 34.8 4994 - -
BMP (mICH4/gCOD or mICH4/gVSs) 373+15 373t6 36718 418 £+ 19 <20 30112 3069
ATA 1C50=1.8% IC50=4.7% IC50>10% IC50>50% IC50=2% IC50>1% IC50>1%
d10% Passing (mm) <0.053 <0.053 <0.053 <0.053 <0.053 >4.75 <0.71
dso% Passing (mm) <0.053 <0.053 1.17 0.2 <0.053 >4.75 >4.75
doo% Passing (mm) 0.12 <0.053 >2.0 0.53 <0.053 >4.75 >4.75
Cadmium (ug/L) 3.2 12 <0.40* 4.4 1.7 0.01* 0.017*
Chromium (ug/L) 13 80 <0.53* 13 17 0.05* 0.068*
Copper (ug/L) 7300 5000 20* 370 86 0.8* 0.8*
Lead (ug/L) <13 <13 <5.6* 29 <13 0.11* <0.052*
Nickel (ug/L) 22 22 1.2% 18 <12 <0.03* <0.052*
Zinc (ug/L) 2700 9000 78* 520 50000 26* 1.76*
Arsenic (ug/L) <2.4 <2.4 <3.7% 5.9 <2.4 <0.34* <0.48*
Selenium (ug/L) 15 <31 8.2% <3.1 <3.1 <0.43* <0.6*
Silver (ug/L) <12 <12 <0.36* <1.2 <12 <0.034* <0.048*
Molybdenum (ug/L) 510 370 3* <33 <33 <0.09* <0.132%*
Potassium (ug/L) 540,000 2,300,000 0.017%DWB 21,000 900,000 94* 216*
Mercury (ug/L) <49 <27 <0.064* <4.8 <49 <0.001* <0.006*
Quantity (gal/day or Ib/day) 750gpd 10000gpd N/A 600gpd 10000gpd N/A 40000lb/day

* - Unit: mg/Kg of sample
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8 9 10 11 12 13 14

Parameters Confectionary Float Paunch Manure | Flavorings yeast | Yeast centrate Sprout
pH 6.1 5.5 7.29 - 54 4.96 5.75
TS (%) 1.9 12.53 13.04 92.86 15.71 0.59 15.00
VS (%) 1.8 11.31 10.56 86.42 15.09 0.57 14.33
TSS (mg/L) 33232 - - - 168333 1127 -
VSS (mg/L) 29277 - - - 330444 1260 -
COD (mg/L) 23,150 132816* 104847* 449369* 215,599 35,479 127243*
Total Phosphorus (mg/L) 31 5179* 8223* 2163* 1,123 67 4403*
NH3-N (mg/L) <0.03 3967* 920* 414* 112 11 1968*
TKN (mg/L) 7 41752* 19522* 2768* 10,904 801 53522*
FOG (mg/L) 933 59400* N/A N/A 2,530 4,465 N/A
Alkalinity (mg/L as CaCO3) 242.6 - - - -
BMP (mICH4/gCOD or mICH4/gVSs) 346t 14 416 £ 19 237 £ 20 51+8 326+34 28516 389113
ATA IC50>40% IC50>10% IC50>10% IC50>3% IC50>5% IC50>30% IC50>10%
d10% Passing (mm) <0.053 <0.075 <0.71 <0.71 <0.053 <0.053 <0.053
dso% Passing (mm) <0.053 <0.075 1.1 2.26 <0.053 <0.053 >0.25
doo% Passing (mm) <0.053 0.52 >4.76 >4.76 <0.053 <0.053 >0.25
Cadmium (ug/L) 7 <0.49* <0.39* <0.28* <0.17* <2.9%* <0.34*
Chromium (ug/L) 59 11* <0.52* 2.9% <0.25*> <3.9* <0.45*
Copper (ug/L) 600 31* 22% 11%* 11* 56* 9.7*
Lead (ug/L) <13 <6.9* <5.6* <4.0* <2.4*% <41* <4.8*
Nickel (ug/L) 41 6.6* 1.9% 2.1%* 2.3% <6.2%* <2.5*>
Zinc (ug/L) 1700 200* 85% <2.5% 560* <6.4*> 69*
Arsenic (ug/L) <12 <4.2% <3.8* <2.5% <1.7* <27* <3.2%
Selenium (ug/L) <15 <5.2% <4.8* <3.1* <2.1* <34* <0.4*
Silver (ug/L) <12 <0.44%* <0.36* <0.025* <0.15%* <2.6* <0.3*
Molybdenum (ug/L) <33 1.5% 1.2* 0.77* <3.0* <8.3*> <1.1*>
Potassium (ug/L) 14000 0.079%DWB | 0.39%DWB | 0.43%DWB 0.21%DWB 0.74%DWB 0.93%DWB
Mercury (ug/L) <0.05 <0.095* <0.17* <0.083* <0.067%* <0.54* <0.08*
Quantity (gal/day or Ib/day) 275gpd 10000gpd | 50000gpd N/A 1920001b/wk 108000lb/wk 3000gpd

* - Unit: mg/Kg of sample
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15 16 17 18 19 20 21

Parameters Wet distill. grain Syrup Whole sitillage | Thin stillage | Waste rice | Waste noodle | Acid whey
pH 3.65 3.52 3.51 3.61 3.30 4.38 4,51
TS (%) 32.94 30.44 14.45 9.12 22.98 36.21 12.70
VS (%) 31.14 27.44 13.49 8.27 22.69 35.29 10.75
TSS (mg/L) - - - - - - 221
VSS (mg/L) - - - - - - 189
COD (mg/L) 206243* 398,718 154,778 137,241 286867* 502416* 147,990
Total Phosphorus (mg/L) 15179* 9,996 3,067 1,395 124.3* 382.5% 1,595
NH3-N (mg/L) 400* 246 34 42 158.3* 131.5*% 272
TKN (mg/L) 24775% 2,722 9,447 3,086 2490* 4332*% 848
FOG (mg/L) N/A 51,640 N/A 31,370 N/A N/A 748
Alkalinity (mg/L as CaCO3) - - - - - - 0
BMP (mICH4/gCOD or mICH4/gVSs) 473 £ 15 396 £ 22 399+7 351+14 414+ 21 453 £10 295+3
ATA IC50>6% IC50>4% IC50>10% IC50>12% IC50>6% IC50>3% IC50>8%
d10% Passing (mm) <0.075 <0.053 <0.075 <0.075 >4.75 >4.75 <0.053
dso% Passing (mm) 0.47 <0.053 0.39 <0.075 >4.75 >4.75 <0.053
dso% Passing (mm) 1.46 <0.053 >0.71 <0.075 >4.75 >4.75 <0.053
Cadmium (ug/L) <0.16* <0.18* <0.17* <0.28* <0.25%* <0.16* <1.8>
Chromium (ug/L) <0.29*> <0.35%> <0.24%*> <0.47> <0.33* <0.72%*> 53
Copper (ug/L) 3.9*% 4.2% 4.1* 4.1* 2.2% 2.8*% <6.7
Lead (ug/L) <2.3%* <2.5% <2.5% <3.9% <3.6* <2.3%* <6.5
Nickel (ug/L) 2.0* 2.9% 3.1%* 3.2% <1.7*> 2.0* <6.0
Zinc (ug/L) 44* 80* 51* 83* 15* 14* 3300
Arsenic (ug/L) <1.5%* <1.6* <1.7* <2.8* <2.2% <1.5%* <120
Selenium (ug/L) <1.8* <2.0* <2.1* <3.5% <2.7% <1.8* <15
Silver (ug/L) <0.14* <0.16* <0.16* <0.25%* <0.23* <0.15%* <6.0
Molybdenum (ug/L) <0.74*> <0.43*> <0.53*> <0.77*> <0.48* <0.31* <3.3
Potassium (ug/L) 0.98%DWB 2.1%DWB 1.2%DWB 2.1%DWB 0.029WB 0.086%DWB 3300000
Mercury (ug/L) <0.09* <0.054%* <0.066* <0.051* <0.078* <0.035%* <0.25
Quantity (gal/day or Ib/day) N/A 86000gpd | 680000gpd | 430000gpd N/A N/A N/A

* - Unit: mg/Kg of sample
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22 23 24 25 26 27 28
Boiler Mustard . Oil and Can crushin Heads from rum
Parameters cleaning waste wiliz IEUL hydraulic fluids waste : Sorghum distillation

pH 9.32 3.42 9.40 5.59 3.30-3.35 4.58 6.66
TS (%) 5.75 9.21 2.29 2.60 6.76 5.57 0.00
VS (%) 4.80 8.53 2.23 2.37 6.72 4.78 0.00
TSS (mg/L) 873 64600 276 353 235 5513 12
VSS (mg/L) 713 63600 273 271 234 5307 7
COD (mg/L) 32,906 58,698* 75,351 76,875 81,749 89038 1443595
Total Phosphorus (mg/L) 79 914 123 22 50 272 1.98
NH3-N (mg/L) - 43 133 395 3 17.4 ND
TKN (mg/L) - 4,259 1,085 672 27 1410 210
FOG (mg/L) - 5,320 32,150 7,350 416 380 50
Alkalinity (mg/L as CaCO3) 5710 0 2720 1365 0 243 8
BMP (mICH4/gCOD or
mICH4/gVSs) <20 580 £ 25 65+8 79t4 320+ 15 2609 368 £12
ATA IC50=9.5% IC50 = 14.4% IC50=12.5% IC50>15% IC50>15% >12% >0.8%
d10% Passing (mm) <0.053 <0.149 <0.053 <0.053 <0.053 <0.053 <0.053
d50% Passing (mm) <0.053 1.27 <0.053 <0.053 <0.053 <0.053 <0.053
d90% Passing (mm) <0.053 >2.0 <0.053 <0.053 <0.053 <0.053 <0.053
Cadmium (ug/L) 120 <0.024*> <0.021* <0.71* <0.44> 1.7 <0.85
Chromium (ug/L) 6900 0.21* <0.040%*> <3.1*%> 44 23 <0.5
Copper (ug/L) 68000 0.87* 5.2% 170* 35 18000 23
Lead (ug/L) <450 3.7* 3.7* 120* <6.9> 18 <0.5
Nickel (ug/L) 18000 0.34* <0.13*> 22% 31 83 <3.7
Zinc (ug/L) 6600 5.4*% 5.4% 650* 380 1100 64
Arsenic (ug/L) 740 <0.17* <0.18* <7.0* 58 7.5 <6.5
Selenium (ug/L) <580 <0.21* <0.23* <8.8* 47 <12 <12
Silver (ug/L) <60 <0.018* <0.019* <0.64* <1.4> <1.1 <11
Molybdenum (ug/L) - <0.038* <0.040* 11* <9.0> 31 <3.8
Potassium (ug/L) - 0.018%WWB 0.0018%WWB 0.19%DWB 34 2600 <0.75
Mercury (ug/L) - <0.0048* <0.0051 <0.18* 0.59 0.31 0.22
Quantity (gal/day or Ib/day) ND ND ND ND ND 9 gpd 17 gpd

* - Unit: mg/Kg of sample
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29 30 31 32 33 34
Molasses . Pre-filter Corn/Rye/Wheat/Barley in Corrigated
Parameters wash Lettuce ANBELTAE slurry ! liquid ! Cardl§oard
pH 4.2 3.75 3.97 6.25 3.96 -
TS (%) 9.33 6.97 4.07 1.67 11.93 92.57
VS (%) 6.47 6.52 3.66 1.54 11.65 89.83
TSS (mg/L) 6733 - - - - -
VSS (mg/L) 5747 - - - - -
COD (mg/L) 125661 49554* 94061* 38555 171856 1184432*
Total Phosphorus (mg/L) 329 215* 50* 7.2 312 179*
NH3-N (mg/L) 37.5 93* 43* 202 19.9 34%
TKN (mg/L) 1720 1230* 820* 370 2540 832*
FOG (mg/L) 3300 325* 5822* 710 ND g*
Alkalinity (mg/L as CaCO3) 0 0 0 - - -
BMP (mICH4/gCOD or
mICH4/gVSs) 251+ 14 328 £22 516 + 21 352 +23 326+11 347 £ 20
ATA > 8% 25% >15% > 30% > 8% 1.1%
d10% Passing (mm) <0.053 N/A N/A - 0 N/A
d50% Passing (mm) <0.053 N/A N/A - - N/A
d90% Passing (mm) <0.053 N/A N/A - - N/A
Cadmium (ug/L) 5.8 0.09 0.38 <13 62.8 0.13
Chromium (ug/L) 240 0.47 1.33 <30> 298 3.59
Copper (ug/L) 17000 8.42 15.29 84 8212 59.5
Lead (ug/L) 520 1.57 1.01 <13 1340 7.6
Nickel (ug/L) 370 2.3 9.5 <18 34560 28
Zinc (ug/L) 2000 6.4 9.8 160 9640 71.9
Arsenic (ug/L) <7.5 0.04 0.05 7.3 12.8 ND
Selenium (ug/L) <12 0.06 0 <12 111 5.8
Silver (ug/L) 13 13.9 17.4 <14 13820 161
Molybdenum (ug/L) 350 0.09 0.07 <10 225 2.97
Potassium (ug/L) 8900 1340 1600 220 739000 566
Mercury (ug/L) <0.25 0.25 0.3 ND 202 1.65
100000 100000
Quantity (gal/day or Ib/day) 17 gpd Ibs/wk Ibs/wk 10000 gpd 17 gpd 20 yd3 /week

* - Unit: mg/Kg of sample
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35 36 37 38 39 40 41
FT reactor Cheese Cooking Wood Dewatered paper EOTROn Cocoa
Parameters condensate waste solids chip/Charcoal mill sludge husks
pH 3.25 - - - - - -
TS (%) 0.01 72.09 46.76 39.56 35.55 56.76 64.10
VS (%) 0.01 68.01 44.63 37.85 16.96 16.19 27.21
TSS (mg/L) 12 - - - - - -
VSS (mg/L) 8 - - - - - -
COD (mg/L) 103646 438005* 1056489* 659947* 311115%* 174092* 350149*
Total Phosphorus (mg/L) 0.8 4615* 1189 561 78.8 474 1735
NH3-N (mg/L) ND 6313* 343 10.9 0.4 140 4.9
TKN (mg/L) ND 35640* 17094 181 0.5 4423 1022
FOG (mg/L) ND 272000 650 210 ND 450 595
Alkalinity (mg/L as CaCO3) - N/A N/A N/A N/A N/A N/A
BMP (mICH4/gCOD or
mICH4/gVs) 365+14 241 +28 366+ 6 6011 254 £ 32 39+6 49+ 11
ATA >12% >3% >1% >1.6% >3% > 6% > 3%
d10% Passing (mm) <0.053 N/A N/A N/A N/A N/A N/A
d50% Passing (mm) <0.053 N/A N/A N/A N/A N/A N/A
d90% Passing (mm) < 0.053 N/A N/A N/A N/A N/A N/A
Cadmium (ug/L) 0.16 ND 0.13 0.05 0.46 0.83 0.02
Chromium (ug/L) 7.39 4.99 4.36 2.47 13.79 54.7 1.28
Copper (ug/L) 198 9.15 76.9 15.8 91 100 26.6
Lead (ug/L) 15.2 3 5.8 1.8 25.8 25.9 0.17
Nickel (ug/L) 14.2 2.45 9.93 1.52 11.7 11.9 0.53
Zinc (ug/L) 113 63.2 174 78.7 255 85.3 4.54
Arsenic (ug/L) ND ND ND ND ND 1.45 ND
Selenium (ug/L) 0 0.34 ND 0.22 3 2.1 0.03
Silver (ug/L) 244 44.6 46.6 19.7 99.8 36 1.19
Molybdenum (ug/L) 27 0.19 0.26 0.09 0.94 0.41 ND
Potassium (ug/L) 491 764 114 1570 301 1900 57.6
Mercury (ug/L) 1.99 0.33 0.2 0.02 0.11 ND ND
Quantity (gal/day or 10-50 10
Ib/day) 570 gpd Ibs/days 2150 Ibs/day 270 lbs/day 400,000 Ibs/day yd3/month ND

* - Unit: mg/Kg of sample
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39

42 43 44 45 46

Parameters Potatoes waste | Cabbage waste | Corn Stover | Alage (Botrycoccus braunii) | Alage (Nannochloropsis)
pH - - - - -
TS (%) 14.74 4.76 90.30 98.67 96.81
VS (%) 13.89 4.34 80.76 91.52 87.71
TSS (mg/L) - - - - -
VSS (mg/L) - - - - -
COD (mg/L) 125952* 49957* 1662265* 1749000* 1413000*
Total Phosphorus (mg/L) 9.2 145 538000 - -
NH3-N (mg/L) 425 90.3 45400 - -
TKN (mg/L) 2483 1153 602600 - -
FOG (mg/L) 220 155 110 - -
Alkalinity (mg/L as CaCO3) N/A N/A N/A - -
BMP (mICH4/gCOD or mICH4/gVSs) 282 +13 412 £4 39612 500 £ 27 394+10
ATA >10% >25% >0.8% >0.8% >0.8%
d10% Passing (mm) N/A N/A N/A - -
d50% Passing (mm) N/A N/A N/A - -
d90% Passing (mm) N/A N/A N/A - -
Cadmium (ug/L) ND ND 0.9 - -
Chromium (ug/L) ND ND 19.2 - -
Copper (ug/L) 8.9 5.1 146 - -
Lead (ug/L) ND ND 24 - -
Nickel (ug/L) 1.87 ND 15.7 - -
Zinc (ug/L) 9.91 4.71 244 - -
Arsenic (ug/L) ND ND ND - -
Selenium (ug/L) ND ND 0.72 - -
Silver (ug/L) 7.63 6.11 147 - -
Molybdenum (ug/L) ND ND 0.44 - -
Potassium (ug/L) 4060 1730 17200 - -
Mercury (ug/L) ND ND 0.98 - -
Quantity (gal/day or Ib/day) ND ND ND 300 yd3 /Summer 300 yd3/month

* - Unit: mg/Kg of sample
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1.3.2.2 Biochemical methane potential (BMP) testing

The BMP results for the 46 wastes are presented in Figure 1.7 a and b with units
of mL CHy/g COD and mL CHgVS. CH, produced from all the co-digestates tested,
with average BMP values (for 3 replicates) ranging from 20 to 418 mjgCEOD and
39 to 580 mL CHgVS. The BMP values of cookie and float wastes were slightly more
than theoretical BMP value of 400 mL @B COD at 35°C. This may be due to
experimental error or that the @Hroduced in the seed sludge in the blank was less than
that in the assay. High BMP values (>370 mL4Lji€OD) were observed for seven of
the wastes: (1) cookie waste, (2) float, (3) whole stillage, (4) syrupufs {6) brewery
yeast, and (7) mustard waste (see Figure 1.7 and 1.8). Low BMP values (< 100 mL
CH4/gCOD) were observed for oil and hydraulic fluids, metal cutting, soap, boiler
cleaning, wood chip/charcoal, dried manure, cocoa husks and compost wastes (Figure
1.7 a and b). The average BMP result of glucose standards was 322 + 23,/pCQBl

(a total of 21 glucose standard assays were run).



41

LI
LI
LI
LI
LI
LI
LI
L
LI
LI
LI
LI
LI
LI
LI
LI
LI
L
m o
(0028/*Hd 1w) dINg

duiues|) J49j109

deog

3umn) |ew N

spinjj olinedpAy pue |10
YSEM SISSE|OIA
wny3Jos

91BJ1UD 1SBIA

Asym pioy

a1sem 3uiysnuao ue)
1seaA s3uiione|4

“Jeg/1eaym/aAy/uio)

AJeuonyoajuo)

ae||ns ulyL

Aun|s J9314-94d
91BSU3pPUOD JOJoea | 4

“WiNJ WO Speay

1seaA Auamaug
agnJ|

dnuAg

93e|[13S 3|OYyM
leol4

900D

Figure 1.7(a):Biochemical methare potential (BMP) results for 22promising cc-digestates

Error bars represent standard deviation of tripdicaeasurementshe CH, volume is reporteat 35°C , 1

atm.Some error bars are too small to be vis

(SAS/PHD Tw) dINg

1sodwo)

s)ysny eod0)

2Jnuew palg
|eodseyd/diys poopn
youned

91SeM 9S33Y)

+19ded palalemag

$301e10d

3ui3eyed

91Sem IUYM

93N1197

pJjeogpJied pajesditio)
Spi1jos 3upjoo)

ulelo Alamalg
1nouds

wmw_<

JAA01S UJ0)
93eqqe)d

901 915\

9|poou 315
ules3d s19||13sIp 1M

"*'sn2202A1y0g) 98e|y

9|dde auld
91SeM pJelSnIA|

Figure 1.8(b): Biochemical methare potential (BMP) results for 24promising cc-digestates

Error bars represent standard deviation of tripficaeasurementshe CH, volume is reporteat 35°C , 1

atm.Some error bars are too small to be vis



42

1.3.2.3 Anaerobic toxicity assay (ATA) testing

The ATA results for various wastes include synergistic, antagonistic, naattahixed
outcomes based on a comparison of maximum @blduction rates when calcium
acetate was the main co-digestate in ATA testing (see Figurdgdugh 1.12). ATA
results of each outcome are shown in figures grouped by the range of doses to help
present results more legibly. Whole stillage, thin stillage, can cruslkastgw
confectionary, yeast centrate, sorghum, potatoes waste, sprout, wet sligtdier cheese
waste, waste noodle, waste rice, syrup, molasses wash, packagingndaslteta waste
resulted synergistic outcomes (see Figure 1.9 (a), (b) and (c)). The unaxate of CH
production increased more than 50% for whole stillage, packaging, white wadtes a
more than 30% for yeast centrate, syrup wastes, wet distillersagrdiwaste noodle.
Sorghum, molasses and waste rice had more pronounced affects, increasing CH

production rate by approximately 90%.
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Figure 1.9: (c) Synergistic outcomes

Antagonism was observed for soap waste&@%), boiler cleaning wastewater ¢

9.5%), metal cutting waste (6 12%), oil and hydraulic fluids waste &> 15%),

cookie waste (I6z> 50 %), lettuce waste (k= 25%), cabbage waste g 25%),

mustard waste (l§g= 14.4%), compost (I§g> 6%), corrugated cardboard ¢ 1.1 %)

and dried manure (Kz> 3%) (see Figure 1.10 (a) and (b)). Antagonistic outcomes may
have been caused by inhibitory concentrations of zinc (50 mg/L) in soap and copper (68
mg/L), zinc (18mg/L) and chromium (6.9 mg/L) in boiler cleaning waste. The inhybit

substances in other wastes are unknown.
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Neutral outcomes were observed for float, acid whey, paunch, brewery grain,
algae (botrycoccus braunii), algae (nannochloropsis), heads from rum distillat
cooking solids, wood chip/charcoal, corn stover, dewatered paper mill sludge, cocoa
husks and pre-filter slurry (see Figure 1.11 (a), (b), and (c)). However, heid w
resulted in a synergetic outcome in subsequent studies (BMP test with syrtineicy

sludge and full-scale test with primary sludge) which is describeditetieis chapter.
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Figure 1.11: (a) Neutral outcomes
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Some wastes such as flavorings yeast, trube, brewery yeast, pine apple

corn/rye/wheat/barley in liquid, FT reactor condensate demonstrated mixedest

with a synergistic effect observed at low concentrations and an arstgeffiect

observed at higher concentrations (see Figure 1.12 (a) and (b)).
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Figure 1.12: (a) Mixed outcomes
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1.3.2.4 Sieve analysis

The do(sieve opening size passing 10% of the materig)jand do were
calculated from the plots of percent passing verse sieve size. The valdgsdgrand
dgoare presented in Table 1.7 (summary of wastes characteristics)yoftrevwhstes
which were selected for bench scale co-digestion (float, flavorings yleiasstillage,
acid whey and can crushing wastes) were less than 0.075 mm except floattwaste
0.52 mm for float waste. The advantages of selecting waste with fine padedenere
avoidance of grinding of waste as pretreatment, less settling ofilpariicthe available,

but unmixed storage tank at SSWRF and easy mixing with primary sludge.

1.3.2.5 Cost-benefit analysis

The cost benefit calculations for 46 wastes are presented in Table A.1 of
Appendix A. Only 22 wastes were considered for further screening due toibmaaid
capability of the existing equipment including pump, mixer at the SSWWRF during
period of this study. The net benefits for 22 wastes are presented in Figurdiel3.
economic analysis resulted in high positive benefits (> 56 éfiwaste) for eight of the
22 co-digestates: (1) heads from rum distillation, (2) syrup, (3) breveast,y(4)
flavorings yeast, (5) trube, (6) float, (7) corn/rye/wheat/barleyquidi and (8) whole
stillage. However, to select co-digestates for further study, othée wlaaracteristics
were considered, including the volume of waste produced, the probable rel@bility
waste availability over time, apparent toxicity, and availability of othdaswble

disposal methods (i.e., sale as animal feed or food additive). Based upon all factors, the
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five most promising wastes for further bench- and pilot-scale testirgasdiollows: (1)
float, (2) flavorings yeast, (3) thin stillage, (4) acid whey and (5) safkiohg can
crushing waste. Even though the net benefits of trube and brewery yeast wére,posit
these wastes were not included in pilot testing due to low production volume and existing
worth as a food product, respectively. Heads from rum distillation, corn/rydfvaday
in liquid, molassess wash and sorghum were not included in pilot testing due low
production volume (< 20 gpd). Among the four corn ethanol wastes (wet distikéns gr
whole stillage, thin stillage and syrup), thin stillage was selected fbwefustudy since
alternative disposal options were available for whole stillage by aapgamvet distillers
grain (animal feed) and a significant amount of energy is required to produge sy
(syrup is produced from thin stillage by evaporating the water). Oil andlitytluids

was not selected because of their antagonistic outcomes. The net bdfEfieattor
condensate was negative because of the high shipping cost resulted from the long

distance (1500 km) between the source of waste and the wastewater treatititgnt fa
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Figure 1.13: Co-digestate cosbenefit analysis result

1.3.3 Performance of bencl-scale anaerobic digesters

The performance of ben-scale co-digesters is described below

1.3.3.1 CH4 production and biogas composition

The average Chproduction rates of Control, Co-Digester 1 &aDigester 2
sysems are presented in Figure .. The CH, production ates of all six digeste
between Days 45 and %%ere approximately equal. During the digiestion period (Day
55 to 100), CHproduction rates cCo-Digesterl and 2 systems increased by 105%
66% in comparison to the Control systems, respelgtivVhen extra organic carbwas

added to cadigesters, thCH, production rate wasxpected to increase. But the e»
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CH, production from the additional -digestate carbon was theoretically anticipate
be only 57% and 23% greater frcCo-Digester systenisand 2, respective (see Table
1.8). The theoretical CHproduction rate was the anticipated gioductionfrom the
co-digestates, which waslculated from theorresponding BMP value of the we.

There was aignificant synergistic effect when 1 wastes were cdigested.

35 -
Beforeca-digestion | After co-digestion

30 {€=====--—-——--- b >

e—= 6 \Wastes

25 - *Theoretica CH, production for |

/ co-digester 1 I

A S— 2 Wastes

Methane production rate (L/day)

20 -
R T

—e—Control
1.0

—&—Co-digester 1
0.5

—&— Co-digester 2
0.0 T T T T T 1

0] 10 20 30 40 50 60 70 80 90 100 110

Time (days)

Figure 1.14: CH,4 production rate of digesters
Theoretical CH production = Cl, production from control + theoretical GHroduction of c-digestates
which was calculated using BMP values o-digstates
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Table 1.8: Methane production due to synergism of co-digestion

Control  Co-Digester 1  Co-Digester 2

Actual CH4 production (L/day) 1.33+0.02 2.73+0.06 2.21+0.04
TheoreticalCH,4 from co-digestates (L/day) 0 0.76+0.02 0.31+0.04
:{; Ce:>(<)trr]et1rCo|I-|4 from co-digestates in comparison 5742 0% 2343 %

Theatrical totalCH, (L/day) 1.330.02 2.09+0.06 1.64+0.06
exces$CH, due to the synergism (L/day) 0 0.64+0.08 0.57+0.07

% Exces$CH, due to the synergism in

. 4816 % 4245 %
comparison to Control

1.3.3.2 Biogas methane composition

The biogas Chlcontent was 62 = 1% under all three digester conditions.

1.3.3.3 TS and VS destruction

The VS content of the digested sludge from the Control, Co-Digester 1 and Co-
Digester 2 systems are presented in Figure 1.15. Average effluent VS catzesfor
all the three systems between days 45 and 55 were to around 1%. After steaditlstat
co-digestion, TS removal efficiency of the Control, Co-Digester 1 and Geskir 2
systems were 46+2%, 73+3% and 61+3%, respectively. VS removal efficiertey of t
Control, Co-Digester 1 and Co-Digester 2 systems were 58+2%, 88+3% and 78+2%,
respectively. The TS and VS removal efficiencies of Co-Digestensl 2 ancreased by

49+6 and 3315, respectively, in comparison to the control systems.
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Figure 1.15: VS of digested sludge versus operation time

1.3.3.4 Other effluent values

The values for pH, total VFA, alkalinity, soluble COD and soluble TOC for all
three conditions are listed in Table 1.9. The parameters, pH, total VFA, dikatui
SCOD in Table 1.9 were not statistically different among the threetdiggstems. TSS
and VSS were statistically different between Control and Co-Digéstgstems, whereas
not statistically different between Control and Co-Digester 2 systemesSdluble TOC

was statistically different among the three digester systems.
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Table 1.9: Effluent values for all three conditions

Parameters Control Co-Digester 1 Co-Digester 2
pH 7.2-7.3 7.2-7.3 7.2-7.3
Total VFA (eqg/L) 0.29+0.14 0.23+£0.16 0.30 £0.10
Alkalinity (mg/L as CaCO: 6000 = 50 6010 £ 40 5990 + 70
SCOD(mg/L) 970+ 90 1160 + 110 980 + 110
Soluble TOC (mg/L) 940 + 20 1142 + 20 1030 + 30
TSS (g/L) 9.83+0.27 12.9+0.8 9.95+0.70
VSS (g/L) 8.36 £ 0.44 10.8£0.4 8.38+0.74

1.3.3.5 NHs-N and TKN

Effluent NH;-N and TKN concentrations unc all three conditions were betwe
9101050 mg/L and 151-1860 mg/L respectively (see Figure 1(&% and (k). The
Average TKN/NH-N ratio was 1.7Average NH-N and TKN concentrations, in ord
from highest to lowest were as follows: -Digester 2 > Cddigester 1> (ontrol.
However, NH-N and TKN concentrations in ttControl and Co-ester 1 systernr
were not significantly different, whereas thoseéhaControl and Co-ester 2 systernr

were different at a 99 level of significanct
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Figure 1.16: (a)Effluent NH3-N concentration underthree conditions
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1.3.3.6 Estimated benefit of full scale co-digestion based on bench-scale
digester

Benchscale digester results were used to estimatenergy production anCO,
avoidance for full-scalec-digestion (see Table 1.10). The full-scale@gester 1
scenario involves a feed volume including 18<%/d primary sludge, 38 %d float, 12
m?/d flavoringsyeast, 61 r’/d thin stillage, 45 riid acid whey, and 36 %d can crushing
waste. The Co-Digest 2 scenario involves a feed volume including 18#/d primary
sludge and 12 id flavolings yeast. Caligester 1 and 2 scenarios were estimate
result in a decrease in net , emissions assuming that biogas repkacoal as fuel (s¢
Table 1.10). Tk additional electricity generated frcCo-Digesterl and 2 scenarios w.
estimated to be enough to power more than 250@4@dhouses, respectively. Howev

actual fullscale energy production and , emissions may vary due to other factt
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Table 1.10: Estimated energy production and C@avoidance

Control Co-Digester 1  Co-Digester 2

Primary sludge flow (rfiday) 1890 1890 1890
Co-digestate flow (fiiday) 0 192 12
Total CH, (ML/day) 15.1 34.1 17.7
CH. energy (1000MJ/da$) 530 1190 620
Estimated C@emissions avoidante 17000 38200 19900
(tonnesl/year)

Average U.S. homes provided electriCity

(houses) 2000 4500 2340

2 Assuming CH heat content of 0.035 MJ/L Gt 35°C (930 BTU/f)

® Assuming switching from bituminous coal and coalssions factor of 0.088 kg GMJ (Hong and
Slatick, 1994)

“Assuming average U.S. household electricity usd@® &1J/d (25kwh/d) and biogas—to-electricity
conversion efficiency of 34% (10000 Btu/kwh) (Sped®96)

1.3.4 Specific methanogenic activity (SMA) of biomass

The SMA values of biomass from each of the six bench-scale digesters were
calculated from triplicate assays. The SMAs for the duplicate éigeist each system
were not statistically different. Therefore, all six SMA measurgsfor each system
were averaged. The SMAs against each substrate (acetate, propiortatéragdn) are

described below.

1.3.4.1 SMA against acetate and propionate

The SMAs against acetate as a substrate are presented in Figure 1.17 r&rror ba
represent the standard deviation of the six SMAs for each system. The &iyt#es
values were obtained for the biomass taken from the Co-Digester 1 systenessnder
Digester 2 biomass also demonstrated SMA values higher than the CongoisyBhe
increases in average SMA value of the biomass due to co-digestion were Hob %

18+9 % for Co-Digester 1 and 2 systems, respectively, compared to the Congwissys
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The SMAs were statistilly different at the 99% signifance level between Control a
Co-Digesterl(F (1, 10) = 31 and < 0.001) as well aControl and Cddigeste 2(F (1,

10) = 28.9 and: < 0.001).
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Figure 1.17 SMA results against acetate of the different contlons

The SMAsagainst propionate as a strate are presented in Fre 1.18. Error
barsrepresent the standard deviation of the six SMAf&zh conditionHigher SMAs
were obtaind for the biomass taken froCo-Digester 1 and 2 systenihe increases i
SMAs of the biomass due co-digestion were 27+12 % and 321%6for theCo-
Digester 1 and 8ystems respectively, compared to the control. HverageSMA
values werestatistically different at the % significane level between Control and -
Digesterl(F (1, 10) = 31.8 and < 0.001) as well aControl and Cddigeste 2(F (1, 10)

= 26.6 andx < 0.001).
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Figure 1.18 SMA results against propionate of the different onditions

1.3.4.2 SMA against H;

The SMAsagainst |, as a substrate are presented in Figure. Ef@r bas
represent standard deviation of the six SMAs fahezondition. The higher SMAs we
obtainal for the biomass taken from tCo-Digester 1 and 2 systenie increases i
SMA values of the biomass due co-digestion were 3619 % and &% for Co-
Digester 1 and 8ystems respectively, compared to the@rol. The SMAs wer
statistically different at the % significance level between Control afd-Digester 1
systemgF (1, 10) = 22.5 and = 0.001), vhereas the SMAs were not statistic:
different at the 9% significance level betwedhe Control and Co-iDeste 2 systems (F

(1, 10) = 2.3 and = 0.16).
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Figure 1.19 SMA results against I of the biomass from the differert digesters

In three caseshe SMA values against acetate, propionate apthid SMAs of
biomass in the cdigesters increased compared to thithe controlsThe reasons fc
increased BIAs may be eithe an increase in the total number of microbes prasert-
digesters (but the same general microbial commustiticture), the establishment ¢
newmicrobial community structure in -digesters, or both. The microbial commur
structures in differentigesters ce be compared usingolecular techniqts like
denaturing gradient gelextrophoresisDGGE), quantitative polymerase chaeaction
(qPCR)or other methoc. The relationship amongGGE banding pattern imethyl
coenzyme M reductasenrA) genes and increas&MAs is described in the Chapter

The increase in SMA may la cause for synergistic outcomes in thelgesters
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1.3.5 Synergistic, antagonistic and neutral outcomes for different wastes

The BMP results for single and mixtures of two wastes are presented e Tabl
1.11. High BMP values were observed for these wastes except for the BiviRabf

cutting waste and metal cutting waste with synthetic primary sludge.

Table 1.11: BMP results for single and mixed wastes

Samples Average Std-deviation
CH, mL/g COD CH, mL/g COD
Flavorings 318 16
Thin stilllage 364 7
Acid whey 347 5
Can crushing 338 8
Metal cutting 117 5
Float 390 8
synthetic primary sludge 367 13
synthetic primary sludge + Flavorings 386 9
synthetic primary sludge + Thin stillage 394 6
synthetic primary sludge + Acid whey 387 6
synthetic primary sludge + Can crushing 391 7
synthetic primary sludge + Metal cutting 218 10
synthetic primary sludge + Float 383 6

For actual BMP values determined for mixed wastes, a 50/50 mass blend based on
COD was tested. Theoretical BMP values of the mixed wastes (i.syrinef 50% of
the BMP values of each waste in the mix) were also calculated. Bothttiaé BEIP and
theoretical BMP values for each waste mix are presented in Figure 1.20 tUddeBAdP
value of mixed waste was 13+7% greater than the theoretical valuaviorifigs waste,
11+5% for can crushing waste, and 8+4% greater for acid whey and thin stiiaglee
other hand, there were a decrease between actual and theoretical BMHoratuges

of synthetic primary sludge and metal cutting waste, whereas theneondifference for
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thefloat waste. Therefore, flavorings yeast, thintjagie, acid whey and cairushing

wastes demonstratsgnergistic outcom,, metal cuttingvaste demonstrated .

antagonistic outcome and flcwaste demonstrated a neutral outconelil&r results,

synergisticantagonistic oneutral outcomes for each wastéxed with acetate as ma

unlimited substrate wem@btained from previous anaerobic toxicity ass, except for the

acid whey. This BMRest reveale that acid whey was synergistic was, whereas it

was neutrain the anaerobic toxicity assay. A rea for this maybe that in BMI test,

acid whey showed synergism with isynthetic primary sludgevhereas it showe

neutral outcome becauaeetate was used as co-substrate imtia@robic toxicity assa

Synergistic
outcome

Antagonistic
outcome

Neutral
outcome

450

400
350
300
250
200
150
100

50
0 =

mL CH4/ g COD

.

==

]

Primary Sludge Primary Sludge Primary Sludge Primary Sludge Primary Sludge Primary Sludge

+ Flavorings  + Thin stillage

M Actual BMP of combined wastes

Figure 1.20: Different co-digestion outcomes

+ Acid whey + Can crushing + Metal cutting

+ Float

i Sum of 50 % BMP of individual waste
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1.3.6 Full-scale co-digestion testing at SSWWRF

The characteristic of acid whey used as a co-digestate in the full-eeale ¢
digestion is presented in Table 1.12. Typical acid whey wastes generated ithetse
factories were reported to contain up to 70 g/L COD, some carbohydrates (#4¢&%) a
mainly lactose (Mawson, 1994; Gelegenis et al., 2007). A similar value (6@vgi.)
observed for COD of the acid whey in this study. Moreover, no alkalinity wasvebiser
in this study. Primary sludge feeding flow rate and TS and VS loadirgyaide
presented in Table 1.13. All performance parameters of digesters weitedepar 171
days of operation, including a control period of 60 days, a subsequent co-digestion period
of 61 days and a post co-digestion period of 50 days. The post co-digestion period was
limited to 50 days because ¢production rate reached the value equal to the average
CH, production rate in the control period, and because another co-digestate (can crushing
waste) was fed just after the post co-digestion period. Can crushing voluneegamner
low (2000 gallons /week) and can crushing waste testing was stopped. No data on can

crushing waste digestion are reported herein.

Table 1.12: Acid whey characteristics in full-scale digestion testing

Parameters Value Number of data (n) used
COoD (g/L) 59.3+7.4 21
pH 3.7t 0.4 16
TS (%) 6.6% 1.5 22
VS/TS (%) 86.5+ 1.6 22
NH5-N (mg/L) 120+ 20 18

TKN (mg/L) 650+ 50 18




Table 1.13: Primary sludge flow rate and TS and VS loading rates
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1 2
FIS:VIT/StO fljc:\ljvsto . . Total VS Total TS
digesters | digesters TS input | VS input /f‘:::k feed /week
MGD Total

Date Days | MG/week | MG/week (%) (%) tc;cve:ezs t7:leese'lr(s
4/27/2010 4 1.22 1.51 2.42 1.82 273.59 363.09
5/4/2010 11 1.31 1.12 2.49 1.92 272.02 352.26
5/11/2010 18 1.16 1.52 2.38 1.82 265.53 346.73
5/18/2010 25 1.38 1.90 2.73 1.94 341.45 480.52
5/25/2010 | 32 1.34 0.85 2.84 2.13 284.87 381.18
6/1/2010 39 1.19 1.23 3.16 2.38 325.14 431.35
6/8/2010 46 1.24 1.04 2.96 2.21 295.37 394.27
6/15/2010 53 1.23 1.07 3.15 2.37 317.31 422.11
6/22/2010 | 60 1.21 1.93 2.77 1.99 328.92 457.09
6/29/2010 | 67 1.10 1.34 2.58 1.74 234.00 346.02
7/6/2010 74 1.29 1.25 2.26 1.65 238.81 327.56
7/13/2010 | 81 1.43 0.29 2.79 2.06 245.58 332.60
7/20/2010 | 88 1.30 1.07 2.64 1.71 238.00 367.73
7/27/2010 | 95 1.26 1.50 3.17 2.04 310.66 482.18
8/3/2010 102 1.47 2.19 3.02 1.95 379.65 587.36
8/10/2010 | 109 1.42 2.81 3.56 2.33 499.54 761.15
8/17/2010 | 116 1.85 0.62 3.38 2.36 387.73 554.56
8/24/2010 | 123 1.64 0.10 2.89 2.18 280.73 370.84
8/31/2010 | 130 1.58 0.13 2.61 2.04 253.98 324.22
9/7/2010 137 1.61 0.18 2.99 2.31 298.12 385.68
9/14/2010 | 144 1.60 0.13 2.79 2.19 276.01 352.01
9/21/2010 | 151 1.53 1.35 2.55 1.91 318.82 426.07
9/28/2010 | 158 1.79 0.74 2.59 1.98 323.81 425.27
10/5/2010 | 165 1.82 1.07 2.60 2.01 358.07 463.42
10/12/2010 | 172 1.72 0.00 2.40 1.85 241.71 313.94

'SSPS: SSWWRF Primary sludge

2JIPS: Jones Island wastewater reclamation fadditsnary Sludge
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1.3.6.1 Methane production rate

Daily biogas production and co-digestate flow rate are presented inA.2bdé
Appendix A. CH production rate and acid whey feed rate are presented in Figure 1.21.
The average ChHproduction rate during the control period was 87G@lay which is
presented as a horizontal line on Figure 1.21. When the co-digestate feesistgnieal,
an increase in biogas production was expected. However, there was not a significant
increase in Chlproduction rate until Day 100. It may be because of a decreased VS
content of the primary sludge between Days 55 and 75 (see Figure 1.23). Undétytunat
there was not precise control of TS and VS concentration of the primary $kety
However, average VS content of the primary sludge remained in the range2# 26
Average CH production per kg VS of primary sludge added during the control period
was 0.21 ¥ kg VSnpu This value was used to calculated theoreticaj @riduction
from primary sludge during the co-digestion and the post co-digestion periogssExc
CH, gas volumes of 91,000%mand 124,000 frwere estimated by calculating the
difference between theoretical and actual, @kbduction over co-digestion and post co-
digestion respectively (see Table A.3 of Appendix A). However a maximumlyf
21,000 ni could have been produced from COD of the acid whey co-digestate added
based on a stoichiometric maximum of 400®#4/kg of COD (35°C, 1 atm). Therefore
co-digestion of the synergistic co-digestate, acid whey, increasgg@rGtiliction by an
extra 194,000 rhover the co-digestion and the post co-digestion periods. In overall the
full scale co-digestion of acid whey in addition to primary sludge increasdtneet
production by 21 % % ( 19% from synergism and 2% predicted from COD of acid whey)

over co-digestion and post co-digestion periods.
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Figure 1.21: CH, production rate and co-digestate feed rate
(CHg4 production rate: circle, 7 days running average)

1.3.6.2 Percent of methane in the biogas

Average percent of CHn the biogas from the five digesters is presented in
Figure 1.22. The average percent of,Glues for the control, co-digestion and post co-
digestion periods were 553, 58+2 and 59+1, respectively. Percent,oh @¢ co-
digestion and post co-digestion periods were statistically different fromnp@fc€H, in
the control period at the 5% significance lewek(0.05). The percent of G@n the
biogas was approximately 28-29 % for all periods. Co-digestion of synergésite
increased the present of ¢ the biogas by 5% during the co-digestion period and by

7% during the post co-digestion period as well.
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Figure 1.22: Average percent of CHin the digesters’ biogas

1.3.6.3 TS and VS removal

The influent and effluent VS content for the digesters are presented in Figure

1.23. TS removal efficiency was 30% in the control, 33% in the co-digestion and 33% in

the post co-digestion periods (see Table A.4 of Appendix A). VS removal effesenc

were 32% in the control, 34% in the co-digestion and 39% in the post co-digestion

periods (see Table A.5 of Appendix A). The TS and VS reduction was 20 and 28%

greater, respectively during and after co-digestion.
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Figure 1.23: Average percent of CHin the digesters’ biogas
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1.3.6.4 pH, temperature alkalinity and VFA production

Average pH, temperature and alkalinity of each digester are presentedan Tabl
1.14. Values for temperature, pH and alkalinity were within the typical range of
anaerobic digestion of municipal sludge. A stable digester has a minimum sadupH
of 6.8 (Speece, 2008) and a total alkalinity of 2000 to 5000 mg/L (WEF, 1996).

Therefore, all digesters were operated in a stable condition.

Table 1.14: Temperature and alkalinity of digesters

Digesters pH Temperature (°C) (mgA/II_k:::‘:I:(y: 0s)
D6 6.9+0.3 355 1500 £ 200
D8 6.9+£04 35+7 1500 £ 200
D10 7.1+04 372 1800 £ 500
D11 7.0+0.4 362 1800 £ 200
D12 7.0+£0.4 371 1800 + 200

A plot of total VFA concentration in each digester versus time is presiented
Figure 1.24. Unfortunately, some VFA measurements (not shown in Figure 1.24) during
the control period were more than 500 mg/L. They were ostensibly sampling yircahal
errors and not considered in the analysis. The total VFA concentrationshef all
digesters were less the 300 mg/L during the co-digestion and post co-digestds.peri
Since a typical value of VFA of a well-established anaerobic digedesssishan 500
mg/L, all the digesters were under the typical limit during co-digestion anad@os

digestion periods.
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Figure 1.24: Volatile fatty acids (VFA) of each digester

1.3.6.5 NH3-N and TKN of digested sludge

The NH;-N and TKN concentrations of digested sludge during the co-digestion
period were 250 £ 40 and 1060 + 270 mg/L, respectively. The ratio TKNMsdslfound
to be 4.2. Unfortunately, Ng=-N and TKN concentrations of digested sludge during the

control and post co-digestion periods were not measured.

1.3.6.6 Mass balance

The VS mass balance of digesters is presented in Table 1.15. VS input into the
digesters, VS output from the digesters, accumulation in the digesters amsibbgte
destroyed by anaerobic degradation were accounted for in the mass akinygelds
from VS destroyed were estimated to be 650, 704 and 6764l KBV Siestroyedin the
control, co-digestion and post co-digestion periods, respectively. Thgi€l#iper VS
destroyed during co-digestion increased by 8% in comparison to the controificSpec

CH, yield calculated in this study was within the typical range regdryeMetcalf and



70

Eddy (2003) and WEF (1998). Metcalf and Eddy (2003) stated that typicayi€lH

varies from 420 to 840 L CH kg VS destroyed for the anaerobic digestion process.
WEF (1998) reported that Ghproduction for various substrates as follows Ghis per

kg volatile solids destroyed): fats, 0.74 to 1.15; scum, 0.63 to 0.75; grease, 0.75; fibers

0.36 to 0.40; protein 0.51; and typical primary sludge and activated sludge, 0.48 to 0.7.

Table 1.15: VS mass balance of digesters

Control Co-digestion Post co-digestion

Period considered (days) 60 61 50

Total VS added (tonne VS) 2,560 2,810" 2,130

Total VS wasted (tonne VS) 1,860 1,820 1,430

VS accumulation (tonne VS) -120 50 -140

VS destroyed (Tonne VS) 820 940 840

Total CH,4 produced (KCF) 18,800 23,400 20,000
Total CH4 produced (KL) 533,000 663,000 567,000

L CH,4 /kg VS destroyed 650 704 676

! value included 50 tonne of VS of acid whey added to the digesters

1.4 Conclusions

This study was performed to help develop a method/protocol to select the most
promising co-digestates for full-scale co-digestion. This method inthoile steps: (1)
preliminary screening (market survey), (2) waste characteriz&MP( ATA, sieve
analysis, other tests including analyses of a suite of metals), (3) sicoplenaic
analysis, and (4) bench-scale digester testing. Co-digestion outcomesaaadorized
as synergistic, neutral, antagonistic based on the biogas producticor @igestion of
more than one co-digestate being greater than, the same as, or less thanrileat abse

sum of CH production rate when each waste is digested alone.
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The co-digestion of five wastes (float, spent yeast, thin stillage wdeey and
soft drink can crushing waste) in addition to primary sludge is feasibld-atéié. Co-
digestion of these wastes increased biogas production significantly motbehaiue
predicted based upon their BMP values alone. Co-digestion of the most promisieg wast
with primary sludge in full scale was estimated to generate enoegthi@ty (renewable
energy) to power >2500 houses more than primary sludge digestion alone. Gioitiges
in full-scale was estimated to decrease, @@issions. The co-digestion of most
promising waste increased specific methanogenic activities (SMAB)sa@cetate,

propionate and hydrogen as a substrate.

The full scale co-digestion of acid whey in addition to primary sludgeasece
CHj, production by 21 % (19% from synergism and 2% predicted from COD of acid
whey), percent of ClHby 5%, CH yield per VS destroyed by 8% (from 650 to 704 L
CH4 / kg VSestroyed , total solids and volatile solids removal efficiency by 20%. In
conclusion, co-digestion is one method to increase renewable energy production and

decrease GHG emission via anaerobic digestion.
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Chapter 2

Anaerobic co-digestion with synergistic waste incigses microbial
activity and changes the microbial community

Anaerobic co-digestion is a process in which a mixture of at least twoeditffer
high- strength wastes is digested, producing more biogas as a sournendHbke
energy. Appropriate waste selection and optimum blending ratios can help m&aximi
biogas production in co-digestion. The right balance of macro- and micro-nytpieints
inhibitory/toxic compounds, biodegradable organic matter and dry matter in a waste
mixture is important for co-digestion performance (Hartmann et al., 2003). Cotaligest
with any combination of wastes can result in synergistic, antagonisticeaiti@in
outcomes depending on waste composition (Zitomer et al., 2008). The synergistic,
antagonistic and neutral outcomes of co-digestion can be defined based upon methane
(CHgj) production that is greater than, less than or the same as that observed when each
material is digested alone. Reasons for synergistic outcomes include improveat nutr
balance, bio-availability of trace metals by complex agents in waste lagrs.ofhe exact
mechanism and fundamental reason for a synergistic outcome has not beerfinksér de
Most recent co-digestion research involves relationships between process\pede
and operating parameters and optimization of blending ratios. However, it is also
important to study the influence of co-digestion on microbial communities. Thigtée
research reported to understand the link between digester performance andamicrobi
community structure in an anaerobic digester, and, to the author’'s knowledge, none

involving co-digestion and microbial community.
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The degradation of organic compounds to carbon dioxide)(&@ CH occurs
in four discrete steps (Speece 1996). Methanogenesis, the final step, prodyeesl CH
CO. from either acetate or hydrogen/formate and G@hite 2000). Therefore,
investigating the methongenic community is a potentially valuable tool to de¢ecor
digestion influence on the microbial community. Methyl coenzyme M redzi¢tasA)
is the enzyme that catalyzes the final reaction in the methanogenbsiaypéErmler et
al. 1997). Therefore, thecrA functional gene has been used to understand
methanogenic community structure in various microbial samples. The community
structure and diversity of methanogens should be investigated using molecular
fingerprinting techniques to compare biomass samples from control (without co-
digestion) and co-digestion systems. Several molecular techniques cad ieciisding
denaturing and temperature gradient gel electrophoresis (DGGE and ;T$h@gjie
strand conformation polymorphism (SSCP), terminal-restriction fragmerthleng
polymorphism (tRFLP), 16S rRNA gene cloning and pyrosequencing. Among these
techniques, DGGE is one of the most well established molecular tools for bidgtiversi
assessment in microbial ecology (Head et al., 1998; Muyzer and Smalla, 1998;.Boon et
al., 2002, Stamper et al., 2003; Aroogj et al., 2007). Further, comparison and calculation of
biodiversity indices (e.g. principle component analysis, Simpson’s and ShannonFWeave
indices, cluster analysis, etc.) can be used to interpret data from DGGE image

(Marzorati et al., 2008).

Recently, the blending of anaerobic co-digestates, synergism and economics has

been reported (Navaneethan et al., 2011). In this study, the performance of ladach-sc
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digesters for 3 systems (Control, Co-Digester 1 and Co-Digester 2) wasmradror six
months. Co-Digester 1 and 2 systems were fed with six and two co-digestates,
respectively, whereas Control systems were fed with synthetic prifhoaigesalone.
Objectives of this study were to identify co-digestion effect on the malrabtivities

and microbial community structure.

2.1.1 Research hypothesis

In this study, three main hypotheses were defined as follows:

1. Co-digestion of synergetic co-digestates in addition to primary sludge sesea
biogas production significantly more than that predicted based upon BMP values
alone

2. Codigestion can increase specific methangenic activities agaeistie,
propionate and Fhs substrates

3. Co-digestion changes the microbial community structure in comparison to control
digesters receiving synthetic primary sludge

2.2 Methodology
2.2.1 Specific methanogenic activity

The digester performance or "activity" of microbial cultures was datedrusing
SMA tests of biomass samples against acetate and propionate (AngelidaldGa®d as
well as H (Coates et al. 2005; Coates et al. 1996) according to published methods .
However, the few modifications made to these methods are described belove Assay
were conducted in triplicate at 35°C, 150 rpm using an incubator shaker (model C25KC,

New Brunswick Scientific, Edison, NJ). All assays were performed underana
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conditions in 160-ml serum bottles. The VS concentration of the biomass was measured

at the beginning of activity tests.

2.2.1.1 SMA against acetate and propionate

Fifteen mL (140-180 mg VS) and 25 mL (240-300 mgVS) of biomass were used
in acetate and propionate activity tests, respectively. The final totaheabf the assay
was kept at 30 mL by adding the appropriate amount of basal media. Bottles were
sparged with oxygen-free gas (7:3 v/¥%.@BlO,), closed with solid, black, butyl rubber
septa and incubated. Approximately 3 days were allowed for degassing frduakes
COD in the biomass. CHtontent in the headspace was measured using gas
chromatography (GC). Substrates were injected through the septum usimga apd
needle to achieve a calcium acetate concentration of 12 g/L and a calciuanatepi
concentration of 3.4 g/L. The biogas volume produced was measured at ambient pressure
and 35C every day using a 10- or 100-mL (depending upon gas production) glass syringe
with a wetted glass barrel. The syringe content was re-injected intertira bottle after

volume measurement. Headspace, Cohtent was measured by GC at the end of testing.

For acetate and propionate activities, maximum @tdduction rate (mL
CHy/day) was determined by linear regression of the initial, linear portion of afplot
cumulative CH production versus time. SMA values (mL £ VS-day) were

calculated by dividing maximum Ghbroduction rate values by average VS mass.
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2.2.1.2 SMA against H,

A sample of 8 to 12 mg VS of biomass was used in hydrogenotrophic activity
tests. The final total volume of the assay was kept at 30 mL by adding the aperopria
amount of basal media. Bottles were sparged with oxygen-free gas (7:3@W:N
closed with solid, black, butyl rubber septa and incubated. Then, 3 days were allowed for
degassing from residual COD in the biomass. Subsequently, 100 mL egfean I€Q
gas mixture (at a ratio of 1:4, v/v) at ambient pressure and temperaturgecssd
through the septum using a syringe and needle; then the bottles were incubated. Bottle
headspace volume was measured by inserting the needle of a glasswsyhngetted
barrel at ambient pressure and at 35°C twice a day for 7 days. Syringe cageat w

injected into the serum bottle after volume measurements.

For hydrogenotrophic activity, the volume o%:80, gas utilized was calculated
as from the decrease in the gas volumes in the assay plus the gas volume produced from
endogenous control bottles at the given period of time, gEétuction was estimated as
the volume of HCO, gas utilized divided by 4 based upon the stoichiometry of CH
production from Hand CQ (1 mol CH, produced from every 4 mols;tdnd 1 mol of
CHy). Maximum CH production rate (mL Cliday) was determined by linear regression
of the initial, linear portion of a plot of cumulative ¢production versus time. SMA
values (mL CH/g VS-day) were calculated by dividing maximum J#loduction rate

values by average VS mass.
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2.2.2 Influence of co-digestion on diversity and population of digester
microorganisms

Molecular techniques used included denaturing gradient gel electrophoresis

(DGGE) and quantitative polymerase chain reaction (qPCR).

2.2.2.1 DNA extraction

DNA was extracted from 0.75 mL of biomass obtained from each bench-scale
digester just before co-digestion and 2 and 8 weeks after the beginning géstedt.
The PowerSoil™ DNA Isolation Sample Kit (MoBio Laboratories, Inc., @ads CA)
was used to extract DNA according to the manufacturer’s instructionsthsing
alternative lysis method. This alternative lysis method reduced theohtai vortexing
time of the PowerBead tubes from 10 to 1 minute and employed incubation at 70°C for
10 minutes. This ostensibly reduced shearing of DNA. The presence otexxipa¢A

was confirmed using agarose gel electrophoresis.

2.2.2.2 Agarose gel electrophoresis

A 1% agarose gel was prepared by mixing agarose with 1X Tris-Acetate-
ethylenediaminetetraacetic acid (TAE) buffer. The resultingurgxivas heated in a
microwave until all the solid agarose was dissolved in TAE buffer. The solution was
allowed to cool for 3 to 4 minutes before pouring into a gel box. Ethidium bromide (0.8
pI/mL) was added to the gel mixture for staining purposes. The preparsalgein was
poured into a gel box and allowed to solidify. A mixture of 2 uL 6X blue-orange loading

dye and a 10-uL DNA sample was injected into the wells (Hartwall &004). A DNA
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ladder containing 40 ng/uL Lambdg ONA, Hindlll cut and 30 ng/pL phi X174 )

DNA, Haelll cut was used as a marker. The DNA was electrophoresed undevait100
potential difference across the gel for one hour. Finally, migrated DNAeogel was

viewed and photographed under ultraviolet light using a bioimaging system (GDS-8000,

UVP Inc. Upland, CA).

2.2.2.3 Polymerase Chain Reaction (PCR)

PCR was performed on the extracted DNA sample using EconoTag® PLUS 2X
Master Mix, which includes the Taq polymerase (Lucigen Corporation, Middleton, WI).
Forward and reverse primers (0.1 uM of each) were added to targatrhgene.
Nuclease-free pO was used to make a 1Q0-reaction volume. The primers used for the
first PCR and a second, nested PCR amplification to obtain GC clamp products for

DGGE of themcrA gene are described in Table 2.1

Table 2.1: Primers to be used in PCR reactions

Gense F/R Primer’'s Labels References

mcrAlf (5'- «GC-clamp-

Forward | GGTGGTGTMGGA

mcrA TTCACACARTAYGCWACAGC -3))
McrA500r (5’ —
TTCATTGCRTAGTTWGGRTAGTT - 3))

Luton et al.,
2002

Reversed

* GC-clamp =5 — CGCCCGCCGCGCCCCGCGCCCGTGCCGCCGCCGCCCG — 3’

PCR was completed using a thermal cycler (Bio-Rad PTC-200 DNA Engine
Hercules, California). Both first PCR and nested PCR required a tlegéistmocycler
programme in series including denature, anneal and extend. The first PCR program
included denature step (95°C for 5 min), anneal step (35 cycles of 95°C for 1 min, 49°C

for 1 min and 72°C for 3 min) and extend step (72°C for 7 min). The nested PCR
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program included denature step (95°C for 5 min), anneal step (40 cycles of 95°C for 1
min, 58°C for 1 min and 72°C for 3 min) and extend step (72°C for 7 min) as described

by others (Tale, 2010).

2.2.2.4 PCR purification

For DGGE, samples were cleaned using the UltraClean™ PCR Clean-up™ Kit
(MoBio Laboratories, Carlsbad, CA). This clean-up step was employed ifoantef

remove unwanted reaction components.

2.2.2.5 Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE was performed on a 1-mm-thick 8 % polyacrylamide gel prepared per the
manufacturer’s protocol (Tale, 2010). Urea and formamide were used as denaturing
reagents. Gels with a linear gradient of 40% denaturant concentration at thehegelf t
and 80% at the bottom (expressed as v/v of the total gel) were used for electrophoresis.
The highest and the lowest concentrations of the denaturant were 75 mm apart. & BioRa
Universal DCode Mutation Detection System was used to produce the DGGE gels. The
purified PCR product (1.05 ug, 35 pL) was added to each lane of the polyacrylamide ge
with 7 mL of 6X loading dye. An electric potential of 100 V was applied across the gel
for 12 hours. A 1 % solution of SYBRGold Nucleic Acid stain (Invitrogen, CA USA)
dye was used for gel staining. The gel was immersed in the staining sohdicotated
on a gyratory shaker table at 1 rpm for 30 min before observing it under ultra violet light

using a bioimaging system (GDS-8000, UVP Inc. Upland, CA).
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2.2.2.6 DGGE image analysis

The stained DGGE gel was visualized under ultraviolet light and its image wa
taken using a digital camera. The Lab Works software (v. 4.6.00.0) was used for
detecting bands and measuring band optical density. Parameters used for baod detect
are presented in Table 2.2.

Table 2.2: Parameters used for bands detection

Parameter Values
Minimum band height 0.05
Dark bands and bright background On
Rows of equal molecular weight On
Allowed error (%) 5
Maximum OD level for the image On
Number of largest bands retained 5
Center peak On

A common amplified DNA (mcrA) sample was prepared by mixing the amplified
DNA samples from three digesters (R1, R3 and R5). This mix was used as a
ladder/marker (L) for comparing densitometric data from two gel @mnaghe ratio
between the densitometric data (optical densities) from the marker fahesfiost and

the second gel images was used to normalize the densitometric data of thegeécond

2.2.2.7 Cluster analysis

Pearson’s correlation coefficients were calculated between lan&sring
banding patterns obtained from DGGE gels to make dendrograms showing differences
among banding patterns (Griffiths et al., 2000; Zhang and Fang, 2000; Kosman and

Leonard, 2005). This coefficient measures the similarity between the twg lane
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containing banding patterns. Each lane represented a specific digesteistsamate.
Dissimilarities/distances between the lanes were calculated asiong Pearson’s
correlation coefficient. The distance matrix was constructed using obtained
dissimilarities/distances between lanes. It consisted of 6 rows and 6 columns
representing each digester biomass sample. The distance matrix was uake & m
dendrogram using the Phylogeny Inference Package (PHYLIP, v 3.68)rsptbe

unweighted pair group method with arithmetic mean (UPGMA) algorithm foteclog.

Principal component analysis (PCA) was performed on the densitometric data
using the MATLAB (v.7.12(R20011a)) software package. Band intensities were used as
input. A graph of the first versus the second principal component was plotted in which
each biomass sample represented a data point. Some samples were dhistgredps
using their first two principal components by the farthest neighbor algortfoations

for first and second principal components are described below:

Component 1 =7, =1 0y Xim
N\
Component 2 =), -1 B, Xy

Where

a andp are first and second principal components coefficients, respectively
r: total number of bands

m: band number

n

. I .
_ 1=1 ‘m,t
Xm - Im - n

Xm : Demeaned optical band intensity df tmand for particular reactor
Im : Optical band intensity of thband for particular reactor

Im - Optical band intensity of thband and'f reactor
i= reactor number
n: total number of reactors
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2.2.2.8 PCR and Cloning of excised bands

PCA was also used to identify bands of interest which had the most significant
effect on the clustering. A given significant band was excised from thfeeedi lanes
of the DGGE gel (the Control, Co-digester 1 and Co-digester 2 samplg [Bnes
excised DNA bands were immediately eluted with 100 puL of water and kept at 4°C for 2
days to allow DNA in the gel to diffuse into water. The DNA was amplifietl tvitth
forward and reversed primers, mcrAlf and McrA500r, using the protocol described in the
section 2.2.2.3. However, only the first PCR step was conducted for targeting mcrA
genes. These PCR products were run on an agarose gel to confirm presencdieflampli
DNA as described in section 2.2.2.2. The amplified products were cloned into One Shot®
Mach1™-T1R chemically competer. coli cells using the TOPO TA Cloning® Kit
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Theicailgm
competenk. coli cells were inoculated to petri dishes containing S-
Gal™/Kanamycin/LB Agar blend (Sigma-Aldrich, St. Louis, MO) and 50 mg/mL
ampicillin. Twelve while/light colored colonies containing plasmids with ainegli
product were picked for each band and directly PCR amplified with PucF (5"A3GA
GTG AGC GGA TAA CA- 3") and PucR (5- GGC GAT TAAGTT GGG TAACG}Y 3
primers. The PCR was performed using EconoTag® PLUS 2X Master Mix, which
includes the Taq polymerase (Lucigen Corporation, Middleton, WI). Forward and reverse
primers (0.1 uM of each) were added to targetbi® gene. Nuclease-free,B was
used to make a 1Q0- reaction volume. PCR was completed using a thermal cycler (Bio-
Rad PTC-200 DNA Engine, Hercules, California) using a thermocycler proggam

including denature, anneal and extend periods. The PCR program included denature step
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(94°C for 2 min), anneal step (30 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for
1 min) and extend step (72°C for 10 min). These PCR products were run on an agarose

gel to confirm presence of amplified DNA as described in section 2.2.2.2.

2.2.2.9 PCR purification

Amplified samples were cleaned using the UltraClean™ PCR Clean-up™ Kit
(MoBio Laboratories, Carlsbad, CA) according to manufacturer’s instngto remove

unwanted reaction components.

2.2.2.10Sequencing and sequence reads analysis

The purified and amplified products were sequenced at the DNA sequencing
facility, University of Chicago Cancer Research Center using an Appicsystems
3730XL 96-capillary system. The forward and reversed sequencing reacéms w
performed using primers M13for 5' GTAAAACGACGGCCAGT 3'and M13rev 5'
CACACAGGAAACAGCTAT GACCAT 3 respectively. A tailor-made compute
program was used to clean raw sequences, form contigs, create fastarieve vectors
and orient sequences. This program utilized the UniVec Database of the Natioieal Ce
for Biotechnology Information (NCBI) using the Basic Local Alignmee&i$h Tools
(BLAST) to remove vector sequences (Altschul et al., 1997). The complete cleaned
sequences were submitted to NCBI database as query to identify simmfagemne

sequences using the BLASTn algorithm/program.
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2.3 Results and Discussion
2.3.1 Performance of bench scale-co-digestion with most promising wastes

Bench scale performance results are adapted from Navaneethan et al.48011)
are summarized in Table 2.3. ¢production rates of Co-Digestion 1 and 2 systems
increased by 105% and 66% in comparison to the Control systems. The extra CH
production from the additional co-digestates was theoretically anticipatecbi#/band
23% greater for Co-Digester 1 and 2 systems, respectively. Co-digestion odipgpoa-
digestates in addition to the primary sludge resulted in an additiongbi@Huction of
0.5 L/day. Therefore, co-digestion resulted in synergism. Moreover, TS anaridSale
in Co-Digestion 1 and 2 systems increased by 50% and 33%, respectively, in comparis

to the control systems.

Table 2.3: Operational and steady performance characteristics after coigestion

Parameters Control Co-digester 1 Co-digester 2

SRT (days) 15 15 15
Organic loading rate (g VS/L-day) 1.6 2.2 1.9
Actual CH, (L/day) 1.3 2.7 2.2
(TSgZ;(;tlcal CH from co-digestatés 0 0.9 0.4
Theoretical total Cki(L/day) 1.3 2.2 1.7
,(Al\_cllgggnal CH, from synergism 0 05 05

TS reduction (%) 46 73 61

VS reduction (%) 59 88 78
Biogas CH content (%) 61 62 62

TheoreticalCH, from co-digestates was calculated from BMP vabfeespective wastes and COD
added
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2.3.2 Specific methanogenic activity (SMA) of biomass

The SMA values of biomass from each of the six bench-scale digesters were
calculated from triplicate assays. The SMAs for the duplicate digaateach system
were not statistically different. Therefore, all six SMA measuresienteach system
were averaged. The SMAs against each substrate (acetate, propionatéragdr) are

described below.

2.3.2.1 SMA against acetate and propionate

The SMAs against acetate as a substrate are presented in Figure 2danSrror
represent the standard deviation of the six SMAs for each system. The KHest
values were obtained for the biomass taken from the Co-Digester 1 systenessvber
Digester 2 biomass also demonstrated SMA values higher than the Controksydtem
increases in average SMA value of the biomass due to co-digestion weré Edb
1819 % for Co-Digester 1 and 2 systems, respectively, compared to the Costeoisy
The SMAs were statistically different at the 99% significangellbetween Control and
Co-Digester 1(F (1, 10) = 31 anck 0.001) as well as Control and Co-Digester 2(F (1,

10) = 28.9 and. < 0.001).



91

140

= 120 == ==
3 i P i
& 100 A [ | i
2 — — ——— ———
> g - = — P
3 — — P
S — — i
- 60 -+ | | |
E IS IR [ |
< 40 4 — | .
s ] R —
n 20 4 I I |

=] =] ]

0 .

Control Co-Digester 1 Co-Digester 2

Figure 2.1 SMA results against acetate of the different coritlons

The SMAsagainst propionate as a strate are presented in Figure. Error
barsrepresent the standard deviation of the six SMAf&zh conditionHigher SMAs
were obtaind for the biomass taken fromo-Digester 1 and 2 systemEhe increases i
SMAs of the biomass due co-digestion were 27+12 % and 321%6for theCo-
Digester 1 and 8ystems respectively, compared to the control. HverageSMA
values were statistdly different at the 9% significane level between Control and -
Digesterl(F (1, 10) = 31.8 and < 0.001) as well aControl and Cddigeste 2(F (1, 10)

= 26.6 anch < 0.001).
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Figure 2.2 SMA results against propionateof the different conditions
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2.3.2.2 SMA against H,

The SMAsagainst I, as a substrate are presented in FigureE218r bas
represent standard deviation of the six SMAs fahezondition. The higher SMAs we
obtainal for the biomass taken from tho-Digester 1 and 2 systemEhe increases i
SMA values of the biomass due co-digestion were 3619 % and P&t% fol Co-
Digester 1 and 8ystems respectively, compared to the@rol. The SMAs wer
statistically different at the % significance level between Control afd-Digester 1
systemgqF (1, 10) = 22.5 and = 0.001), whereas the SMASs were not statistic
different at the 9% significance level betwedhe Control and C®igeste 2 systems (F

(1, 10) = 2.3 and = 0.16).

240
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SMA (mL CH4 /gVS-day)

40 -

Control Co-Digester 1 Co-Digester 2

Figure 2.3 SMA results against I, of the biomass from the different digestel

For all three substrateacetate, propionate and ithe SMAs of biomass in tt
co-digesters increased compared to thithe controlsThe reasons for creased SMAs
may be either an increase in the total number ofghes present in -digesters (but th

same general microbial community structure), thal#éshment of inewmicrobial
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community structure in co-digesters, or both. The microbial community strugtures

different digesters were compared using molecular techniques as desclaved be

2.3.3 Influence of co-digestion on microbial community structure
2.3.3.1 DGGE images of mcrA

DGGE banding patterns for tineer A functional gene before co-digestion (a) and
8 weeks (>3 SRTs) after the start of co-digestion (b) are shown in Figura adtition,
the banding pattern 2 weeks after co-digestion is shown in Figure B.1 of Appendix B
Five major bands were detected based on the preset parameters preseried?2 Ta
Densitometric data (optical band intensities) extracted from bandireymsatf DGGE
images 2 and 8 weeks after the beginning of co-digestion are presented iB.Talfle
Appendix B. One band (B5) was not present before co-digestion, but appeared on all
lanes (except marker lane) 2 and 8 weeks after the start of co-digestidigise 2.4

and Figure B.1 of Appendix B).
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Figure 2.4: DGGE image (a) Before co-digestion and (b) at 8 weeks aft®-
digestion

2.3.3.2 Dendrogram of mcrA of biomass from digesters

The dendrograms obtained from banding patterns of DGGE images 2 and 8 weeks
after the beginning of co-digestion are presented in Figure 2.5-2.6. Thecdibtween
each pair of samples was calculated as one minus the correlation coefffetigeen
densitometric data (band intensities) of the two samples. The biomassssaomple
Reactors 1 and 2 clustered at 2 and 8 weeks after the beginning of co-digestion. This
indicated that methanogenic microbial communities in the duplicate controleltgyes
were similar. At 8 weeks (more than 3 SRTS) after co-digestion, the biomasiesa
from the duplicate digesters for each condition clustered togethefi(gee 2.6).
Microbial communities in the Control (Reactors 1 and 2); Co-Digester 1 tdge&cand
4) and Co-Digester 2 (Reactors 5 and 6) systems were different 3 SRTeafter

beginning of co-digestion.
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Figure 2.6: Cluster analysis of the samples at 8 weeks after co-digestion
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2.3.3.3 Principal component analysis (PCA)

The principal component analysis of densistometric data (band intensiteslof
biomass sample at 2 and 8 weeks after beginning of co-digestion is presentgoi@n Fi
2.7 — 2.8. Each data point in the plot represents the biomass sample of one digester. In
this plot, the first and second principal components are denoted on the x-axis and y-axis,

respectively. PCA analysis and dendogram cluster analysis resultedlan 8mdings.
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Figure 2.7: Principal component analysis results at 2 weeks after co-dgj®n
Component 1 = -0.3469¢X+ 0.1275(%) + 0.0962(%) + 0.7222(%) -0.5767(%)
Component 2 = 0.4985¢X+2150(%) + 0.6169(%) +0.5007 (%) +0.2719(%)
Where Xm : Demeaned optical band intensity Oflmand for particular reactor (see
method Section 2.2.2.7)
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Figure 2.8: Principal component analysis results at 8 weeks after co-dgj®n

Component 1 = 0.0217¢X+ 0.0765(%) + 0.0595(%) + 0.9946(%) + 0.0311(%)
Component 2 = 0.6082¢X- 0.0813(%) + 0.6314(%) - 0.0595(%) +0.4705(%)
Where Xm : Demeaned optical band intensity Oftlmand for particular reactor (see
method Section 2.2.2.7)

In the PCA at 8 weeks after the beginning of co-digestion (Figure 2.8), the first
principal component explained 96% of the total variation for densitometric data.Z€he si
of the circle symbols in Figure 2.8 represents the relative values of §&lAsah,
i.e.larger circles denote higher SMA values. Points (biomass) in thespiE{gure 2.8)
were clustered into 3 groups representing three different conditions, Contidlg&sier
1 and Co-Digester 2 systems, using nearest neighbor algorithm. The three conditions
were different based on methanogenic microbial community structures. Thertiffer
specific methanogenic activities (SMASs) obtained among the three conditigrisema

explained by these changes in methanogenic microbial structure, since microbial

community structure affects the rate and extent of @dduction (Tale et al., 2011).
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Each of the five variables (B1-B5) was represented in this plot by a vectoheand t
direction and length of the vector indicated how each band contributed to the two
principal components. Therefore, Band 4 (long length) was a major contributor for
partitioning the biomass samples into three clusters. Moreover, the directianad#B
was toward the Co-Digester 1 cluster. The organism(s) represented by Baedsibbs
play a more significant role in Co-Digester 1 systems than others ¢Cantt Co-
Digester 2). After Band 4, Band 2 and 3 were major contributors to the principal
components (see Figure 2.8). Overall, performance of the Co-Digesterrhsysis
correlated to the intensity of Band 4. This indicated that organisms represertes] by t
band may have a significant metabolic function leading to higher SMAs in thensyste

digesting synergistic wastes.

Clones extracted from the most significant DGGE band (Band 4) shared a 90-99%
sequence similarity thlethanospirillum hungatei. Steinbery and Regan (2008) suggested
that gene sequence similarities more than 88.9% and 79% could be considered to be
within the genus and family levels, respectively. Therefore, the excisednzensimilar
to Methanospirillum hungatei at the genus leveCleaned sequences from clones were

deposited in the GenBank datebase.

2.3.4 quantitative polymerase chain reaction (QPCR)

Microbial community structure was also investigated by Morris (2011) using
gPCR withmer A specific primers and DNA as well as cDNA from Digesters 2, 3 and 5.

Quantitative polymerase chain reaction was performed on the biomass santateem
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with SMA measurements. T mcrA gene copy per g VS&hd transcript numbs per g
VSSfor Digester 2 (one of the Control tems), Digester 3 (one of the -Digester 1
systems) and Digester 5 (one of the-Digester 2 systen) are presented in Figures
(a) and (b), respectively. Error bars represeriddrd deviation of triplicat
measurements. Thgene copy and transcr numbers for totamncrA were not
statistically different among the digesiat a confindence level of 95% (sTable B.2
and Appendix B)However,gene copy and transcript numb@sspecificmcrA sub
groupsmay be different ( the same. Basedaesults from PCA analysis DGGE
banding patterns, the specimcrA gene (Band 4) was significantly different amohg
three systems andd@mminant contributoto differences iitmethanogenic commun

structure.

1.0E+08

1.0E+06

1.0E+04

Gene copy/g VSS

1.0E+02

1.0E+00 T T

Digester 2 Digester 3  Digester 5

a) mcrA copy number/ g VSS

Figure 2.9: Results of gPCR forthe digesters(Adapted from Morris, 2011)
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Figure 2.9:Results of gPCR forthe digesters(Adapted from Morris, 2011)

Total DNA, RNA and VSS concentrations in digesemes presented in Table 2.
TheDNA and RNA concentrations were approximately sameng the digesterThe
DNA and RNA concentration in the biomass did nddippeely correlate with volatils
suspended sol&gdconcentration of the biom:.

Table 2.4:Total DNA, RNA and VSS in the digested biomad#\dapted from Norris,
2011)

Nucleic Acids (ng/L biomass) Volatile Suspended

Sample Name

DNA RNA Solids(g/L of biomass)
Digester 2 (Control) 1.31X10° 7.9x 10 8.4
Digester 3 (Co-Digester 1) 1.31X10° 8.2 x 10* 11.0

Digester 5 (Co-Digester 2) 1.31X10° 6.8 X 10" 8.4
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2.3.5 Relationship between SMA and microbial community structures usig DGGE
and gPCR analyses

Both PCA and dendrogram analyses indicated that the methanogenic community
in the co-digestion systems was different from that of the control. TheedhffSMAS
among the three conditions may be explained by changes in the microbial community
structure. This microbial shift was a result of differences in gengftcapscript numbers
of sub groups of thecrA gene although the total number of mcrA gene and transcrip
copies was approximately the same. In addition, higher SMAs agaif@®DHn the Co-
Digester 1 system may have resulted from the contributidhetsfanospirillum hungatei

represented by Band 4 in theerA DGGE analysis.

2.4 Conclusions

Co-digestion of synergistic wastes (most promising wastes) increéked C
production rate more that the total value of,Qifbduction rate when each waste was
digested alone. The co-digestion of synergistic wastes (Co-Didesystem) increased
SMAs by 19%, 27% and 36% against acetate, propionate aas $tibstrates,
respectively. The different SMAs among three conditions were putativelydirahges
in microbial community. The presenceMé&thanospirillumsp correlated to higher
SMAs in the Co-Digester systems. Co-digestion of synergistic wastdsad to changes
in microbial community and more rapid maximum methane production rate through
enhanced microbial activity. Therefore, co-digestion of synergistic wiasbee method

to increase renewable energy by improving microbial community.
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Chapter 3

Overall Conclusions, Future Study and Recommendatits

3.1 Overall conclusions

Co-digestion outcomes can be categorized as synergistic, neutral and antagonist
based on the biogas production for digestion of multiple wastes (more than one) being
greater than, the same as, or less than that observed as a sum of methane produaction whe
each waste is digested alone. A selection of most promising and suitableforafstibs
scale is an important in order to produce addition methane production through synergism
among blended wastes. A method/protocol to select the most promising waste for f
scale co-digestion included four steps: (1) preliminary screening (nsankety), (2)
waste characterization (BMP, ATA, sieve analysis, other test includigsasaf a suite
of metals), (3) simple economic analysis, and (4) bench-scale digestey. t€3-
digestion of synergistic wastes in full-scale increased additionalmgauction
significantly, which can use to produce more combined heat and power (CHP) as

renewable energy and also to decrease green house gas (GHG) emission.

Co-digestion of the most promising waste increased specific methanogenic
activities (SMAs) against acetate, propionate and hydrogen as a sulisteateasons for
synergistic outcomes putatuvely relate to increased methenogenic actsigeresult of
a methanogen community shift. The presenddehanospirillum sp. correlated to a
higher methanogenic activity of Co-Digester systems. While the totdveruoh

methanogens (mcrA gene copies) and the number of mcrA transcripts did not increase
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during co-digestion, the relative numbers and identity of the methanogen gpesiest

did change. Co-digestion of synergistic wastes can improve micraimchanity

structure resulting in more rapid methane production rate. In conclusion, ctediges

one method to increase renewable energy production and decrease GHG emission via

anaerobic digestion.

3.2 Future Study and Recommendations

More research on co-digestion of industrial waste is needed to summarize
findings in different categories. In addition, the number of most promising industry
wastes co-digested at full scale is limited. More research is needed ttyidevter

range of the most promising industrial wastes.

This study used a simple cost-benefit analysis for selecting the rassprg
co-digestates. The cost-benefit analysis used typical unit value/cost far@luced,
GHG avoided, treatment charge, waste conveyance fees and solid handlingoasal dis
charges. Until now, there is no national standard for these unit values in the United
States. Especially unit values for GHG avoided and the treatment fee mayeaity.

Therefore, more information on these values is required.

Presently, some regional municipal wastewater treatment plantsyeomglo
digestion programs. They have enough capacity to co-digest additional. \Bastdeey

may not have sufficient equipment and storage tanks to handle different and complex
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wastes. It is important to have enough storage capacity because wasty telihe

treatment plant may be interrupted because of limitation or failure irptveaion.

There is a question as to what is the highest organic loading rate sustainable for
co-digestates that can be safely added to digesters. It depends on saltasretee
(SRT), digester configuration and waste characteristics. Thereforesimuma loading
for each promising co-digestate should be determined and reported for most commonly
used digester configurations with different, possible SRT values. Moreover, ithempt
ratio between co-digestate and municipal sludge should be determined. Thidresearc
study focused on a method to identify the most promising co-digestatestiatier
finding the maximum loading rate and optimum ratio between primary sludge and co-

digestates.

In this research, synergistic outcomes of co-digestion were correlatentéased
acetate, propionate and hydrogen specific methanogenic activities. Hpmeverexact
mechanisms for synergism should be identified and explained from a microbial point of

view using molecular techniques like DGGE, cloning, sequencing or quantitatikze PC

In this study, the influence of co-digestion on methanogen community was
investigated. However, four major groups work in the total anaerobic digestion pilbcess
is important to understand how co-digestion influences bacteria (hydrolyticibacte

fermenting bacteria, syntrophic acetogenic bacteria) as well as meghanog
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Band 2 (B2) and Band (B3) on the DGGE gel was identified by PCA as the
significant contributor to synergistic outcomes of Co-Digester 28ystherefore, the
methanogens represented by B2 and B3 should be identified by sequencing &tk excis

band.

SMAs against acetate, propionate andridreased for both co-digestion biomass
communities compared to control biomass. This indicates that co-digestion influences
either the quantity or activity of acetate, propionate andthizers. It is necessary to
determine how much each group individually contributes to the synergistic outcome. This
could be done using quantitative PCR (gPCR) with specific primers for gcetate

propionate and Hutilizers.

This study only focused on the influence of co-digestion on microbial
communities when co-digesting synergistic wastes. It is better tparermicrobial

community changes/responses when co-digestesting antagonistic waste as w

In SMA calculations, biomass presented in the sample was quantified by volatile
solids (VS). It may overestimate active biomass of the sample used be&uoseyV

consist of some inert VS in addition to active biomass.
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Table A.1: Cost-benefit analysis for promising co-digestates
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1 2 3 4 5 6
Parameters Cookie Float Whole stillage Syrup Trube Brewery yeast
COD (mg/L) 12,543 132,816 154,778 398,718 203,294 313,380
VS (%) 0.5 11.31 13.49 27.44 9.5 14.3
TS (%) 0.6 12.53 14.45 30.44 9.9 16.2
FOG (mg/L) 3,309 59,400 N/A 51,640 4,580 280
BMP (mICH4/gCODormICH4/gVS 418 16 200 206 273 273
AU IC50>50% IC50>10% IC50>10% IC50>4% IC50=1.8% IC50=4.7%
d50% Passing (mm) 0.2 <0.075 0.39 <0.053 <0.053 <0.053
Miles to South Shore WWTP 95.2 15.9 68.6 68.6 18.15 18.15
Shipping cost ($/1000gal) 95.2 15.9 68.6 68.6 18.2 18.2
Soilds handling cost ($/1000gal) 1.5 28.6 32.1 69.7 21.5 37.7
Value of biogas ($/1000 gal) 4.2 44.3 49.5 126.6 60.8 93.7
Treatment fee ($/1000gal) 13.6 213.4 247.0 560.6 223.2 354.5
Income from C emission credits ($/1000gal) 0.2 1.9 22 55 27 4.1
Net benefit ($/m) 20.8 56.8 52.3 146.5 65.3 104.7




Table A.1: Cost-benefit analysis for promising co-digestates (contied)
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7 8 9 10 11 12 13
el SIEREE e FT reactor Pre-filter Thin . Corn/Rye/Wheat/Barley | Flavorings
rum condensate slurry stillage CEm ey in liquid yeast
distillation
COD (mg/L) 1,443,595 103,646 38,555 137,241 23,150 171,856 5995
e () 0.00 0.01 1.54 8.27 1.8 11.65 15.09
TS (%) 0.00 0.01 1.67 9.12 1.9 11.93 15.71
FOG (mg/L) 50 ND 710 31,370 933 ND 2,530
BMP (mICH4/gCODormICH4/gV$ 368 365 352 351 346 326 326
ATA > 0.8% > 12% >30% | IC50>12% | IC50>40% > 8% IC50>5%
d50% Passing (mm) <0.075 <0.053 < 0.053
Miles to South Shore WWTP 15.3 954 16.2 68.6 55.08 36 7.68
Shipping cost ($/1000gal) 15.3 954.0 16.2 68.6 55.1 36.0 7.7
Soilds handling cost ($/1000gal) 0.0 0.0 3.8 20.8 4.2 255 34.0
Value of biogas ($/1000 gal) 425.6 30.3 10.9 38.6 6.4 45.0 56.4
Treatment fee ($/1000gal) 800.8 57.6 40.1 177.8 34.0 228.4 294.8
Income from C emission credits
($/1000gal) 18.6 1.3 0.5 1.7 0.3 2.0 2.5
Net benefit ($/m) 324.9 -228.5 8.3 34.0 -4.9 56.5 82.4




Table A.1: Cost-benefit analysis for promising co-digestates (contied)
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14 15 16 17 18 19 20
PR Can crushing Yeast Molasses Gilianc Metal
waste AT Y centrate SIS wash hﬁj%i"c Cutting
COD (mg/L) 76,431 147,990 35,479 89,038 125,661 76,875 75,35
VS (%) 5.60 10.75 0.57 4.78 6.47 2.37 2.23
TS (%) 6.10 12.70 0.59 557 9.33 2.60 2.29
FOG (mgiL) 442 748 4,465 380 3300 7,350 32,150
BMP (mICH4/gCODormICH4/gVH 305 205 - 260 051 29 65
ATA IC50>30% IC50>8% | 1C50>30% > 12% > 8% IC50>15% | IC50 = 12.5%
d50% Passing (mm) <0.053 <0.053 <0.053 <0.053 <0.053
Miles to South Shore WWTP 745 49 768 35 15.3 12.5 20.6
Shipping cost ($/1000gal) 74.5 49.0 7.7 35.0 15.3 12.5 29.6
Soilds handling cost ($/1000gal) 13.8 30.5 1.3 13.2 25.4 5.9 4.9
Value of biogas ($/1000 gal) 19.9 35.0 8.1 18.5 25.3 4.9 3.9
Treatment fee ($/1000gal) 110.4 223.7 26.3 111.5 173.8 71.6 67.4
Income from C emission credits
($/1000gal) 0.9 1.5 0.4 0.8 1.1 0.2 0.2
Net benefit ($/m) 11.4 47.8 6.8 21.8 421 154 98




Table A.1: Cost-benefit analysis for promising co-digestates (contied)
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21 22 23 24 25 26 27
Parameters . Alage .

Soap C?ecglrﬁag '\\/'Nu:;gd Pine apple (Bgigg%(i:)cus Wetgc:;:;llers Waste noodle
COD (mg/L) 47,299 32,906 58,698 94,061 1,749,000 206,24 562,4
VS (%) 1.2 4.80 8.53 6.52 91.52 31.14 35.29
TS (%) 2 5.75 9.21 6.97 98.67 32.94 36.21
FOG (mgiL) 4,837 - 5,320 5822+ - N/A N/A
BMP (mICH4/gCODormICH4/gVH 20 20 580 516 500 473 453
o IC50=2% | IC50=9.5% | IC50 = 14.4%| > 15% > 0.8% IC50>6% IC50>3%
d50% Passing (mm) <0.053 <0.053 1.27 0.47 >4.75
Miles to South Shore WWTP 17.8 30 32.9 15.2 15 68.6 61
Shipping cost ($/1000gal) 17.8 30.0 32.9 15.2 15.0 68.6 61.0
Soilds handling cost ($/1000gal) 5.8 14.0 20.6 15.5 220.5 72.4 77.3
Value of biogas ($/1000 gal) 0.8 0.5 39.69 27.02 367.27 118.23 128.29
Treatment fee ($/1000gal) 48.5 82.4 135.3 130.0 2072.1 481.9 682.9
Income from C emission credits
($/1000gal) 0.0 0.0 1.2 1.7 30.6 3.4 8.0
Net benefit ($/m) 6.8 10.3 32.4 33.8 590.4 122.2 179.9




Table A.1: Cost-benefit analysis for promising co-digestates (contied)
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28 29 30 31 32 33 34

Parameters Waste rice Cabbage Corn Stover (Nannétl:i?c?ropsis) Sprout Bg;v;a Y C:(())Iliiijr;g
COD (mg/L) 286,867 49,957 1,662,265 1,413,000 127,243 107,377 1,056,489
VS (o) 22.69 4.34 80.76 87.71 14.33 20.1 44.63
TS (%) 22.98 4.76 90.30 96.81 15.00 21.4 46.76
FOG (mg/l) N/A 155 110 - N/A N/A 650
BMP (miCH4/gCODormICH4/gVE 414 412 396 394 389 367 366
AU IC50>6% > 25% > 0.8% > 0.8% IC50>10% | 1C50>10% > 1%
d50% Passing (mm) >4.75 >0.25 1.17
L 61 15.2 100 15 7.68 18.15 6.2
Shipping cost ($/1000gal) 61.0 15.2 100.0 15.0 7.7 18.2 6.2
Soilds handling cost ($/1000gal) 48.5 10.8 208.0 220.6 32.6 47.3 101.9
Value of biogas ($/1000 gal) 75.40 14.36 256.95 277.36 44.74 59.21 131.23
Treatment fee ($/1000gal) 415.7 80.9 1930.6 1864.7 238.0 298.3 1108.4
Income from C emission credits
($/1000gal) 4.2 0.7 23.0 19.5 1.7 1.4 13.5
Net benefit ($/m) 101.9 18.5 502.7 508.8 64.5 77.5 302.5




Table A.1: Cost-benefit analysis for promising co-digestates (contied)
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35 36 37 38 39 40 41
Parameters . Dewatered
Corrigated Lettuce White waste | Packaging Potatoes paper mill | Cheese waste
cardboard
sludge
COD (mg/L) 1,184,432 49,554 1,089,391 972,083 125,957 311,115 438,005
VS () 89.83 3.66 90.1 76.8 13.89 16.96 68.01
TS (%) 92.57 4.07 91.1 89.1 14.74 35.55 72.09
FOG (mg/L) 8* 325* 21 18 220 ND 272000
BMP (mICH4/gCODormiCH4/gVs 347 328 306 301 282 254 241
AU 0.011 0.25 IC50>1% IC50>1% > 10% > 3% > 3%
d50% Passing (mm) > 4.75 > 4.75
Miles to South Shore WWTP 18.7 15.2 43.95 43.95 15.2 97 65.7
Shipping cost ($/1000gal) 18.7 15.2 44.0 44.0 15.2 97.0 65.7
Soilds handling cost ($/1000gal) 198.6 9.3 191.9 211.3 32.5 112.8 158.7
Value of biogas ($/1000 gal) 250.54 9.63 221.28 185.54 31.47 34.60 131.45
Treatment fee ($/1000gal) 1690.4 72.9 1621.2 1533.7 234.4 569.3 1047.3
Income from C emission credits
($/1000gal) 14.4 0.6 11.7 10.2 1.2 2.8 3.7
Net benefit ($/1m) 459.2 15.5 427.6 389.5 58.0 104.9 253.1




Table A.1: Cost-benefit analysis for promising co-digestates (contied)

42 43 44 45 46

Parameters Wood Dried :
Paunch chip/Charcoal manure Cocoa husks | Composting

COD (mg/L) 104,847 659,947 449,369 350,149 174,092

VS (%) 10.56 37.85 86.42 27.21 16.19

TS (%) 13.04 39.56 92.86 64.10 56.76

FOG (mglL) N/A 210 N/A 595 450

BMP (mICH4/gCODormICH4/gV$ 237 60 51 49 39

o IC50>10% > 1.6% IC50>3% > 3% > 6%

d50% Passing (mm) 1.1 2.26

Miles to South Shore WWTP 15.9 6.2 15.9 30 13.1

Shipping cost ($/1000gal) 15.9 6.2 15.9 30.0 13.1

Soilds handling cost ($/1000gal) 32.3 86.0 206.9 210.4 202.8

Value of biogas ($/1000 gal) 20.09 18.20 35.37 10.72 5.04

Treatment fee ($/1000gal) 203.7 807.8 1285.2 909.4 729.8

Income from C emission credits

($/1000gal) 0.9 1.4 0.8 0.6 0.2

Net benefit ($/17) 46.6 194.2 290.3 179.7 137.2




Table A.2: Biogas and co-digestates flow rate for full-scale testing
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Gas Production-KCF

Biogas 7 days

Methane 7 days moving

Co-digestate

moving average average flowrate

Date Days KCF/day KCF/day m3/day L/min
4/28/2010 5 593 593 9134 0.0
4/29/2010 6 619 619 9538 0.0
4/30/2010 7 532 532 8197 0.0
5/1/2010 8 503 503 7374 0.0
5/2/2010 9 586 586 8591 0.0
5/3/2010 10 592 592 8685 0.0
5/4/2010 11 485 559 8193 0.0
5/5/2010 12 499 545 7997 0.0
5/6/2010 13 479 525 7703 0.0
5/7/2010 14 507 522 7651 0.0
5/8/2010 15 547 528 7863 0.0
5/9/2010 16 532 520 7749 0.0
5/10/2010 17 496 507 7545 0.0
5/11/2010 18 448 501 7464 0.0
5/12/2010 19 524 505 7518 0.0
5/13/2010 20 618 525 7814 0.0
5/14/2010 21 661 547 8141 0.0
5/15/2010 22 497 539 8310 0.0
5/16/2010 23 376 517 7966 0.0
5/17/2010 24 371 499 7692 0.0
5/18/2010 25 411 494 7611 0.0
5/19/2010 26 485 488 7525 0.0
5/20/2010 27 570 482 7420 0.0
5/21/2010 28 646 480 7387 0.0
5/22/2010 29 679 505 8416 0.0
5/23/2010 30 699 552 9185 0.0
5/24/2010 31 675 595 9907 0.0
5/25/2010 32 559 616 10261 0.0
5/26/2010 33 504 619 10306 0.0
5/27/2010 34 522 612 10192 0.0
5/28/2010 35 453 585 9733 0.0
5/29/2010 36 467 554 9230 0.0
5/30/2010 37 542 532 8857 0.0
5/31/2010 38 621 524 7868 0.0
6/1/2010 39 645 537 8052 0.0
6/2/2010 40 653 558 8372 0.0
6/3/2010 41 620 572 8581 0.0
6/4/2010 42 616 595 8929 0.0
6/5/2010 43 614 616 10361 0.0
6/6/2010 44 593 623 10483 0.0
6/7/2010 45 550 613 10312 0.0
6/8/2010 46 537 598 10053 0.0
6/9/2010 47 522 579 9738 0.0
6/10/2010 48 566 571 9609 0.0
6/11/2010 49 546 561 9442 0.0
6/12/2010 50 555 553 9080 0.0
6/13/2010 51 591 552 9074 0.0
6/14/2010 52 574 556 9129 0.0
6/15/2010 53 522 554 9094 0.0
6/16/2010 54 485 548 9007 0.0
6/17/2010 55 528 543 8917 0.0
6/18/2010 56 556 544 8940 0.0
6/19/2010 57 561 545 8490 0.0
6/20/2010 58 513 534 8317 0.0
6/21/2010 59 527 527 8213 0.0
6/22/2010 60 522 527 8213 0.0
6/23/2010 61 597 543 8463 5.9

6/24/2010 62 617 556 8661 12.7

6/25/2010 63 515 550 8571 17.1

6/26/2010 64 511 543 9107 14.9
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6/27/2010 65 509 543 9097 13.9
6/28/2010 66 534 544 9113 14.1
6/29/2010 67 487 539 9030 14.0
6/30/2010 68 562 534 8947 13.9
7/1/2010 69 490 516 8644 13.0
7/2/2010 70 539 519 8699 6.4
7/3/2010 71 512 519 8614 0.0
7/4/2010 72 446 510 8465 0.0
7/5/2010 73 478 502 8332 0.0
7/6/2010 74 483 501 8321 13.3
7/7/2010 75 511 494 8199 18.5
7/8/2010 76 618 512 8501 18.2
7/9/2010 77 669 531 8810 17.5
7/10/2010 78 654 551 8927 6.4
7/11/2010 79 572 569 9220 0.0
7/12/2010 80 578 584 9452 12.9
7/13/2010 81 544 592 9593 6.9
7/14/2010 82 491 589 9547 0.0
7/15/2010 83 486 571 9242 0.0
7/16/2010 84 478 543 8800 12.9
7/17/2010 85 496 521 8433 21.2
7/18/2010 86 517 513 8529 20.5
7/19/2010 87 528 506 8410 17.3
7/20/2010 88 580 511 8496 16.3
7/21/2010 89 576 523 8698 13.6
7/22/2010 90 515 527 8767 13.5
7/23/2010 91 531 535 8894 6.1
7/24/2010 92 558 544 8404 12.7
7/25/2010 93 550 548 8477 11.6
7/26/2010 94 496 544 8406 7.4
7/27/2010 95 521 535 8276 0.0
7/28/2010 96 561 533 8241 10.9
7/29/2010 97 568 541 8359 17.2
7/30/2010 98 580 548 8467 16.9
7/31/2010 99 566 549 8950 16.3
8/1/2010 100 556 550 8964 13.4
8/2/2010 101 597 564 9199 3.3
8/3/2010 102 627 579 9446 9.4
8/4/2010 103 660 593 9677 11.2
8/5/2010 104 694 611 9971 13.4
8/6/2010 105 722 632 10301 7.7
8/7/2010 106 886 677 11392 0.0
8/8/2010 107 996 740 12450 5.9
8/9/2010 108 1017 800 13460 11.9
8/10/2010 109 1001 854 14359 9.0
8/11/2010 110 876 885 14879 9.4
8/12/2010 111 961 923 15520 6.0
8/13/2010 112 1087 975 16397 10.4
8/14/2010 113 1146 1012 17252 12.8
8/15/2010 114 1018 1015 17306 11.6
8/16/2010 115 941 1004 17121 12.1
8/17/2010 116 901 990 16878 6.6
8/18/2010 117 902 994 16940 0.0
8/19/2010 118 931 989 16867 0.0
8/20/2010 119 938 968 16505 11.3
8/21/2010 120 922 936 16012 17.8
8/22/2010 121 744 897 15342 5.7
8/23/2010 122 775 873 14936 0.0
8/24/2010 123 765 854 14604 0.0
8/25/2010 124 864 848 14512 0.0
8/26/2010 125 737 821 14037 0.0
8/27/2010 126 684 784 13417 0.0
8/28/2010 127 628 742 12447 0.0
8/29/2010 128 629 726 12171 0.0




119

8/30/2010 129 723 719 12046 0.0
8/31/2010 130 748 716 12006 0.0

9/1/2010 131 752 700 11738 0.0

9/2/2010 132 819 712 11935 0.0

9/3/2010 133 774 725 12150 0.0

9/4/2010 134 753 743 12238 0.0

9/5/2010 135 760 761 12546 0.0

9/6/2010 136 705 759 12503 0.0

9/7/2010 137 651 745 12274 0.0

9/8/2010 138 619 726 11961 0.0

9/9/2010 139 603 695 11453 0.0
9/10/2010 140 692 683 11260 0.0
9/11/2010 141 818 693 11572 0.0
9/12/2010 142 753 692 11556 0.0
9/13/2010 143 725 695 11605 0.0
9/14/2010 144 680 699 11674 0.0
9/15/2010 145 673 706 11802 0.0
9/16/2010 146 687 718 12001 0.0
9/17/2010 147 679 716 11969 0.0
9/18/2010 148 606 686 11608 0.0
9/19/2010 149 596 664 11229 0.0
9/20/2010 150 728 664 11235 0.0
9/21/2010 151 697 666 11276 0.0
9/22/2010 152 624 659 11158 0.0
9/23/2010 153 647 654 11063 0.0
9/24/2010 154 741 663 11213 0.0
9/25/2010 155 760 685 11555 0.0
9/26/2010 156 692 698 11788 0.0
9/27/2010 157 711 696 11749 0.0
9/28/2010 158 668 692 11679 0.0
9/29/2010 159 643 695 11724 0.0
9/30/2010 160 851 724 12216 0.0
10/1/2010 161 471 685 11564 0.0
10/2/2010 162 556 656 11036 0.0
10/3/2010 163 566 638 10733 0.0
10/4/2010 164 551 615 10348 0.0
10/5/2010 165 411 578 9729 0.0
10/6/2010 166 548 565 9500 0.0
10/7/2010 167 530 519 8729 0.0
10/8/2010 168 492 522 8780 0.0
10/9/2010 169 530 518 8659 0.0
10/10/2010 170 724 541 9035 0.0
10/11/2010 171 728 566 9459 0.0
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Table A.3: Excess methane production calculation due to co-digestion gygistic outcome

based on VS added to digesters

Control Co-digestion P.OSt ?o-
digestion
Period considered (days) 60 61 50
Total primary sludge VS added (tonnes VS) 2560 2760 2130
Total CH,4 produced (kCF) 18,800 23,400 20,000
Total CH,4 produced (m3) 533,000 663,000 567,000
L CH4 / kg VS sludge added 208
Theoretical CH4 production (m?) 572,000 443000
Additional CH, (m3) 90,900 124000
Total volume of co-digestate added (gal) 237,000
Average COD of co-digestate (mg/L) 59,300
Total COD added as co-digestate (kg) 53,200
CH, from co-digestate (m?3) 21,300
Excess CH, (m?) 69,700 124,000
Table A.4: TS removal efficiency calculation
Control  Co-digestion Post co-digestion

Period considered (days) 60 61 50
Total primary sludge TS added (tonnes TS) 3433 4061 2776
Total co-digestate added TS (tonnes TS) 0 59 0
Total TS wasted (tonnes TS) 2462 2686 2144
TS accumulation (tonnes TS) -45 91 -273
TS destroyed (Tonnes TS) 1016 1343 905
TS removal efficiency (%) 30 33 33




Table A.5: VS removal efficiency calculation
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Control  Co-digestion  Post co-digestion
Period considered (days) 60 61 50
Total primary sludge VS added (tonnes VS) 2563 2755 2133
Total co-digestate added VS (tonnes VS) 0 51 0
Total VS wasted (tonnes VS) 1858 1819 1431
VS accumulation (tonnes VS) -114 45 -136
VS destroyed (Tonnes VS) 819 942 839
VS removal efficiency (%) 32 34 39
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Figure B.1: DGGE image at 2 weeks after co-digestion

Table B.1: Optical intensities for detected bands from DGGE gels

L

R6 R5 R4 R3 R2 R1

(a) 2 weeks after start of co-digestion

Band 1 Band 2 Band 3 Band 4 Band 5
L 2.3685 3.182 3.8481 5.9434 0
R6 2.0683 2.909 3.2062 4.9686 12.045
R5 2.3386 3.2107 3.6555 5.7005 10.093
R4 4.4033 2.8788 4.8294 3.3044 12.97
R3 1.9501 3.5133 3.6006 6.9526 10.7429
R2 2.5326 3.1658 3.2897 4.5075 13.479
R1 1.8335 2.4092 2.2704 2.8991 11.36
(b) 8 weeks after start of co-digestion

Band 1 Band 2 Band 3 Band 4 Band 5
L 2.1032 2.8544 3.4139 5.3157 0
R6 2.8063 2.5483 3.0967 5.7859 10.055
R5 3.171 2.9282 3.3487 6.6044 9.7727
R4 2.6127 3.185 2.8804 10.2528 9.5183
R3 2.4769 2.8682 2.9145 8.9754 10.018
R2 2.4474 2.7331 2.7552 4.3125 9.116
R1 2.3732 2.5306 2.3171 3.0308 9.693
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Table B.2: Gene copy and transcript numbers of the biomass obtaineddim gPCR and their
statistical comparison

Gene copy transcript number
Average STDEV Average STDEV
per ng DNA per ng DNA per ng RNA per ng RNA

Digester 2 15436 6796 9710 3710
Digester 3 24271 6136 20700 16400
Digester 5 14193 9689 7490 2680

t-value p-value t-value p-value

Control and Co-Digestion 1 1.6713 p=0.170 1.1321 p=0.321

Control and Co-Digestion 2 0.1819 p=0.864 0.8402 p=0.448

Co-Digestion 1 and Co-Digester 2 -1.5220 p=0.203 -1.3769 p=0.241
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