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1 Introduction

1.1 Anaerobic Digestion Background

Anaerobic digestion is a process in which orgarétten is broken down in the
absence of oxygen, forming methane (Eldarbon dioxide (C¢), and trace amounts
of hydrogen sulfide and ammonia. Initially, hydratybacteria break down and
ferment organic polymers to form fatty acids, carlb@xide, hydrogen, and alcohols
(Chynoweth, 1987). Acetogens convert the volatiteyfacids into acetate, hydrogen,
and carbon dioxide. Carbon dioxide, hydrogen, arafletie can then be used by
methanogens to form methane (Chynoweth, 1987).

The use of anaerobic digestion for treatment ofteveater can provide a
number of benefits. The process produces renevealgiggy in the form of CH
enriched biogas that can be used for the produdtitveat and electricity (Holm-
Nielsen et al., 2009: Lansing et al., 2008), reduamor, allowing farmers to operate
in close proximity to communities (Powers et a@99), produces fertilizer (Holm-
Nielsen et al., 2009), reduces pathogen contehinwtastewater (Barros et al.,
2008; Olsen and Larson, 1987), decreases totassalolatile solids, and chemical
oxygen demand within wastewaters reducing theilupol potential towards water
bodies (Barros et al., 2008; Lansing et al., 2088), capture and mitigate the release
of CH, associated with manure management (AgSTAR, 2011)

Despite the benefits of this technology, howevesg,ihstallation of the system
is hindered in temperate climates. Anaerobic digegtinctions best at mesophilic

temperatures ranging from 30-35 °C and at thernitiegleimperatures ranging from



50-60 °C (Gerardi, 2003). Energy production fromediters decreases when
temperature decreases. Masse et al. (2003) repit@8o decrease in the quantity of
CH, produced when digestion temperature was decrdes®d0 to 10 °C. Reducing
digestion temperature from 30 to 25 and 15 °C mleeased the lag-phase from 33
to 66 and 165 days, respectively, before,@kbduction commenced (Zeeman et al.,
1988).

As a result, many digesters are heated and opextitedsophilic (25-35 °C) or
thermophilic (50-60 °C) temperatures, instead afrabient or psychrophilicce5°C)
temperatures. In the US, for instance, the majafityigesters treating livestock
waste functions at mesophilic temperatures (AgST206). Heating of digesters
could be achieved through the use of waste hearged from combined heat and
power (CHP) generators used for the combustionagfas, or through the
combustion of biogas in boilers. However, the ittation of these heating systems
increases the capital and operational costs ostkge Currently, due to economic
reason, AgSTAR (2011) only recommends the useggfster in dairy farms with
>500 cows, making the technology out of reach fat%%®f the dairy farms in the
US that have less than 500 cows (USNASS, 2014)uéted heating requirements of
the digesters could reduce costs and improve thieadsility of the system, creating
incentives for small-scale farmers to install tieishnology.

Energy production also decreases in many unheaedtdrs in China. China
has the highest number of digesters in the worith 40 million digesters and a
growth rate of approximately 1 million units peray€He et al., 2013; Yang et al.,

2012b). Digesters in Northern China can only fumcfior 8-9 months of the year



(Chen et al., 2010). There is a need to increassggiproduction efficiency in
temperate climate digesters and research condudtieid this dissertation was aimed

at accomplishing this goal.

1.2 Research Goal and Background

The goal of the research was to determine opgratinditions and inoculum
sources that could increase the energy productfammeacy and reduce the

environmental impacts of small-scale temperate rabéedigesters.

1.2.1 Manure Separation for Reducing Digester Volum

Manure separation is generally used in farms paisge out coarse particles
present in manure. The process can reduce cloggpiges and pumps, and
facilitates the transportation of manure.

Digestion of unseparated manure could produceehigimount of Chithan
the digestion of separated manure per unit volwonen@ss) of manure due to higher
volatile solids content within the unseparated mmankior instance, at a hydraulic
retention time (HRT) of 16 days, the anaerobic sliga of separated manure
produced 10-30% less methane than the digestismuar amount of unseparated
manure (Lo et al., 1983a, b). However, smallerigiarsize within separated manure
could allow faster degradation and conversion efublatile solids (VS) to CH
within separated manure compared to unseparatedrem@al-Mashad and Zhang,
2010; Lo et al., 1983a, 1983b; Rico et al., 208f)ower HRT, separated manure
was observed to produce higher amount of, €binpared to the same volume of

unseparated manure despite the latter having highlatile solids content. Lo et al.



(1983a, b) found that at 6 and 12 day HRT, sepaidajaid manure produced almost
twice the amount of CHas unseparated manure. The authors concludeditfester
volume could be reduced by more than 60% if thessofactions are removed and
lower HRT is used. Manure separation could thua beethod to reduce digester
volume and costs.

Previous studies concerning manure separation eggréucted at
temperatures ranging from 30-35 °C, with no studysgchrophilic temperatures
(<25 °C). The first study aims to address this redegap by quantifying differences
in CH,4 production between digesters treating unsepageatddeparated dairy manure

at two psychrophilic temperatures (14 and 24 °@rdine.

1.2.2 Alternative Inoculum Sources to Increase Metime Production in Digesters

The addition of inoculum is an important part nering successful digestion
processintroducing inoculum helps seed the digester wittroorganisms that are
ready to reproduce and carry out anaerobic digeseevious research has looked at
the importance of inoculum in the digestion process

Compared to uninoculated treatment, Lopes eR@0D4) observed increased
organic matter conversion to Gkhen inoculum was adde8everal studies have
also investigated the effects of inoculum to swistratio (ISR) on digestion
processes. Hashimoto (1989), Lopes et al. (2004) Maya-Altamira et al. (2008)
observed increased Glar biogas production when ISR was increased. Hewev
others have observed little to no differences imalative CH production when the
ISR was increased (Gonzalez-Fernandez and Garcia&2009; Raposo et al.,

2006). From the literature, it appears that somdiss have shown increased



digestion rate when ISR was increased (GonzalezaRelez and Garcia-Encina,
2009; Raposo et al., 2009; Zeng et al., 2010)catdig that increasing ISR could
increase the rate of digestion, but not necessauityulative CH production.

Other inoculum research involves pre-incubatioaaaimatization of the
inoculum before utilization in digestion. Zeemarakt(1988) pre-incubated the
inoculum at 18C and observed higher Gldroduction rate during low-temperature
digestion, compared to treatments that receiveduiloion from a 35C source.
Nozhevnikova et al. (1999) observed higher rateSHyf production during low-
temperature digestion when the inoculum used waspclimated to the same
temperature. In a separate study, Collins et 80P observed growth and selection
of psychrotolerant microorganisms (microorganishad tould function at
psychrophilic temperatures, but still have optimgmnowth at mesophilic
temperatures) in reactors that were running &CL5Thus, the selection and growth
of psychrotolerant microorganisms within the in@cduring the acclimatization
period likely resulted in increased ¢production during low temperature digestion.

Some studies have also investigated using alteeni@iocula from
environmental sources to seed anaerobic digestkisf. the above-mentioned
inoculum studies, with the exception of Zeeman .gt1888) who also studied the use
of wetland soil as inoculum, utilized conventiomadculum sources: sludge/digestate
from anaerobic digesters or bovine rumen fluid. 8eesearchers studied the use of
wetland or river sediments to seed their digestétts the goal of either increasing
CH, production during low-temperature digestion oimtprove the performance of

digesters during substrate overload. Bardulet..8P0) used river sediment to



inoculate their digesters that were operating &@nd observed stable organic
matter removal and biogas production during theedrgent. Xing et al. (2010)
inoculated a 18C digester with lake sediment that was incubate@®5 days at the
same temperature. Despite the low digestion tertyreraghey observed high
chemical oxygen demand removal within the readt@hould be noted that it was
not clearly stated why a 225-day incubation peviad chosen in the study. On the
contrary, Zeeman et al. (1988) observed no reduatidghe lag-period in CH
production when wetland soil was used as inocultormpared to uninoculated
treatment. Steinberg and Regan (2011) studiedgbeiiacidic bog sediment as
inocula for mesophilic digesters and found thatdigester inoculated with bog
sediment could survive the first, of three, orgashock load better than the reactors
that contained inoculum from a municipal sludgénocula from bog sediment mixed
municipal sludge.

Based on literature review, there are currentiyted studies that have looked
at the use of landfill leachate as an inoculum s®tor agricultural digesters. In
addition, there are also research gaps in terrttseecimount of alternative inocula
that should be used for digestion (ISR) and thewarhof incubation time needed for
these inocula before they are used for digestibe. Second study was conducted to
address this research gap by quantifying, @idduction using three different inocula:
wetland sediment, landfill leachate, and mesophilgestate, two inoculum
incubation periods (91 and 196 days), three ISR38&nd 50% w/w), and three

temperatures (15, 25, and 35 °C) during anaeragestion of dairy manure to



determine the effect that inocula type, ISR, amdiiration time have on anaerobic

digestion of manure at different temperatures.

1.2.3 Understanding Methanogenic Community Shifts Dring Incubation of

Inocula

Molecular techniques refer to a diverse set ofsttitat can be used to study
biochemical components, such as genes and protathe a cell. The techniques
are powerful methods that can be used to provittermation at the cellular level,
such as the functions of a protein, or at the estesy level, such as the different
species of microorganisms present in soils or gut.

Molecular techniques have been used in the digefigtd to monitor
microbial community shifts during psychrophilic dgjion (Collins et al., 2003,
McHugh et al., 2004), during start up of a mesapluatch reactor (Lee et al., 2010),
and when organic loading rate was varied (Dollhedydl, 2001).

The techniques have also been used to provideoredaips between the
inocula and digestion functionality. Regueiro et(2012) found that higher
Bacteroidetes and Archaea numbers were associated with higtranohgic and
methanogenic activities, respectively. Using inaouffrom lake sediment, Xing et al.
(2009, 2010) found that the dominant Archaea pteséhin the 15 °C psychrophilic
reactor had 98% similarity #d. lacustris, which has a lower optimal temperature
than theMethanosaeta that dominated a reactor inoculated with mesopHhijestate
inoculum. Dollhopf et al. (2001) also found thatiad bacterial and Archaeal
communities were different for a digester that wagulated with digestate from

anaerobic reactor compared to a reactor inoculattdriver sediment, but



convergence of the communities was observed dtinmgligestion process at 3@.
Steinberg and Regan (2008) found no overlap imte#anogenic species within a
bog sediment and the effluent from a digesteritrgahunicipal wastewater. When
the two inocula and a mixture of the two were ugeihoculate three digesters that
received glucose shocks, the reactor inoculateslyswlith sediment survived an
organic shock load better than the other two degessand Fen Cluster was observed
to dominate the methanogenic community of the leafjnsent reactor, indicating that
Fen Cluster could play an important role in confgyitolerance to organic shocks in
reactors, although it should be mentioned Methanosarcina was more important
for resuming CH production (Steinberg and Regan, 2011).

There is still currently a lack of research imtsrof how microbial
community in alternative inocula changes when threyincubated for different
periods of time at different temperatures, and bwege changes relate to their
effectiveness as inocula. The study in Chaptertchwvas complementary to the
study in Chapter 3, was conducted to addressébiarch gap byuantifying
changes in methanogenic community during the inboiba@f alternative inocula and

associate these changes to,@kbduction in digesters that received these iracul

1.2.4 Life Cycle Assessment (LCA) of Small-Scale @#sters

Life Cycle Assessment (LCA) is an environmental aotiong technique that
is used to quantify the impacts that a systemyiggtior product has on the
environment during its lifetime, beginning with teetraction of raw materials to
construct the system to the disposal of the sysiféen its useful lifetime in a “cradle

to grave” analysis (Vigon et al., 1994). A LCA qtiéias the inputs and outputs of a



system, process, or the creation of a product aalliates the environmental impacts
of each input and output (Vigon et al., 1994). LC# be used to determine which
process or component of the system has the laegggbnmental impact in order to
target this area for further improvement to minienike system’s negative
environmental impacts (Vigon et al., 1994). Thailssobtained can be used to
compare the impacts of different systems, providirtgol for designers, contractors,
and policy makers to view the advantages and das#dges of implementing one
system over another (Rehl et al., 2012). The LCAsdwot take into account social or
economic impacts of the process or system, althstighies have used hybrid LCA
that incorporated economic component, or have aggdgrconducted an economic
study, in addition to the LCA, as part of a muliiteria assessment technique (1SO,
1997; Murray et al., 2008; Nzila et al., 2012).

The LCA process can be broken down into four neaimponents (Ozeler et al.,
2006; Vigon et al., 1994):

1) Goal and scope: a clear statement of the integdal and scope of the

analysis, including defining the system boundaiiedicating parts of the

process that will be included or excluded.

2) Inventory analysis: quantification of all inpw@sd outputs of the system

including energy and raw materials consumed oryred, air and water

emissions, and waste products.

3) Impact analysis: quantification of the effedtattthe inputs and outputs

listed in the inventory analysis have on the envinent and human well-being.

4) Improvement analysis: evaluation of the foclieaamwithin the system that



could be improved to minimize the system’s or psst@egative
environmental impacts.

A number of LCAs have been conducted for anaerdigiesters. Some studies
were focused on comparing different alternativewadte treatments with scenarios
that incorporate anaerobic digesters. Chaya an@wsdda (2007) compared the use of
anaerobic digesters with incineration to treat roypail waste in Thailand, and
concluded that anaerobic digestion had less glwhahing potential, acidification
potential, photo-oxidant formation, stratospherdome depletion, consumption of
energy resources, heavy metals impacts, and saktievdischarged to the landfills,
but had higher nutrient release into the envirortor@reler et al. (2006) studied
various municipal waste treatment options in Ankarakey using LCA and
determined that incorporating source reduction withe system resulted in the
lowest impacts in terms of non-renewable energy hiszardous materials,
acidification, eutrophication potentials, and hun@axicity potential. Incorporating
anaerobic digestion resulted in a system that imrtéd the least towards greenhouse
gas emissions.

Some researchers have also used LCA to studyhtirgges in a digestion
system’s environmental impacts when parametersmilie system are changed.
Berglund and Borjesson (2006) demonstrated thdtbkinig the digestion of biomass
waste such as the tops and leaves of sugar bt thigestion of ley crops, which are
planted especially for energy production, increabedenergy input/output ratio from
approximately 0.27 to 0.40. In addition, the aushifound that switching the

operation of centralized digestion system to faoaes anaerobic digestion systems
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for the treatment of swine manure increased theggmequirements from 30% to
55% of the produced energy.

Life cycle assessment has also been conducteshaih-scale digestion
systems. Mezullo et al. (2013) conducted a LCA small-scale digester and found
that the production of biogas and digestate asizerthad beneficial impacts in the
categories of climate change and fossil fuel depiebut had detrimental impacts in
the categories of respiratory inorganics emissarsacidification/eutrophication.
Life cycle assessment studies have been used votblab the installation of the
Chinese household fixed-dome digesters could redreenhouse gas emissions by
15.2-25.1 tons of COeq. (Wang and Zhang, 2012; Zhang et al., 2013 dtition,
compared to a farming system without digesterjritegration of the Chinese fixed-
dome digesters into a farm setting, such as persmuaultivation, or fish production,
and swine rearing, could result in greenhouse gasse&on reductions of 3,100-3,400
kg COJ/year (Chen and Chen, 2013; Yang et al., 2012a)aamet energy production
of 3,300 MJ/year (Chen and Chen, 2013).

There has been limited previous LCA research comgahe environmental
impacts of small-scale digester with different desi Nzila et al. (2012) compared
the fixed-dome, Taiwanese plug-flow, and the flogtilrum designs, and found that
the Taiwanese plug-flow and the fixed-dome digaesperformed better in terms of
energy demand, resource depletion, and global waneduction than the floating
drum digester. Pérez et al. (2014) compared theamaental impacts from the
construction of fixed-dome design with the Taiwanphkig-flow design in the Andes

region. They found that the fixed-dome system loaekl abiotic potential,
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eutrophication potential, and acidification potahthan the plug-flow system, but
both systems had similar global warming potenfiakre are limited studies that

have compared the life cycle of small-scale desigsgecially for comparison of
small-scale designs that are used in a develogtigm(designs that are generally are
less sophisticated and are unheated) with desigi@te used in the developed
nations (designs that utilize more heating, insohgtand automation). The fourth
study, Chapter 5, aims to address this researchyapmparing the LCA of a small-
scale unheated household fixed-dome digester ingChith a heated and insulated

Taiwanese plug-flow digester in the US.

1.3 Objectives

There were four main objectives for the dissestatesearch:

1) Quantify the differences in GHbroduction between digesters treating
unseparated and separated dairy manure at twonogythc temperatures (14
and 24°C) over time to determine if manure separation ¢dea used to
reduce digester volume.

2) Quantify CH production using three different inocula: wetlasdiiment,
landfill leachate, and mesophilic digestate, twaculum incubation periods
(91 and 196 days), three ISR (20, 35 and 50% wdnd,three temperatures
(15, 25, and 35 °C) during anaerobic digestionanfydnanure to determine
the effect that inocula type, ISR, and incubatiorethave on anaerobic

digestion of manure at different temperatures.
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3) Quantify changes in methanogenic community dytine incubation of
alternative inocula (from Chapter 3) and compaeséhshifts to the CH
production in digesters that received these inosalaces.

4) Compare the LCA of a small-scale unheated Hmiddixed-dome

digester in China with a heated and insulated &aese plug-flow digester in
the US to assess the change in sustainabilitysaiall-scale digestion system
as it is translated from a developing nation (eating and less automation) to
a developed nation (installed with automation tinga and insulation) using

the same system boundary and assessment methods.

1.4 Research Approach

Both objectives 1 and 2 were conducted at laboyratcale. In Objective 1
(Chapter 2), biochemical methane potential (BMB}steadapted and modified from
Moody et al. (2011), were used to monitor differeian CH production between
separated and unseparated manure that were inedwiéh digestate from a
mesophilic digester. In Objective 2 (Chapter 3)tlared sediment, landfill leachate,
and digestate from a mesophilic digester were iatadin 4 L reactors at 15, 25, and
35 °C. The reactors were fed with autoclaved maatregular intervals, and
samples were extracted from the reactors on Dan@l1196 for use as inocula in two
BMP tests. In Objective 3 (Chapter 4), terminatnieBon fragment length
polymorphism (T-RFLP) and quantitative polymeralsaie reaction (qPCR) were
used to determine changes in Archaeal communitynagttianogenic number,
respectively. In Objective 4 (Chapter 5), LCA faodividual digester was conducted

using data from field survey and literature usimmm&Pro 8 (PRé Consultants, The
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Netherlands). Environmental impacts were analyzadgithe ReCiPe mid-point
hierarchist method integrated within the softw&@eédkoop et al., 2013). Together
this work seeks to increase energy productionieffiy of small-scale temperate

anaerobic digesters and minimize their impactsherenvironment.
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2 Quantifying Methane Production from Psychrophilic
Anaerobic Digestion of Separated and Unseparated Dy
Manure

Abstract

In anaerobic digestion, methane ({fHroduction decreases as temperature
decreases, resulting in a lower Qbtoduction at psychrophiliecce5 °C) digestion
temperatures. Previous studies at mesophilic testyres (30-35 °C) have shown that
manure separation and digesting only the liquidtioa could result in the reduction
of digester volume without sacrificing Glgroduction. In this research, biochemical
methane potential (BMP) tests were used to qua@iify production of unseparated
and separated manure at two psychrophilic tempesit@4 and 24 °C.

The results showed that GHroduction decreased by approximately 70%
when the temperature was decreased from 24 °C %G.1Between Days 20-216 at 24
°C, higher VS content of the unseparated manutsteesin significantly higher CiH
production (29-40% more) compared to separated reapn a volumetric basis, but
at digestion times of16 days, faster VS to Gldonversion rates in separated manure
resulted in no significant differences in £ptoduction between the manure types.
Similarly, at 14 °C, the higher VS content of theseparated manure resulted in
significantly higher CH production (56-147% more) throughout most of 2&§-d
experimental period, when normalized by volume.aQrs basigmL CH,/g VS), the
separated manure at 24 °C produced significanthe @l than the other treatments.
The study suggests that at 24 °C, there will bbéri€CH, production, per volume of
manure added, from unseparated manure due togherl¥S content, but when

operating at a shorter digestion time, the diffeesncould be insignificant.
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2.1 Introduction

During anaerobic digestion (AD), both facultateved obligate anaerobic
microorganisms work sequentially to extract endrggn organic matter fed into the
system, wittrenewable energy in the form of methane gEéhriched biogas as a
product of this metabolism. AD technology can bedis treat wastewater sources,
such as dairy manure, resultinglinreduction in detrimental impact of manure waste
on water bodies by reducing chemical oxygen denf@aD), total solids (TS), and
volatile solids (VS) (Lansing et al., 2010); 2) wetlon in odor, which can help to
improve relationships between farmers and theghimrs (Powers et al., 1999);
use of theCHs-enriched biogas directly as a source of heat anielectric generator
(Lansing et al., 2008); and 4) capture, combustoia, thus, reduction in the quantity
of methane (Ck) released, a greenhouse gas 21 times more powleafulcarbon
dioxide, compared to traditional open lagoon steragmanure (AgSTAR, 2011;
IPCC, 2007).

High costs, however, impede AD installation in parate regions, such as the
United StatesADs function best at mesophilic (30-35 °C) and riingphilic (50-60
°C) temperatures (Gerardi, 2003), and,@kbduction decreases when temperature
decreases. Massé et al. (2003) found that decetm@rtemperature of anaerobic
swine manure reactors from 20 °C to 10 °C decre@s&doroduction by 70%. In
addition, lower-temperature digesters have a lofagephase befor€H, production
commences. One study showed that dairy cow mangested at less than 15 °C did
not produceCH, for 165 days, while manure digested at 25 °C @h&éC3experienced

shorter lag-phases of 66 and 33 days, respectiZelyman et al., 1988).
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In order to keep biogas production high duringleolmonths, most
agricultural ADs in the US are heated and run aaphilic temperatures, as opposed
to psychrophilic (or ambient) temperature2% °C) (AgSTAR, 2006). To keep
digesters in the mesophilic range, expensive hgatna insulation systems must be
installed and maintained. Many heating systemsaysartion of the produced biogas
to heat the digesters during the colder monthgre@ when the need for the
produced CHlis the greatest for other on-farm activities, sastheating barns and
buildings. The cost of insulation, installing heatovery systems from biogas engine
generators, and the in-vessel radiant heating nmésaina makes the installation of
small-scale ADs in the US largely cost-prohibit(#@avon et al., 2013), which is one
of the reasons AgSTAR (2011) stated that digestersnore economically feasible
on dairy farms with more than 500 cows, excludirgyerthan 95% of the US dairy
farms(USNASS, 2009)Methods to increaseH, production in temperate regions
without increasing digester installation coststates needed.

This study investigated the effect of manure s&jg@m on net Clproduction
from ADs operating at psychrophilic temperaturenMi@ separation refers to the
separation of manure to remove the coarse fractionsthe liquid fraction.
Separation can reduce clogging in pipes and puargsease manure transportation.
While there are several methods for manure separatcluding the use of
mechanical presses, screens, or the addition @fdlants or coagulants to remove
the coarse fraction from the liquid filtrate of nume (Pain et al., 1984, Rico et al.,
2007), this study concentrated only on the useméehanical screw-press separator

for solid separation.
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Previous research has shown that the VS withiars¢éed manure converts to
CH,4 more quickly than VS in unseparated manure, likielg to the VS within
separated manure having smaller particle sizesngad quicker degradation (El-
Mashad and Zhang, 2010; Lo et al., 1983a, 1983t Bi al., 2007). In addition,
researchers such as Liao et al. (1984) and La ét283a, 1983b) have shown that
digester volume could be reduced when digestingraggd manure without
sacrificing CH production. Therefore, farmer interested in reducing capital costs
for AD construction could build a smaller reactotume for only the separated
manure with shorter retention times and still piallarge quantities of CH

Previous experiments that have compared [@biduction between separated
and unseparated manure, however, were conductadsaiphilic conditions (30 °C-
35 °C), with no published study investigating tffee of manure separation on ¢H
production at psychrophilic temperature2% °C). The research objectives for this
study were to: 1) quantify differences in £ptoduction at two psychrophilic
temperatures, 2) quantify differences in {oduction between the separated and
unseparated manure fractions at these psychropéniperatures, and 3), determine

how digestion time affects these differences.

2.2 Methods

Both unseparated manure and separated manurealeted during one
sampling trip to the dairy facility at the USDA Bglille Agricultural Research
Center (BARC) in Beltsville, Maryland, USA and sdrat 4 °C before analysis. At
the BARC dairy facility, manure and urine, alonghnsome straw bedding from the

barn is scraped into a holding pit, which is themped into a belt-pressed
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mechanical screw-press separator (EAthat separates the coarse fractions of the
manure from the liquid fraction. The liquid fraatics held at a separate holding pit,
before being pumped into a continuous-stirred mieiopligester. The unseparated
manure was collected before the screw-press anskbfterated manure was collected
after the screw press. Approximately 70% of thewleyght solids were removed
from the manure during the separation process|tiggin the separated manure
having approximately 30% of the dry weight solidssaf the unseparated manure
(unpublished data).

Inoculum for the experiment was obtained fromB#RC mesophilic
digester treating the separated dairy manure. Aitulum contain€H,-producing
microorganisms that speed up the digestion prottesas collected on the same day

as the manure and stored at 4 °C before analysis.

2.2.1 Biochemical Methane Potential (BMP) Testing

The biochemical methane potential (BMP) test usdtis study was adapted
and modified from the procedures conducted by Magtdyl. (2011) and Owen et al.
(1979). In this study, the BMP tests were not catel at the standard 35 °C, but
conducted in two separate chambers operating &€ Bhd 24 °C to simulate the
averagegemperatures for Fall (14 °C) and summer (24 °@ahimore, Maryland
between 1981-2010 (NOAA, 2014).

The BMP test was conducted by monitoring the; @kdduction in 250 mL
serum bottles filled with 100 mL of inoculum and Q. of either unseparated
manure or separated manure. The inoculum volumekeatsconstant to reduce a

potential compounding variable, resulting in anculam to substrate VS ratio (ISR)
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of 1:1 for the unseparated manure, and 2:1 fos#iparated manure, which are within
the ISR range recommended by Moody et al. (201d)Raposo et al. (2011). The
control bottles consisted of 130 mL of inoculumhmitit manure. No nutrient media
was added during the BMP test to simulate fieldddtoons.

To create anaerobic condition within the bottes;h bottle was purged with
70% N, and 30% CQ@before being capped with butyl rubber stoppers. Adtdes
were incubated in two different chambers with terapees ofl4.0 = 0.0 °C and 24.0
+ 0.0 °C.Triplicate bottles of the different treatments (@parated manure +
inoculum, separated manure + inoculum, and inocudaly) were incubated in each
temperature chamber for 216 days. During incubatiorshaking/mixing was
conducted to simulate simple, unmixed digestiorddans, such as those for
covered lagoon systems.

The quantity of biogas produced in each BMP botts measured at least
once every week using a graduated, gas-tight, yweéd 50 mL glass syringe
inserted through the septa and equilibrated to symeric pressure. The measured
biogas was then vented. After venting, 0.10 mLioghs was collected from each
bottle using a luer-lock, gas tight syringe aneéab¢d into an HP 5890 Series Il gas
chromatograph (GC) to measure perdeHi. The GC was equipped with a flame
ionization detector (FID) and was run with the daling parameters: (1) injection
temperature of 200 °C; (2) detector temperatu256f°C; and (3) a flow rate of 300
mL/min for helium, the carrier gas.

In order to take into account the gptoduced from the inoculum organic

matter, the Chlproduction values (mL CHmML inoculum) from the triplicate
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inoculum bottles at each temperature were averaged)alized by inoculum

volume, and subtracted from the £ptoduction of each treatment bottle incubated at
the same temperature. All Gidroduction volumes were converted using the ideal
gas equation to standard temperature and pre$s8@4gnd 1 atm). The GH

produced by the manure sources were normalized) tsim different methods: mL
CH4/g VS, which shows the efficiency of VS conversiorCH,, and mL CH/mL
manure to show which type of manure would produgbédr CH, for a given volume

of manure digested.

2.2.2 Substrate Characterization

Total solids, VS, pH, and COD analyses were cotatlion the two manure
types and the inoculum before the BMP experinagiat on each treatment bottle at
the end of the BMP testotal solids and VS were conducted following szl
methods (APHA, 2005), and the COD analysis was eoied using the HACH

adapted digestion method (Jirka et al., 1975).

2.2.3Volatile Solids Destruction and Theoretical Methae Yields

Values for VS and COD destruction for each treatnoeiring the BMP test
were calculated by taking the average differen¢e/dxen the pre-digestion values
(calculated from the individual VS and COD concatims of the manure and
inoculum) and the post-digestion values for eaeattnent. It should be noted that the
VS and COD destruction values do not distinguisfwben destruction of the manure
and inoculum component®ifference between the GHields of each treatment and

the theoretical Chlyield were also calculated. The theoretical,@teld (350 mL
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CH4/g COD destroyed) is based on calculated convefi@OD to CH during the

digestion process (Angelidaki and Ellegaard, 2003).

2.2.4Statistical Analyses

Tukey-Kramer analyses were performed based ondmatye and manure type
(separated and unseparated) to compare differemtesmatments during the 216-day
experiment for percent GHand CH production based on the final ¢khalues using
two normalization procedures (volumetric and VSmalization). It should be noted
that the Tukey-Kramer analyses were conducted @sub-replicates in each
temperature chamber. Two-tailed t-tests were atsfopned to compare CH
production from separated and unseparated managgpabximately 5-day intervals
at each temperature. Statistical analyses wereucted using the Proc Mixed (with
repeated/group statement to account for any vagiarterogeneity) and Proc ttest

procedures in SA%9.3. Analpha value of 0.05 was used in each analysis.
2.3 Results

2.3.1 Wastewater Characterization

The TS and VS concentrations of the unseparatedireavere approximately
twice the concentration of the separated manuabl€r2.1). After 216 days of
digestion, VS reduction was 2-9% higher at 24 °@puared to 14 °C for both manure
types (Table 2.2). The pH of the unseparated maseparated manure, and
inoculum before digestion and of the post-digestedures was within the ideal pH-

range (6.5-8) for digestion (Seadi et al., 200&)(€s 2.1 and 2.2).
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Table 2.1: Wastewater characterization, including total so(i@S), volatile solids
(VS), chemical oxygen demand (COD), and pH.
Substrates TS (g/L) VS (g/L) | COD (g/L) pH

Unseparated Manure 73.6 £ 2.0 64.8+1.9 55.9+25 6.93

Separated Manure 41.1+£006 324+£0.1 521+046.82

Inoculum 28.3+0.2 195+08 31.5=%0. 7.57

Ul

Values are averages * standard errors.

2.3.2 Methane Production

The unseparated manure digested at 24 °C prodigmticantly more CH
than the other treatments on a volumetric basts @.001 for all comparisons), and
was 40% greater than the separated manure at @ 2.2, Figure 2.1). At 14 °C,
there was no significant difference between thentjies of CH, produced by the
two types of manurep(= 0.094). There was 68 to 71% lessQirfbduction at 14 °C
for the unseparated and separated manure, resggctiompared to 24 °C. An
additional BMP test conducted at 2.5 °C + 3.5 °@ G&l, production values <0.3 mL

CH4/mL manure for both manure types (results not shown
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Table 2.2:Biochemical methane potential (BMP) results, with,@roduction normalized by volatile solids (VS) and
volume of manure added, percent £ percent decrease in VS, and final pH.

Treatment Temperature | Decrease in VS| Final pH Cumulative CH, | Cumulative CH, % CH4
(°C) (%) (mL/g VS) (mL/mL manure)
Unseparated Mant 24 29 7.42+0.01 335+17 21.7+0.7 60.3+0.2°
Separated Manu 24 32 7.46+0.01 479+ ¢ 155+0.° 63.7+0.2°
Unseparated Mant 14 27 7.36 +0.0. 107 + 1° 7.0+0.€ 495+ 1.
Separated Manu 14 23 7.41+<0.0 137 +1° 45+0.° 51.0+2.!°

Values are averages * standard errors. Lower-e#teed indicate significant differences from Tukéwmer analysis
between treatments within each column.
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Figure 2.1: Cumulative CH production for the biochemical methane potential
(BMP) testing normalized by volume (mL GkhL manure) for separated and
unseparated manure at two psychrophilic tempemture

On a VS basigémL CHy/g VS), the separated manure at 24 °C produced
significantly more CHthan the other treatmenis € 0.001 for all comparisons), with
43% moreCH, production than the unseparated marflisble 2.2, Figure 2.2). The
effect of temperature on Ghbroduction was similar when normalized by VS basis
with a 68% and 71% reduction in gHroduction for the unseparated and separated
manure, respectively, when the temperature fethfgal °C to 14 °C and no
significant difference between the separated aiséperated manure at 14 9

0.36).
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Figure 2.2: Cumulative CH production for the biochemical methane potential
(BMP) testing normalized by volatile solids (mL ¢§lVS) for separated and
unseparated manure at two psychrophilic tempemture

Biogas quality, as measured by percent,Gas significantly higher in the
separated manure at 24 °C than in other treatnfert.005 for all comparisons)
(Table 2.2, Figure 2.3). Decreasing the temperdtora 24 °C to 14 °C decreased the
CH, content within the biogas by more than 10% fohlkgpes of manure. At 14 °C,
there was no significant difference in biogas gydletween the separated and

unseparated manurp € 0.96).
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Figure 2.3: Percent CHin biogas during the biochemical methane potefB&P)
testing of separated and unseparated manure gsyebirophilic temperatures.

2.3.3 Comparison of Actual and Theoretical Methan&ields
The CH, yields based on COD destroyed for unseparated meanere 54% to

117% higher than the GHields for the separated manure (Table 2.3). Metha

production values were closer to the theoreticagharee yield as the temperature

increased and when digesting unseparated manure.

27



Table 2.3:Comparison of actual CH-and theoretical ClHyields

Treatment Temperature | Theoretical CH, | Cumulative COD Actual CH,4 % Yield
(°C) Yield (mL/g CH4 Produced | Decrease (g)| Yield (mL/g
COD) (mL) COD)
Unseparated 24 621 £21 1.49+0.11 424 + 44 121
Manure
Separated Manure 24 350 465 + 8 1.70 + 0.09 275+ 12 .6 78§
Unseparated 14 201 +23 0.80 £ 0.08 273 £ 65 77.9
Manure
Separated Manure 14 134 + 11 1.09 £ 0.09 126 + 19 6.1 3

Values are averages * standard errors.

Table 2.4:Cumulative CH from the biochemical methane potential (BMP) testiormalized by volatile solids (VS) and
the percent of the total GHbroduced at various digestion time periods foasajed and unseparated manure at 14 °C and

24 °C.
Treatment | Temperature Cumulative CH4 (mL CH4/g VS) and % of total CH, produced

(°C) 16 41 62 90 124 152 194 216

Days Days Days Days Days Days Days Days

Unseparated 24 121 204 248 279 300 310 329 335
Manure (36%) | (61%) | (74%) | (83%) | (90%) (93%) (98%) | (100%)

Separated 24 192 303 367 407 435 447 471 479
Manure (40%) | (63%) | (77%) | (85%) | (91%) (93%) (98%) | (100%)

Unseparated 14 27.0 63.8 73.7 88.2 97.4 99.5 105 107
Manure (25%) | (59%) | (69%) | (82%) | (91%) (93%) (98%) | (100%)

Separated 14 27.3 64.2 71.6 86.9 107 115 134 137
Manure (20%) | (47%) | (52%) | (63%) | (78%) (84%) (98%) | (100%)
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2.3.4 Effect of Digestion Time on Methane Productio

At 14 °C and 24 °C, the quantity of ¢produced (normalized by VS) at
various digestion periods were calculated (Tabdg. At 24 °C, the highest rate of
CH, production occurred during the first 16 days @fedition. As temperature
decreased, the percent of the total,@kbduced in the first 16 days also decreased
for both manure types. Both the separated and anstgl manure at 24 °C and the
unseparated manure at 14 °C had produced 80% utftdieCH, of the 216-day test
by Day 90.

The statistical analyses conducted at approximéatelay intervals showed no
significant differences at 24 °C between the qtiestofCH, produced irthe
separated and unseparated mahuréhe first 16 days of digestion (by volun{g}
values ranging from 0.054 to 0.16). From Day 20&y 216 (the end of the
experiment), the unseparated manure produced isigmify moreCH, (29-40%
more) than the separated manyreélues ranging from 0.001 to 0.037), on a
volumetric basis. On a VS basis, the separated ragmmoduced significantly more
CH, (43 to 63% more) than unseparated manure throughe@16-day experimental
period p-values ranging from 0.0004 to 0.009).

At 14 °C, the unseparated manure produced signiiic moreCH, than the
separated manure (by volume) during the first 28jsdranging from 56-147% more
CHy (p-values ranging from 0.0008 to 0.049), but no digant difference was
observed after Day 20p4alues ranging from 0.0505 to 0.0512). On a VSshas

there were no statistical differences in the giatfi CH, produced between the two
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manure types throughout the 216-day experimentabgép-values ranging from
0.097 to 0.99).

By Day 5 at 24 °C, both manure substrates had%88r CH, in the produced
biogas, and the percent gHmained above 50% throughout most of the
experimental period (Figure 2.3). At 14 °C, thesdtdies took longer (16 days) to
reach 50% Chland generally remained above this value througtimiexperimental

period (Figure 2.3).

2.4 Discussion

2.4.1 Methane Production

With no mixing, psychrophilic operating temperasirand a long digestion
period, the conditions of this study were similaconditions found in simple
digestion systems, such as those for covered ladig@sters. Safley and Westerman
(1992) found an average GHdroduction of 390 mL/g VS from a covered lagooat th
treated separated dairy manure at temperaturemgafigm approximately 10 °C to
30 °C, which is similar to this study when the 24ahd 14 °C separated manure
values were averaged (308 mL/g VS). Interestingbyyever, the Chlvalues found
at 24 °C in this study were higher than values dolam mixed, mesophilic (30-35 °C)
dairy manure digesters (137-264 mL/g VS) (Moodglet2011; Pain et al., 1984).
Higher CH, production values in this study could be due taykr digestion time (216
days) compared to digestion times of 20-60 dayd usether studies.

At 24 °C, the average percélit, washigher for the separated manure than
the unseparated manure, with similar observatieas 1 previous studies at

mesophilic (32-35 °C) temperatur&d-Mashad and Zhang, 2010; Gonzalez
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Fernandez et al., 2008), likely due to the highetipn of more readily available
substrates for CHproduction in separated manure. At 248@her CH production

by separated manure compared to unseparated marae normalized by VS,
indicates higher VS conversion efficiency to ffbr the separated manure due to the
more biodegradable VS present within the separagatlre. EI-Mashad and Zhang
(2010) and Rico et al. (2007) also observed a higreduction 0iCH,0n a VS basis
from separated manure compared to unseparated enahen digested at 35 °C,
although the difference in GHbroduction observed by these authors (21-25%) were
lower than that observed in this study (43%). Loteenperature in this study could
have increased the use of more readily degradaddelded substrates compared to
the coarse fractions in the unseparated manundtiresin a higher difference for the
CH4/g VS produced by separated manure compared tgparsed manure.

It should be stipulated, however, that the orgémading rate (OLR) could
influence the conversion efficiency of VS. In tkisidy’s BMP experiment and that of
Rico et al. (2007), equivalent amount of separatetiunseparated manure were used
in a batch system with equal volumes of inoculumitashs, and since unseparated
manure contains higher VS content, higher OLRs wgélieed for the unseparated
manure. Given similar OLR (g VS/L/day) and suffiti¢ime, Lo et al. (1983a,
1983b) showed that reactors fed with unseparatedireaand separated manure
could produce equivale@H, on a VS basis when digested at 30 °C. Hence, the
degradation of the unseparated manure in our stodyother studies is likely
affected by both VS conversion efficiency of comxpselids in the unseparated

manure and the effect of OLR in the experiment.
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At 24 °C, this study found a similar increase H,@roduction
(approximately 40%) with unseparated manure congp@rseparated manure on a
volumetric basis as the Rico et al. (2007) digessimdy conducted at 35 °C. Higher
VS concentration in the unseparated manure resintedher CH production by
volume even when the efficiency in converting Vtd, was lower compared to
separated manure.

The decrease in GHbroduction observed in this studyen temperature was
decreased from 24 °C to 14 °C was similar to vabbserved by Massé et al. (2003),
who saw a 70% decrease in Gbtoduction when the temperature for the digestion
swine manure was decreased from 20 °C to 10 °Ce 3@ final pH of all treatments
were within the ideal pH-range for AD process, dmdtion was not a confounding
factor in any treatment, illustrating that the latknethanogenic activity at 14 °C was
likely due more to the temperature conditions tthenpH conditions within the
digesters. In addition, lowering the temperatus® aéduced the biogas quality to the
lower end (50%) of typical CHconcentration in biogas from anaerobic digesters
(Seadi et al., 2008). This observation, howeves iwaontrast to results by Massé et
al. (2003), who observed an increase in,€éhtent when digestion temperature was
reduced from 20 °C to 10 °C. Massée et al. (2008)ypated that an increase in
homoacetogenic activity at lower temperatures cbalk converted #CO, to
acetate, which could be converted to,ClHdeed, previous researchés/e
discussed the increasing importance of homoaceitgetivities when temperature
of methanogenic system decrea@esy and Conrad, 2000; Kotsyurbenko et al., 1993;

Kotsyurbenko et al., 2001; Kotsyurbenko, 2005). ideer, besides #CO,,
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acetogens can utilize other substrates, such assswghich could release G@Quring
the process (Chidthaisong et al., 1999; Conrad9)L¥urthermore, the
homoacetogenic degradation of sugars could be partant degradation pathway at
lower temperatures (Chin and Conrad, 1995). I[{Gke/CH, ratio increases as
temperature decreases, then,€bintent within biogas could decrease with
decreasing temperature. In this study, furthercaiibn that a lower fraction of the
degraded organic matter was transformed tq &Hbwer temperatures was provided
by the greater deviation of the actual Skld from the theoretical yield as

temperature decreased.

2.4 .2Effect of Digestion Time and Digester Volume

Both Lo et al. (1983a, 1983b) and Liao et al. @%Bund that at shorter
retention times, separated manure produced higHgi(on a volume basighan
unseparated manure at 30-35 °C. However, at 24 é@ribatch study, the lower rates
of CH,4 production during the initial 16 days resultedhe separated manure to not
outperform the unseparated manure at shorter dgetstnes (on a volume basis).
Nevertheless, the results suggest that given demaidester volume with a digestion
time of<16 days and operational temperature of 24 °C, farceuld digest separated
manure without sacrificin@H, production. At the 16-day digestion time,
approximately 40% of the CHproduction (on a VS basis) for separated manuge wa
obtained, representing a relatively high {oduction rate compared to longer
digestion time. Given a larger digester size witbreger digestion time, however,

more CH production would be obtained at 24 °C using unsged manure.
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In contrast to the findings at 24 °C, separatedureat 14 °C produced less
CH, per volume of manure than unseparated manurgestithn times201 days due
to the insignificant difference in the efficiencl/\éS conversion to Cklbetween the
two manure types and higher VS concentrations witfie unseparated manure.
Hence, for a given digester volume at 14 °C, diggsinseparated manure would
produce more Clithan separated manure, but the overall @tdduced would be

approximately 70% less than at 24 °C.

2.5 Conclusion

In this research, CiHproduction in AD treating dairy manure decreasgd b
approximately 70% when the digestion incubationgerature was lowered from 24
°C to 14 °C. At 24 °C, farmers will get the high@st, production, per volume of
manure added, from unseparated manure due toghertWS content, but if
operating at a shorter digestion time (less thaday®), the difference in GH
production between the two manure types might bgmificant. While there was
much less Chproduction in general at 14 °C, the unseparatedireamould likely

produce more Clithan separated manure, per volume of manure loaded
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3. Alternative Inoculum Sources for Psychrophilic aad
Mesophilic Anaerobic Digestion

Abstract

The main objective of the research was to compathame (Ch) production
potential when wetland sediment (WS), landfill leaie (LL), and mesophilic
digestate (MD) were used as inoculum sources faembic digestion of dairy
manure at 15, 25, and 35 °C. All three inoculumreesl (WS, LL, and MD) were
initially incubated (acclimated) at 15, 25, and°85and subsequently used as inocula
in 90-day biochemical methane potential (BMP) tasthe same temperatures. Two
BMP tests were conducted for two inoculum incubraperiods: 91 (BMP1) and 196
days (BMP2) using three inoculum to substrate saiSR) (20, 35, 50% w/w).

The results showed that all inocula were viabledigestion at 25 °C and 35
°C, but none of the inoculum sources were prodadivl5 °C. In BMP1, digesters
with LL at 25 °C had CHlyield (194 + 7 L/kg VS) that was not significantifferent
than digesters at 35 °C with MD (202 + 4 L/kg VShmpared to BMP1, there were
less differences in CHyield between 35 and 50% ISRs at 25 and 35 °QURB
indicating that longer incubation time could all@gs inoculum to be used.
Furthermore, 35% ISR was sufficient in preventirfgAvVaccumulation in most
treatments at 25 °C and 35 °C in BMP2, compargdetoequired 50% ISR in BMPL1.
Overall, in batch systems with long digestion tif@8@ days), MD inoculum from
well-established digesters (i.e. long incubatiomefi, 35% ISR, and 35 °C operation
temperature are recommended for highest Qidduction per unit of digester

volume. Research represents the first study thapeces the effectiveness of wetland
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sediment, landfill leachate, and mesophilic digestes inoculum sources for
anaerobic digestion at three temperatures usireg #8Rs and two inoculum

incubation periods.

3.1 Introduction

Anaerobic digestion (AD) is a microbial-based tealogy that converts
organic matter (OM) in manure into methane géhriched biogas, a renewable
energy source that can be used to supply heaedrieity. The use of AD can also
reduce odors and GHmissions from manure management and create aniorg
fertilizer that can be used for crop production AR, 2011; Holm-Nielsen et al.,
2009; Powers et al., 1999).

Despite these benefits, transfer of AD technolmgymaller-scale farms in
temperate climates, such as the U.S., has beenenadhpy decreased GH
production in the winter. Previous laboratory reskdas found a 70% decrease in
CH, production when temperature decreased from 24 9@ C, as well as a longer
lag-phase (33 and 132 days at 25 °C and 15 °Gzetaggly) compared to 30 °C
(Witarsa and Lansing, 2015; Zeeman et al., 1988emperate digesters, heating
mechanisms are installed that use a portion optbduced biogas or waste heat from
combined heat and power systems for digester lggajieatly increasing initial
capital costs. As a result, most US-based AD systam installed on large to
medium-scale farmsb00 dairy cows) and are operated at mesophilic ¢eatpres
(25-35 °C) rather than ambient or psychrophilicgeratures<25 °C). High cost is
recognized as a major factor for the low instadkatiate of AD systems in the US,

especially for the >94% of US dairy farms that @essified as small and medium-
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scale (<500 dairy cows) (AgSTAR, 2011; USNASS, 20Ehding a method to
increase year-round GHbroduction in temperate AD systems could redusgscand
create greater incentives for small-scale farmeisdtall AD technology.

The addition of inoculum has been shown to increases of OM conversion
to CH, (Lopes et al., 2004). Hashimoto (1989), Loped.€R804), and Maya-
Altamira et al. (2008) observed increased,@©Hbiogas production when inoculum
to substrate ratio (ISR) was increased, althoubhrstobserved little to no
differences in cumulative CHproduction when ISR was increased (Gonzalez-
Ferndndez and Garcia-Encina, 2009; Raposo e08k)2Some studies have also
shown increases in digestion rate when ISR wagasad (Gonzalez-Fernandez and
Garcia-Encina, 2009; Raposo et al., 2009; Zend),2GL0), indicating that increased
ISR could increase digestion rate but not necdgsarmmulative CH production. In
an attempt to increase Gldroduction during low-temperature digestion, some
studies have investigated the use of inocula tlesé\pre-incubated or acclimated to
lower temperatures. Zeeman et al. (1988), for mtaobserved increased £H
production rate during low-temperature digestiorewthe inoculum was acclimated
to a lower temperature. With the exception of Zeewtzal. (1988) who used wetland
soil as inoculum, all previous research resulteedtabove have used sludge/digestate
from anaerobic digesters or bovine rumen fluidhasrtinocula source.

In this study, the use of alternative inocula, dpesdly wetland sediment and
landfill leachate, to seed digester and increasg@btiuction at 15, 25, and 35 °C
was evaluated. These methanogenic systems areegkfmofuctuating temperatures

and could potentially contain more psychrotoleraethanogens, making them better
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inoculum sources for psychrophilic digesters. Stadin the use of landfill leachate
as an inoculum source for agricultural AD systemneslianited. Sediments have been
used as a psychrophilic AD inoculum source butltesiave varied. Bardulet et al.
(1990) and Xing et al. (2010) observed stable OMaeal or biogas production when
lake or river sediments were used as inocula feclp®philic AD. On the other hand,
Zeeman et al. (1988) did not observe a reductidherstart-up time of AD inoculated
with wetland soil compared to the un-inoculate@timgent. In addition, the effects of
ISR and incubation time on Ghyroduction when wetland sediments or landfill
leachate are used as inocula have not been studied.

The objective of this study was to quantify Obtoduction using three
different inocula: wetland sediment (WS), land#achate (LL), and mesophilic
digestate (MD), two inoculum incubation periods 1d 196 days), three ISR (20,
35 and 50% w/w), and three temperatures (15, 263&r?C) during anaerobic
digestion of dairy manure using biochemical {qidtential (BMP) testing. The results
can be used to better understand the benefitsmg atternative inoculum sources for
increasing CH production in temperate AD systems and the etféctcubation and

ISR when operating at various temperatures.

3.2 Methods

3.2.1 Inoculum Collection

A preliminary analysis utilizing specific metharssgc assays, adapted and
modified from Sgrensen and Ahring (1993), was useatktermine Chiproduction
potential of WS samples from five different wetlarahd LL samples from five

landfills. The two WS and LL sites with the high€d#, production from this
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preliminary research were carried through to tleeilation phase, and the one WS
and one LL site with the highest gHroduction in the incubation phase were used in
the BMP tests (preliminary results not shown).

The WS used in the BMP analyses was collected frendugbay Wetland
Sanctuary (38.78° N, 76.71° W) located adjacetited?atuxent River, Anne Arundel
County, Maryland, USA. The WS was collected froatepth of 5-10 cm and was
degassed within 2 hours with an:@0, (70:30) mixture. The LL sample used in the
BMP analyses was collected from Stafford Countydfain Virginia (38.38° N,
77.42° W), which was opened in 1987, holds 7151606 of waste and produces an
average 46 L of biogas/ton of waste/day (USEPA120Ihe MD sample was
collected from a complete mixed digester (549 located at the US Department of
Agriculture (USDA) Beltsville Agriculture Resear€tenter (BARC) dairy facility

(39.03° N, 76.89° W). All samples were stored &€ 4nd were used within 25 days.

3.2.2 Reactor Configurations and Inocula Incubation

Nine incubation reactors were constructed using ¢t diameter (4-in) PVC
pipe with a height of 0.5 m. Each reactor was skaféh a total knockout closet
flange on the bottom and a mechanical test plugppnManure feeding and sample
extraction were conducted using two 1.27 cm diam(@t&-in) ball valves and one
2.54 cm diameter (1-in) ball valve. Biogas wasexittd using Tygdhtubing
connected to a 5 L multi-foil bag (Figure 3.1). Tdevere initially two reactors from
two different WS and LL sites used in incubationgd @ane MD reactor in each
temperature controlled chamber (15, 25, and 35r&Sjlting in a total of 15

incubation reactors. In addition to the MD readtom each temperature chamber,
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the highest performing WS and LL reactors (base@ldnproduction across all three
temperatures) during incubation were selected faoh temperature chamber for
subsequent BMP tests, resulting in a total of 8taga (one MS, one WS and one LL)

chosen from each of the three temperature chambers.

Flexible tubing
Mechanical test

plug

Feeding port
Sampling

Three way valve parts

Four inch PVC
pipe
Multi-foil bag
f Sampling
Total knockout ports

closet flange

Figure 3.1: Inoculum incubation reactor

An equal amount of the source inoculum and nutmesedia £ 1.25 L) was
added into each incubation reactor. The nutrierdimeletailed in Speece (1996),
contains micro and macronutrients to encouraggtieth of methanogens.

Following the inoculum and media addition, the spmte of each reactor was
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purged with N:CO, (70:30) mixture for 10 min. to remove.( ' he reactors were
then sealed and incubated at the target temperature

The reactors were fed at approximately 4-day vatsrwith unseparated,
scraped manure from the USDA BARC facility. Thelecled manure was
autoclaved and stored at 4 °C to minimize the thtation of methanogens within the
manure source to the inoculum incubation reacfgep-wise loading regime,
adapted from Bardulet et al. (1990) and Bull e{E983), of autoclaved manure and
methanol was used, with the methanol gradually gdhasit over a 34-day period
(Table 3.1). Due to the viscous nature of the uasstpd manure, a ratio of 1.09 g
COD/g VS for manure was used to determine the negmathanol loading (USEPA,

2002). The reactors were mixed by hand after fepdin

Table 3.1:Feeding regime of the inoculum incubation reactors.

Autoclaved manure loading Methanol loading
Days (g VS/L digester (g methanol/L digester
content/day) content/day)

0-9 0.046 0.033
10-19 0.12 0.083
20-24 0.23 0.17
25-29 0.35 0.083
30-34 0.52 0.13
35-39 0.69 0

40-49 0.92 0
50-196 1.2 0

Biogas and percent GHnalyses were conducted before each feeding. Bioga

collected in 5 L multi-foil bag was measured usld@ and 60 mL syringes, while

41



percent CHwas analyzed by injecting 0.10 mL sample, usihgealock, gas tight
syringe, into an Agilent HP 7890A GC equipped vdtthermal conductivity detector
(TCD) with the following parameters: 1) injecticemperature of 250 °C; 2) detector
temperature of 250 °C; 3) oven temperature of 6@PG 4) a carrier gas flow rate of
8.6 mL He/min.

The reactors functioned as semi-batch reactoisay 150 when semi-
continuous feeding of the reactors was achieveth the wasting of the digester
content equal to the feedstock addition. Inoculuas extracted from each reactor on
the 9F' day for the I BMP test (1.75 L for the 33 BMP bottles utilizext)d on the
196" or 197" day for the 2 BMP tests. Day 178 was the last day when biogds an

percent CHH measurements were conducted on the incubatiotoreac

3.2.3 Biochemical Methane Potential (BMP) Tests

The BMP test methods were adapted from Moody.€R@ll1). The BMP test
is a laboratory batch study used to characterize @étluction potentials where
substrate, inoculum, and nutrient media are adated?50 mL serum bottles, purged
with N,:CO, gas, capped, and incubated at 35 °C. Biogas and@tdentration are
monitored at regular intervals for 30-40 days, miilbbiogas production has largely
ceased.

In this study, two BMP tests were performed ushgythree inoculum sources
after incubation of the inoculum sources fod@ys (BMP1) and 196 days (BMP2),
with the BMP testing conducted at the same tempegatt which the inocula were
incubated (i.e. inocula incubated at 15, 25, an8G%ere used for BMP testing at

15, 25, and 35 °C, respectively). The substratth®BMP tests was unseparated

42



manure obtained from the BARC dairy facility andrst at 4 °C before use. For
BMP1, inocula obtained from reactors were storedl % for a maximum of 7 days
before use, while inocula for BMP2 were obtainegsifr from the reactors and loaded
on Day 196 or Day 197 into the BMP bottles. Nutrieredia and mixing were not
used in either BMP test to simulate covered lagtigastion.

For BMP1, a 120 g mixture of inoculum and manuegenadded to 250 mL
serum bottles at different inoculum to substrat®sISR) (w/w): (0%, which
equated to 120 g of manure and 0 g of inoculurmfs 224 g of inoculum and 96 g
manure), 35% (42 g of inoculum and 78 g manure),50%6 (60 g of inoculum and
60 g manure). While researchers commonly use \i& i@t ISR, inoculum loading
rate in this study was conducted using wet weiglurder to keep the volume of
inoculum consistent between the different treatseffbr reference purposes, the ISR
based on VS (for both BMPs) could be calculatedgi&iquation 1:

ISR (based on VS) Minoc* VSioc) / (Mimanure® VSmanure + Minoc® VSioc) *100
1)

WhereMino is mass of inoculum addedS.c is concentration of volatile solids in
inoculum,Mumanure iS mass of manure added, arfhanure IS CcONcentration of volatile
solids in manure. Values for the VS of each inooukource are listed in Table 3.2
for the two BMP tests. The manure VS concentraiddMP1 and BMP2 were 133 +
2 g/kg manure and 141 * 3 g/kg manure, respectively

Inoculum-only bottles containing 120 g of the eawattulum type were used
as controls. All treatments were conducted initgik except for inoculum-only and

manure-only bottles (0% ISR), which were conduateduplicate, resulting in 105
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total BMP bottles for BMP1. To create anaerobicdibons, each bottle was purged
with N,:CO, (70:30) before being capped with butyl rubber sesppThe BMP test
was carried out for approximately 90 days.

The frequency of the biogas and OHeasurements was conducted in
accordance with the quantity of biogas producetthénbottles in each temperature
chamber. The higher the biogas production, the frergient the measurements were
made. Measurements for bottles in the 25 and 3$he&mbers were conducted daily
for the first five days and gradually decreasedgproximately once a week during
the 90-day BMP test. Biogas measurements for Isattléhe 15 °C chamber were
conducted approximately every 4 days during thst fit days and then decreased to
weekly or bi-weekly. Biogas measurements were nugdeg a graduated, gas-tight,
wet-tipped 50 mL glass syringe inserted throughsttygta and equilibrated to
atmospheric pressure. The measured biogas wasenésd. After venting, to
measure percent GH).10 mL of biogas was collected from each battimg a luer-
lock, gas tight syringe and injected into an Adilelf® 7890A gas chromatograph
(GC), with the parameters listed$action 3.2.2.

The average CHL/kg inoculum) produced from the duplicate inagulonly
bottles at each temperature was adjusted to theneobf inoculum used in the
treatment bottles and subtracted from the, @kbduction of the treatment bottles to
account for residual CHoroduction from the inoculum source. All ¢production
volumes were converted to standard temperatur@aassure (0 °C and 1 atm) using
the ideal gas equation and normalized to the Velatlids (VS) of manure added to

each bottle (L Cklkg VS).
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The procedures for BMP2 were similar to those infBMwith the following
modifications: 1) the 20% ISR treatments were noluded due to the low quantity
of CH, produced during BMP1, and 2) at 15 °C, only tleeuta with the highest
CH, production (MD and WS) at 50% ISR were used intagtdto manure and
inocula-only controls, resulting in 64 total BMPtthes in BMP2. BMP2 was run for
approximately 100 days, 10 days longer than BMRLalh CH, values presented for
BMP2 were based on the cumulative {ioduction values on approximately Day

90 to allow comparisons between the two BMP tests.

3.2.4 Wastewater Characterization

Total solids (TS), volatile solids (VS), and vdkafatty acids (VFA) analyses
were conducted on the manure and incubated inbefitae each BMP test, and on
each treatment bottle at the end of each BMP péktinalyses were conducted on
individual treatment bottle before and after the BMsts. Total solids and VS were
measured by heating samples at 103-105 °C to cumstss, followed by heating
samples at 550 °C to constant mass (APHA, 2005)meéasurement of VFAs
(acetic, propionic, n-butyric, and n-valeric acidsgmples were acidified with
concentrated sulfuric acid to pH below 2 (dilutgdti0%) and filtered to 0.22 pm
before injection into a HP 7890A GC equipped witteane ionization detector (FID)
with the following parameters: 1) injection temgera of 250 °C; 2) detector
temperature of 300 °C; 3) oven temperature of TP 2 minutes and increased by
10 °C/min for a total run time of 10 min; and 4)aarier gas flow rate of 1.80 mL
He/min. Total volatile fatty acids (TVFA) contentw calculated by adding the

concentrations of acetic, propionic, butyric, aadevic acids, expressed as mg/L
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acetic. Extrapolations of individual acid standewdves below 1 mM were conducted
to determine values within the range of 0.1-1 mMlués <0.1 mM (6.01 mg/L) were
assumed to be zero, as these concentrations wesgleced negligible compared to
TVFA values associated with unstable digestion06@,mg/L (as acetic) (Varel et

al., 1977), and had no discernable differences @ithlanks verifications.

3.2.5 Statistical Analyses

Two Tukey-Kramer analyses using Proc Mixed procedu SAS 9.3 (Cary,
NC) were conducted to compare treatments within BMfd within BMP2. Equal
variances were used for the Tukey-Kramer analys&MP1. For BMP2, variances
within the treatments were grouped into three eateg: 1) WS at 15 °C and 50%
ISR, and manure-only treatments at 15 and 25 °CL 2t 25 °C at 50% and 35%
ISR, and MD at 35 °C at 50% and 35% ISR; and 3eatflaining treatments. A t-test
was also conducted using the Proc ttest proceduB&8’ 9.3 (Cary, NC) to compare
CH, production at approximately Day 20 of two treatisgb0% ISR LL at 25 °C
and 50% ISR MD at 35 °C) within BMP1. Arnvalue of 0.05 was used in each
analysis. All Tukey-Kramer and t-test analyses vaeneducted on sub-replicates of
each reactor and temperature chamber.

Correlation between the final TVFA and L @k VS were analyzed for each
BMP results using Proc NLIN in SA9.3 (Cary, NC). Two models, a linear and a
logarithmic model, were used to fit the curvesjwiite logarithmic models yielding a

better fit with lower sum of squares error.
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3.3 Results and Discussion

3.3.1 Methane Production and Effluent Characteristts of Incubation Reactors

Cumulative CH from the first 91 days of the 196-day incubati@ni@d (mid-
point of the incubation period) was 22-36% of tb&t cumulative Chifor all
reactors (Table 3.2). The MD reactors had the lagbemulative Cliproduction at
all three temperatures on Days 91 and 178. Thend V&S reactors at 15 °C had
TVFA values above the optimum range <2,000 mg/LréVat al., 1977) and
cumulative CH production values that were 2% and 22%, respdgtioéthe MD
incubation reactors at 15 °C. Even with a 10 °Ceabes®e in temperature, the
cumulative CHproduction of the reactors at 25 °C was only 2-1d¥er than 35 °C.
The pH of the inocula used in both BMP1 and BMP2eneithin the ideal range of

6.5-8 (Seadi et al., 2008), except for LL at 156(8).

3.3.2 BMP1 (91-day inocula incubation)

After the 91-day inoculum incubation, the threecmlum sources (WS, LL
and MD) were shown to be effective in enhancing, @idduction during AD
(Figures 3.2, 3.3; Table 3.3). Compared to the maouly treatments, adding
incubated inoculum increased ¢production by 1,900-2,800% at 25 °C, and 2,400-
3,000% at 35 °C at 50% ISR € 0.001). BMP bottles inoculated with LL at 509RIS
at 25 °C and 35 °C produced significantly highdur@ of CH, than all other
treatmentsg < 0.007), except MD inoculum incubated at 35 °@49SR), which
was not significantly differenp(= 1.000). Methane production by LL (50% ISR) at

25 °C (194 L/kg VS) was in the range observed byiévet al. (2004) (148 L/kg VS)
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and Moody et al. (2011) (252 L/kg VS) for batchefiion of manure at 35 °C, and
was significantly higher than MD at 25 °C. The tessupport the idea that the
incubated LL can be used to seed 25 °C digestgnothuce similar quantity of CH

as digesters operating at 35 °C using traditiomatulum sources.
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Table 3.2:Cumulative CH production and effluent characteristics from tt@culum incubation reactors for landfill

leachate (LL), wetland sediment (WS), and mesopHiljestate (MD).

Day 91 Day 196
Cumulative ] TVFA™® Ve Cumlilative ] TVFA™® Vs
CH4(L/L pH (mg/l__ as (g/kg) CH,"(L/L pH (mg/l__ as (g/kg)
reactor) acetic) reactor) acetic)
15°C 15°C
LL 0.07 6.18+0.01 7700 38.8+ 14 0.23 ** 11500 785+ 1.7
WS 1.01 6.96 £ 0.01 2510 53.0+x10 3.15 6.96 +0.06 9806 56.1+2.0
MD 3.84 7.33+0.03 185 37.4+0.p 14.3 7.38+0.10 020 51.9+0.9
25°C 25°C
LL 3.81 7.31+0.03 257 31.3+0.6 17.3 758+0.04 111 544+17
WS 6.35 7.20 £ 0.04 113 38.7+0.2 19.2 746+0.02 118 359+0.7
MD 7.40 7.27 £0.01 71.1 33.9+0.f 21.7 7.38+0.02 944 51.7+1.2
35°C 35°C
LL 5.80 7.39 £0.02 103 248+ 0.4 20.1 7.99+0.02 .261 51.3+3.0
WS 491 7.41+0.01 116 36.0+1.0 19.7 7.62+0.04 .746 328+1.1
MD 8.11 7.44 +0.03 62.0 26.1+1.8 22.2 7.64+0.02 703 56.1+1.5

Note: Reactor effluents were used as inocula foPBND1 days of incubation) and BMP2 (196 days cfilration).
* Average pH and volatile solids (VS) + standard lerropH was not measured since inoculum was not usBiliA test.
* Total volatile fatty acids (TVFA) were calculatad the sum of acetic, propionic, butyric, and valacids.

# Final CH, measurements for reactors were collected on D&y 17
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Figure 3.2: Cumulative CH for BMP1 and BMP2 over time using wetland sedin(®48), landfill leachate (LL) and
mesophilic digestate (MD) as inocula at three ih@tuto substrate ratios (ISR).
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Figure 3.3: Cumulative CH for BMP1 and BMP2 using wetland sediment (WS),
landfill leachate (LL) and mesophilic digestate (M& inocula at three inoculum to
substrate ratios (ISR). Letters indicate signiftadifferences§ < 0.05).
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Table 3.3: Cumulative CH production at Day 20 and Day 90 in BMP1 using fdinéachate (LL), wetland sediment
(WS), and mesophilic digestate (MD) inoculum soaraethree inoculum to substrate ratios (ISR).

Day 20 Day 90
50% ISR 35% ISR 20% ISR 0% ISR | 50%ISR _ 35% ISR _ D% ISR 0% ISR
150°C 15°C
LL  1.60+021 1.83+015 1.53+0.12 264+055 3.16+0.17 2.27+0.11
WS  1.71+051 1.40+020 1.06+0.08 0.00 +0.00 0G®.00 0.00 +0.00
MD  657+1.21 273+098 1.18+0.41 2.99+1.96.06+0.06 0.18+0.18
Manure- 0.75 +0.10 1.11+0.15
only
25 oC 25 oC
LL 104+4  987+0.36 3.74+0.14 194+7  407+21 249+19
WS 239+41 3024019 2.33+0.06 138+3  55.0&7 26.2+13
MD  895+7.3 105+049 473+041 165+4 39822 158+1.4
Manure- 3.03 +0.20 6.78 + 0.54
only
350C 35°C
LL 135+6  102+0.3 6.26+0.17 195+15 48.1+104 122+4.9
WS  45.0+05 564+034 410+0.11 161+8 100+3 57.1+2.9
MD 151+4  153+04 6.81+0.14 202+4  96.7+2.4 23451
Manure- 4.20 +0.09 6.42 +0.12
only

"All values are averages + standard error in L/RVS.
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Other studies have also found that biodegradgfaihd CH production
potential did not increase significantly when tengpare was increased within the
range of 25 °C and 35 °C (Mahmoud et al, 2004;eBa@astillo et al., 1995). Torres-
Castillo et al. (1995) found that Ghtield was higher at 25 °C than at 35 °C when
sufficient time was given for the complete digestal waste. Temperature increase
from 25 °C to 35 °C has been shown to reduce thphase and increase digestion
rate, but not necessarily overall £ptoduction or biodegradability (Mahmoud et al.,
2004; Torres-Castillo et al., 1995). At Day 20,0anenon AD retention time, MD at
35 °C (50% ISR) produced significantly more Han LL at 25 °C (50% ISRpE
0.002) (Table 3.3). When digestion time was lor@+d@ys), LL at 25 °C was not
significantly different than MD at 35 °C, but wighlower digestion time (20 days),
MD inoculum at 35 °C produced significantly more CH

At 25 and 35 °C, increasing ISR from 20 to 35%dicantly increased Cid
production by 63-295%p(< 0.038), except for LL at 25 °@ € 0.655). Further
increasing the ISR from 35 to 50% significantlyrieesed Chiproduction by 61-
377% p < 0.001) (Figure 3.3; Table 3.3). Increasing timculum volume in a batch
digester with a fixed volume does decrease thévotame available for substrate
addition; for instance, increasing the ISR from 3%%60% will result in a 15%
decrease in the substrate content within the dégeldbwever, overall Cidigester
will still be 24-267% higher when the higher ISRused. Therefore, based on the
large increases seen in BMP1 with increasing 18& highest ISR tested (50%)
would be recommended given space availability withbatch digestion reactor.

Increasing the ISR above 50% (w/w) was not tefReelvious studies have also
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shown that increasing the ISR in a batch AD systemreased Chi(or biogas)
(Hashimoto, 1989; Lopes et al., 2004; Maya-Altanetal., 2008), although it should
be reiterated that these previous studies usedtdigésludge from anaerobic
digesters or bovine rumen fluid, and not wetlanthodfill leachate, as inocula.

At 15 °C, the final cumulative CHn all BMP bottles was <3.2 L/kg VS, and
the values from the three inoculum sources weresigoificantly different from each
other p = 1.000) (Figure 3.3; Table 3.3). Methane productt 15 °C wag98%
lower than CH production observed for MD (35 °C, 50% ISR) and(Rk °C, 50%
ISR) (p < 0.001). Regardless of the inoculum source,rthebated inocula did not
significantly increase Clproduction at 15 °C, with no significant differesc
between the manure-only treatment and the inocusuinstrate bottlegp(= 1.000).
The pH values at 15 °C indicated instability during digestion process. At the start
of the BMP, the LL inoculum-only control and LL%®% ISR had pH values below
the optimum range of 6.5-8 (Seadi et al., 2008)tdube low pH values in the
incubation reactors. By the end of BMP1, the pHlbfreatments, except WS and
MD inoculum-only treatments, were below 6.5. Thghar pH values in WS and MD
inoculum-only bottles resulted in higher gproduction in the control compared to

their corresponding manure+inoculum treatments ties.

3.3.3 BMP2 (196-day inocula incubation)

In BMP2, the addition of inocula (50% ISR) at Z5&nd 35 °C significantly
increased Chlproduction compared to manure-only treatmentsufieig) 3.2, 3.3;
Table 3.4), with LL producing 3,700% (25 °C) and%#(35 °C) more Ckthan the

manure control, WS producing 3,100% (25 °C) and6{B85 °C) more Ck and MD
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producing 3,900% (25 °C) and 780% (35 °C) more En the manure contrg €
0.001). The highest cumulative ¢production in BMP2 was MD (50% ISR) at 35
°C (p<0.006), but this value was not statistically diéiet than LL (50% ISR) and
MD (35% ISR) at 35 °C (Figure 3.3) £ 0.821). At 25 °C, MD (50% ISR) produced
the highest cumulative CHolume but was not significantly different than (50%
and 35% ISR)[{> 0.105).

When the inoculum incubation period was incredsaa 91 days (BMP1) to
196 days (BMP2), there was less discernable diffeg in CH production between
35 and 50% ISR (Figure 3.3). In BMP1 at 25 and@5ificreasing ISR from 35 to
50% resulted irr110% increase in CHoroduction in all but one treatment (WS at 35
°C). In BMP2, the 50% ISR bottles produced only2861more CH than 35% ISR
(except WS at 25 °C with 261% more gHrhis could be due to higher
concentration of methanogens in the inocula witnger incubation time. Molecular

analyses were conducted to verify this claim, i results presented in Chapter 4.
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Table 3.4:Cumulative methane CHproduction for Day 20 and Day 90 in BMP2 usingdfilhleachate (LL), wetland
sediment (WS), and mesophilic digestate (MD) asuhan sources at two inoculum to substrate rat®R).

Day 20 Day 90
50% ISR 35% ISR 0% ISR 50% ISR 35% ISR 0% ISR
15°C 15°C
WS 4.24 +0.04 - 4.26 +0.03 -
MD 19.1+1.9 - 106 £1 -
Manure-only 0.78 £0.01 2.19+£0.04
25°C 25°C
LL 132 £ 4 90.8+4.0 205+6 194 +6
WS 24.1+0.6 9.99+0.14 1701 47.1+3.8
MD 143 1 66.0+1.2 215+ 1 194 +2
Manure-only 3.43 +0.03 5.35+0.08
35°C 35°C
LL 167 +1 125+ 2 232 +<1 206 + 2
WS 822+0.7 23.2+0.5 209 + 2 194+1
MD 180 +3 140+ 4 245+ 6 227 7
Manure-only 4.52 +0.02 27.7+0.6

"All values are averages + standard error in L/RVS.
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Previous research has also observed little tafferehces in cumulative CH
production when the ISR was increased (Gonzélemdrelez and Garcia-Encina,
2009; Raposo et al., 2006), but some studies Hawsrsincreases in digestion rate
when ISR was increased (Gonzéalez-Fernandez andaEancina, 2009; Raposo et
al., 2009; Zeng et al., 2010), indicating that @ased ISR could increase digestion
rate, but not necessarily cumulative gsoduction. At Day 20, the 50% ISR
treatments in BMP2 produced 29-255% more, @tdn the 35% ISR treatments
(Table 3.4), but the difference in GHroduction decreased as the digestion period
increased, implying that with longer inoculum inatibn and digestion times, less
inoculum and more manure could be added to a @igesdtowing higher VS loading
and higher absolute Ghbroduction by the digester. Based on results B2, at
35 °C, using 35% ISR from MD incubated for 196 deysld allow a higher
proportion of manure (65%, by mass) to be addetdaligester, resulting in 21%
more CH/digester. It should be noted, however, that waitamparison of BMP1
and BMP2 was made, there were differences in stoohgocula before use, and the
manure source (manure for BMP1 was collected irieédaiper and manure for BMP2
was collected in December), which could affect;@kbduction results. One
noticeable difference was the pH of the manurdfdiP1 and BMP2: 6.76 + 0.04
and 7.58 £ 0.03, respectively.

At 15 °C, MD (50% ISR) produced significantly md@2él, than the other
treatmentsg < 0.001) (Figure 3.3; Table 3.4). While this vokimas 4,700% more
than the manure-only treatment, it was $tdD% lower than the highest quantities of

CH, observed at 25 °C and 35 9€£<40.001) in BMP2. Hence, unless the energy
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savings from reducing the digester temperature 26rfC to 15 °C exceeds the
expected 50% decrease in gbtoduction, operating the AD systems at 15 °C adoul

not be recommended.

3.3.4 Volatile Fatty Acids

There were negative correlations between, @téduction and final TVFA
values in inoculum+substrate bottles in BMP1 andF2\Figure 3.4). In BMP1, all
bottles that had TVFA value$30 mg/L produced130 L CH/kg VS (except for the
triplicate bottles from WS at 35% ISR, 35 °C), whall bottles with>2,600 mg/L
TVFA produced<100 L CHykg VS. In BMP2, all bottles witk110 mg/L TVFA
produced>170 L CH/kg VS (except for a replicate bottle from MD a@b0SR, 15
°C) while bottles wit»3,200 mg/L TVFA produced50 L CH/kg VS. These results
agree with the observations made by Varel et 8/ ) that digestion becomes
unstable at TVFA concentrations >2,000 mg/L. Latpanic curves were fitted for the
correlation between TVFA and Giroduction values for both BMPs (Figure 3.4).
Both curves had approximately the same factorscated with the parameters.
Based on the logarithmic nature of the correlatiorves, there is a threshold ISR
level for preventing VFA accumulation and digestiaiture. Specifically, at 25 and
35°C in BMP1, a 50% ISR resulted in all the VFAues to be lower<c30 mg/L),
which did not occur with a 35 or 20% ISR. In BMR235% ISR was sufficient to
keep TVFA concentratiof110 mg/L at 25 and 35 °C (with the exception of the
triplicate WS bottles at 35% ISR and 25 °C). AtéoWSR ranges, Hashimoto (1989)
observed large increases in Qbtoduction as the ISR (on VS basis) was increased

from <16% to 20%, with lower increases in g£production as the ISR increased
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further from 20% to 92%. Raposo et al. (2008) o= significant increases in GH
production when the ISR (on a VS basis) was ine@&®»m<60 to 75%, but not
when ISR was increased from 44 to 60%; VFA accutiariaoccurred a£60% ISR.
A subsequent study by Raposo et al. (2009) shoarege increases in potential ¢H
yield when ISR was increased to 44% ISR and maduzl increases at44% ISR,

with accumulation of VFAs at 33 and 44% ISR but aiothigher ISRs (50-75%).

3.3.5 Inoculum Use Recommendations and Farm-Scalaalysis

The results show that for batch digestion lasti@gl8ys, inoculum that has
been incubated for a longer period is preferabtabse it allows for a lower ISR
(35% ISR vs. 50%) to be used with minimal VFA acalation and higher overall
CH, production per digester. Under these conditions, &8 inoculum and an
operational temperature of 35 °C is recommendedifgrest CH yield. Using MD
as inoculum is also a better option because of dftotors that need to be considered
when WD and LL are used: wetlands are protectee@mutieg Clean Water Act in the
US and obtaining sediments from wetlands couldidisthis habitat. LL is readily
available, but since digestate from agriculturgkediers is mainly used for fertilizing
plant crops, digestate from digesters inoculatetl Wi may need to undergo testing
to ensure that it can safely be used as fertilarrently, there is no conclusive study
that has evaluated the safety of using anaeropidajested landfill leachate as
fertilizer. Furthermore, MD as inoculum sources rai@e readily available, whereas
incubation will be needed should one want to usiawe sediments or landfill

leachate as inocula.
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substrate ratio (ISR) for BMP1 and BMP2.
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Results from this study were extrapolated for agrgyryield analysis of a
covered lagoon treating dairy manure from a 100-daisy farm. A covered lagoon
was selected because it is generally unheated xadiréind has a longer digestion
times as lagoons are used for storing manure dtirmes when spreading of manure
in the field is not allowed (i.e. winter and fadepending on the local regulations).
For the analysis, manure was assumed to be stotled covered lagoon for 90 days
since manure field application is not allowed dgraertain times of the year. In
Maryland (USA), for instance, farmers are not abovto spread manure between
November to March (Maryland Department of Agrictdtu2012). The covered
lagoon was assumed to be operating at 25 °C o€3&rid at 35% or 50% ISR.

Based on the farm-scale exploration, the highestggnyield over a 90-day
digestion period would be obtained when operatmggdovered lagoon digester at 35
°C and inoculated at 50% ISR (5.28%BXU) (Table 3.5). This amount was 8%,
14%, and 26% higher than the respective, Gitantity and energy vyield for the
covered lagoon at 35 °C with 35% ISR, 25 °C withd8R, and 25 °C with 35%
ISR. However, reducing the ISR from 50% to 35% daeduce the digester volume
by 261 mi, which could reduce capital and operation cosesthidine production per
unit of digester volume was calculated to be highdeen the covered lagoon was
operated at 35 °C with 35% ISR (5.66XxBXU/m°), with an energy yield that was

21% higher than at 35 °C with 50% ISR.
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Table 3.5:Energy yield of a covered lagoon treating manunenfd 00 cows at 90-day digestion time.

Operational 2590 35°C
Temperature
ISR 35% 50% 35% 50%
Manure VS added (k@ 6.72x1d 6.72x10 6.72x1d 6.72x1d
Digester Volume (f)° 869 1130 869 1130
CH, Yield (m) 1.30x1d 1.45x1d 1.53x14 1.64x1d
Energy Yield (BTU) 4.19x10 4.65x16 4.91x16 5.28x1§
Energy Yield per Digester Volume |, 05116 4.12x16 566x16  4.68x10
(BTU/M?)

®Based on 54.4 kg of manure/cow-day (ASAE, 2003)randure density of 1.00 kg/L.
PInoculum to Substrate Ratio (ISR).

°VS: volatile solids value from study: 0.137 kg V&#ikanure.

dassumes that headspace is 15% of digester volume.
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3.4 Conclusion

All inocula were viable sources of methanogensfich anaerobic digestion
at 25 °C and 35 °C, but none of the inoculum s@wmesre productive at 15 °C.
Compared to BMP1 (91-day inoculum incubation tintle¢re were less differences in
CH, yield between 35 and 50% ISRs at 25 °C and 35 ®MP2 (196-day inoculum
incubation time), indicating that longer incubatiime could allow less inoculum to
be used. Furthermore, 35% ISR was sufficient ivgméng VFA accumulation in
most treatments at 25 °C and 35 °C in BMP2, condp@aréhe required 50% ISR in
BMPL1. In batch systems with long digestion time @@@s), inoculum from well-
established mesophilic digesters (i.e. long indobaime), 35% ISR, and a digester
operation temperature of 35 °C are recommendelligbest CH yield per unit of
digester volume and low VFA accumulation. Reseaeghesents the first study that
compares the effectiveness of wetland sedimendfilaleachate, and mesophilic
digestate as inocula for anaerobic digestion &ethemperatures using three ISRs and

two inoculum incubation periods.
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4. Incubation of Innovative Methanogenic Communitie to
Seed Anaerobic Digesters

Abstract

The objective of this study was to determine changehe methanogenic and
Archaeal community in three digester inocula, wedlaediment (WS), landfill
leachate (LL), and mesophilic digestate (MD), dgrimcubation at 15, 25, and 35 °C
for two incubation periods (91 and 196 days). Afteubation, the inocula were used
in biochemical methane potential (BMP) tests atstlime three temperatures.
Differences in the methanogenic and Archaeal conityywere then relatetb the
CH, production from the BMP experiments. Terminalnesbn fragment length
polymorphism (T-RFLP) and quantitative polymeraaic reaction (qPCR) were
used to study the changes in the communities witténnocula during the two
incubation periods. The results showed thanbeA numbers only increased
significantly in the LL samples after incubation2&tand 35 °C for 196 days, and
there was no significant correlation between tleeutummcrA gene copy numbers
and CH production observed in the BMP tests. Samples fstibnreactors at 25 and
35°Cdid not experience major shifts in Archaeal comityur\fter 196 days of
incubation at 25 and 3, the LL and WS Archaeal community generally cogeer
with the MD samples at the same temperature. Thsdar was associated with high
relative abundance of terminal restriction fragm@mF) putatively identified as
Methanosaetaceae, and incubation reactors within this cluster wassociated with
low acetic acid concentration8.62-2.56 mM) After long incubation (196 days) at

15°C, the samples generally clustered in an area ofrdome of TRF putatively
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identified Methanosar cinaceae and wereassociated with high acetic acid
concentrations3.20-133.6 mNL Thus, during inocula incubation, low acetic acid
accumulation appeared to be important in promdtweggrowth of

Methanosaetaceae, while accumulation of acetic acid, which occuratanost

reactors after 15C incubation, appeared to be important in promotirgggrowth of
Methanosar cinaceae. After incubation at 25 °C for 91 days, the LLata had higher
relative abundance of TRF identified Msthanosarcinaceae and produced
significantly higher quantity of CH>18%) than the WS and MD samples, indicating
that inoculum rich irMethanosar cinaceae may be more beneficial than inoculum rich
in Methanosaetaceae, when starting a digester at the lower mesopteleperature

range (23C).

4.1 Introduction

The production of renewable energy in the form ettmane (ChH)-enriched
biogas through anaerobic digestion is a microb&sell process largely affected by
temperature. As much as 70% decrease in methadagtion has been observed
with a 10 °C decrease in temperature: from 24 td6C4Witarsa and Lansing, 2014)
and from 20 to 10 °C (Massé et al., 2003). As altedigesters in temperate climates
are heated to maintain digestion temperature, wihicieases capital and operational
costs.

Inoculum has been recognized as an important coamda increase organic
matter conversion to CHn digesters (Lopes et al., 2004). Previous mebess have
studied the effects of inoculum to substrate rafiSRs) on CH production and

digestion rate (Hashimoto, 1989; Gonzalez-FerndaddzGarcia-Encina, 2009;
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Lopes et al., 2004; Maya-Altamira et al., 2008; &apet al., 2006; Zeeman et al.,
1988), and others, such as Nozhevnikova et al9q)l&nd Zeeman et al. (1988),
have studied the effects of pre-incubating the uteofor use in psychrophilic
digestion. However all these studies, with the piioa of Zeeman et al. (1988) who
used wetland soil as inoculum, performed the studgng bovine rumen fluid, and
sludge or digestate from anaerobic digesters asiiao

The use of alternative inocula, specifically wetlaediment (WS) and
landfill leachate (LL), could potentially introducew microbial communities that are
more adapted to low-temperature digest®teinberg and Regan (2008) illustrated
that there was no overlap in the methanogenic epd@tween a fen and an anaerobic
digester. The organisms WS and LL are exposed to seasonal temperature
fluctuations, and hence it was expected that tiestiations could increase their
potential to harbor cold-adapted, psychroph#igg °C) methanogenBerroni and
Kaminski (1980), for instance, found that psychibpland psychrotrophic
heterotrophic microorganisms were higher in numbexa mesophilic bacteria in a
lake experiencing seasonal temperature fluctuations

Currently, there are limited studies that have &bkt the use of LL as
inocula for agricultural digesters. A couple ofyioris studies have looked at the use
of WS as digester inoculum. Steinberg and Regahl(Pétudied the use of acidic
bog sediment as inocula for mesophilic digestedsfannd that the digester
inoculated with the bog sediment could survivefitet of three organic shock loads
better than the reactors that contained inoculwm fa municipal sludge or inocula

from bog sediment mixed with municipal sludge. Risson the use of WS for
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psychrophilic digestion have varied. Bardulet e(90) and Xing et al. (2010)
observed stable organic matter removal or biogadymtion when wetland or river
sediment was used as inocula for psychrophilicddegs, but Zeeman et al. (1988)
did not find a decrease of lag-time when wetlardiment was used as inocula for
psychrophilic digestion when compared to the urcihated treatment. In addition,
there are still research gaps in terms of the amofulsR for these alternative inocula
or the pre-incubation time needed to acclimatdribeula for digestion.

Molecular techniques have been used to monitorabial community shifts
in digesters at psychrophilic temperature (Coléhal., 2003, McHugh et al., 2004),
during start up of a mesophilic batch reactor (eeal., 2010), and at varied organic
loading rate (Dollhopf et al, 2001). McMahon et(@2004) reported digesters with
higher quantities of Archaea and mdfethanosaeta concilii compared to
Methanosarcina sp. had a more successful start-up period. Regeaeml. (2012)
found that higheBacteroidetes and Archaea numbers were associated with higher
hydrolytic and methanogenic activities, respectivel

Using inoculum from lake sediment, Xing et al.@202010) found that the
dominant Archaea present within the 15 °C psychitmpteactor had 98% similarity
to M. lacustris, which has a lower optimal temperature thanMlethanosaeta that
dominated a reactor inoculated with mesophilic sligee inoculum, though the two
studies were conducted using different reactorgissand at different times.
Dollhopf et al. (2001) also found that initial baxiél and Archaeal communities were
different between a digester that was inoculatetl digestate from anaerobic reactor

and a reactor inoculated with river sediment, batdonvergence of the communities
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was observed during the digestion process wheratgzeat 34#C. Steinberg and
Regan (2011) studied three mesophilic {@pdigesters that were inoculated with
acidic bog sediment, municipal sludge, and a méxtfrthe two. The digester
inoculated solely with sediment survived an orgatiock load better than the other
two digesters, with Fen Cluster observed to dorsitia methanogenic community
of the bog sediment reactor, indicating that Feus@r could play an important role
in conferring tolerance to organic shocks in reactth should be mentioned,
however, thaMethanosarcina was more important for resuming ¢production
(Steinberg and Regan, 2011).

There is still a lack of research in terms of hbe microbial community in
alternative inocula changes when incubated foeckfit periods of time at different
temperatures, and how these changes relate toeffectiveness as an inoculum
source for enhanced Gldroduction. This research compared three inocula
(mesophilic digestate (MD) obtained from a dairy or@anaerobic digestewetland
sediment (WS), and landfill leachatel] inocula) incubated at 15, 25, and 35 °C and
used in dairy manure digestion at the same thrapeetures using two incubation
time. Specifically, the research focuseddatermining changes in methanogenic
number and Archaeal community structure duringute@cubation and relating
these differences to the GHroduction from biochemical methane potential (BMP

experiments.
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4.2 Methods

4.2.1 Inoculum Incubation and Biochemical Methane Btential Tests

The complete methods for inocula incubation amttmical methane
potential (BMP) testing can be found in Chaptefit® inocula used were WS
obtained from the Jugbay Wetland Sanctuary (38\78%.71° W) located adjacent
to the Patuxent River, Anne Arundel County, MardadSA, LL sample collected
from Stafford County Landfill, Virginia (38.38° N,7.42° W), and MD sample
collected from a complete mixed digester (549 located at the US Department of
Agriculture (USDA) Beltsville Agriculture Resear€tenter (BARC) dairy facility
(39.03° N, 76.89° W). The WS, LL, and MD inocularevenixed separately with
nutrient media from Speece (1996) in nine 4 L aolaierreactors made of 10.2-cm
diameter (4”) PVC pipes with a height of 0.5 m gurged with N:CO, (70:30) mix
for 10 minutes before being sealed and incubaté¢dree temperature chambers (15,
25, or 35°C). The reactors were fed at approximately four-dégrvals with
autoclaved unseparated scraped manure and meti@ootiing to a feeding regimen
adapted from Bardulet et al. (1990) and Bull e{83) (Table 3.1). The reactors
were shaken by hand after each feeding sessiompl8amere taken out from each
incubation reactor to be used as inocula on Dalp®BMP1 and Day 196 (or 197)
for BMP2 and digested at the same temperaturecapation.

The procedures for BMP tests were adapted fromdy@o al. (2011).
Generally, the BMP tests in this study consisted5ff mL serum bottles that contain
inoculum and substrate that were purged witltCi, (70:30), sealed with butyl

rubber septa, and incubated in triplicates withlehaking at 15, 25, 35 °C for a period
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of 90-100 days. In addition, duplicates of conbottles containing 120 g of the only
inoculum from each individual reactor were setmpach temperature chamber to
guantify CH, production from the inocula. Average cumulative,&dlumes (L
CHy/kg inoculum) from the duplicate control bottlesrev@djusted to the volume of
inoculum used in the treatment bottles and sulddaitbm the ChH production of the
treatment bottles to account for residual,@irbduction from the inoculum source.

The substrate used was unseparated scraped nieorartne USDA BARC
facility using three ISRs. Only 50% ISR (w/w) (6@fmanure + 60 g of inoculum),
however, was considered in this microbial studgsithis treatment generally
produced the highest amount of £iH both BMPs. In BMP2, no LL treatment was
used at 15 °C. It should also be noted that in BMiRd.inocula were stored for a
maximum of seven days ar@ before use in the BMP test, while in BMP2, the
inocula were introduced directly from the reactots BMP bottles.

Biogas was measured by inserting a graduatedipd glass syringe into
the rubber septum that capped each serum bottle td measured amount of biogas
vented. A 0.1 mL sample was then obtained fronbtitde and injected into an
Agilent HP 7890A gas chromatograph (GC) to meatweCH, content. The
following parameters were used for the GC: 1) iiggctemperature of 250 °C; 2)
detector temperature of 250 °C; 3) oven temperatiué® °C; and 4) a carrier gas

flow rate of 8.6 mL He/min.

4.2.2 Effluent Characteristics of Inoculum Incubatbn Reactors

Volatile solids (VS), acetic acid analyses, andvpéte conducted on the

incubated inocula before each BMP test. Total salidd VS were measured by
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heating samples at 103-105 °C to constant masswid by heating samples at 550
°C to constant mass (APHA, 2005). For measurepfestetic acid concentrations,
samples were acidified with concentrated sulfucid @0 a pH below 2 (diluted by
<10%) and filtered to 0.22 um before injection iatblP 7890A GC equipped with a
flame ionization detector (FID) with the followingarameters: 1) injection
temperature of 250 °C; 2) detector temperaturéd6f°€; 3) oven temperature of 100
°C for 2 minutes and increased by 10 °C/min fatal tun time of 10 min; and 4) a
carrier gas flow rate of 1.80 mL He/min. Extrapmas of acetic acid standard curves
below 1 mM were conducted to determine values withe range of 0.1-1 mM.
Values <0.1 mM were assumed to be zero, as thesegwations had no discernable

differences with DI blanks verifications.

4.2.3 DNA Extraction

Duplicate samples were taken from each incuba#antor for microbial
analyses on Day 91 and Day 196 when samples wéacted from the reactors for
the BMP tests. Microbial analyses were also coretlion the original samples (WS,
LL, and MD) before they were placed in the incubbatieactors (referred to as seeds
henceforth).

Samples were kept in sterile 15 mL centrifuge sudred stored at -2 (<10
days) before being transferred on ice into £E8flieezer. DNA samples were
extracted using PowerFe@dDNA Isolation Kit (MO BIO Laboratories, Inc.,
Carlsbad, CA), during which cells were lysed and®DnNas separated from non-
DNA patrticles, such as polysaccharides and prat&ine amount of DNA was

guantified using a Qubit 2.0 Fluorometer (Life Teclogies, Grand Island, NY).
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4.2.4 Quantitative Polymerase Chain Reaction (QPCR)

Quantitative polymerase chain reaction (qPCR) ugzsl to quantify the total
number of methanogens present within the seedseaatbr samples on Day 91 and
Day 196. The gene sequence targeted for amplibicatias the alpha subunit of the
methyl coenzyme M reductasaqfA), an enzyme used by methanogens in the last
step of CH formation (Ferry, 1992), and has been used by magwious researchers
for studying the methanogenic community (Alvaratale 2014).

Briefly, in this procedure, thecrA in the extracted DNA from each sample
was replicated in a gPCR machine. A fluoreseceattdgt could bind to the
replicated gene was added and the number of ciydlask for fluorescence to be
detected for each sample was compared to samplesich themcrA quantities were
known. This allowed the quantification wtrA gene present within each sample.

Extracted DNA samples were diluted to 1.25 ng/iNlADconcentration to
prevent process inhibition, except for duplicategkes of the seed LL that already
had DNA concentration <1.0 ng/ pL. The qPCR wagloeted using the following
conditions: heat activation at 9& for 5 minutes, followed by 40 cycles of
denaturation at 9%C for 30 seconds, primer annealing at'&6for 45 seconds,
primer elongation at 72C for 60 seconds, and acquisition at’80for 10 seconds.
The forward and reverse primers used for the aroatibn process were
mcrA_1035F (5- GGTGGTGTMGGATTCACACARTAYGCWACAGC-3and
mcrA_1530R (5'- TTCATTGCRTAGTTWGGRTAGTT-3') (Pereyet al., 2010).

The plasmid standard for standard curves was pd@ccording to Prasse et

al. (2015). Each 20 pL gPCR reaction mixture comdil0.0 pL of KICQSTART

72



SYBR Green gPCR Ready Mix with ROX (Sigma Aldri&t, Louis, MO), 0.5 uM
of forward and reverse primers, 6 pL of qPCR gnadter, and 2 pL of template
DNA. The gPCR were conducted in triplicates forresample and each standard
using a StepOne Plus Real-Time PCR instrument (ag@iosystems, Foster City,
CA). At least three of the diluted plasmid standaretre used for creating the

standard curves. All standard curves had®96 and efficiencies of 99.6-102%.

4.2.5 Terminal Restriction Fragment Length Polymorgism (T-RFLP)

Briefly, in this procedure, Archaeal 16S rRNA gewithin each sample was
replicated in a PCR machine to increase its abuwedfor analysis. After PCR, the
replicated 16S rRNA gene of interest was sepaifated unwanted materials such as
excess nucleic acids and buffers (i.e. cleaned).cléaned samples were digested
with a restriction enzyme that cut the gene ofregeat different points, producing
different gene fragments that could then be sepdratd viewed in a capillary gel
electrophoresis. Because Archaeal 16S rRNA geneifarent species or family
could have different sequences of nucleic acidsdifierent fragment lengths present
within the sample represents different types ofhlea within the sample.

Archaeal gene sequences were first amplified uB@R in an Eppendorf
MasterCycler Pro S (Eppendorf, New Hamburger, GagnaQ-PCR grade water
was added to samples that had more than 25 ngf PNA to obtain DNA
concentration of 25 ng/p L, except for the origidé® samples that were diluted to
2.5 ng/pL to overcome inhibition during the PCRqgass. The forward primer used
was AR109F (5-ACKGCTCAGTAACACGT-3’), while the revse primer was

AR915r (5-GTGCTCCCCCGCCAATTCCT-3') (Sigma-Aldri€nSt. Louis, MO).
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The reverse primer was fluorescently labeled. P@Rliéication process was
conducted with the following conditions: 5 minutdsheat activation, followed by 30
cycles of denaturation at 98 for 30 seconds, primer annealing at&5or 30
seconds, primer elongation at °@2 for 1 min, and a final extension at A2 for 7
minutes (Chin et al., 1999).

Go Ta§ PCR Core System | kit (Promega Corporation, Matistl) was
used for the PCR runs, which was conducted usingl56f reaction mixtures that
contained 19.47 pL PCR-grade water, 8.13 pL of (B8A, 10.67 pL of 5x buffer,
1.87 mM of MgC}, 0.0535 mM of dNTP’s, 0.266 UM of reverse prine66 UM of
forward primer, 0.27 pL of TAQ polymerase, and 4qflextracted DNA samples.
0.5 uM of forward and reverse primers were usea faplicate sample from the MD
seed, the duplicate WS seed, and a replicate dMBeeactor after 91 days of
incubation at 183C and 25°C. In addition, 2 pL of the extracted DNA samplaesve
used in the duplicate WS seed and a replicateeoMB reactor after 91 days of
incubation at 183C and 25°C to prevent inhibition.

Samples obtained from the PCR process were clasieg UltraCleafi PCR
Clean-Up kit (MO BIO Laboratories, Inc., Carlsb&h). The samples were then
digested at 37C for 120 minutes, followed by 8@ for 20 minutes, in 20 pL of the
reaction mixture consisting of 17.5 pL of cleangdAsamples, 2 pL of 10x buffer
(Promega Corporation, Madison, WI), and 0.5 pOadl restriction enzyme
(Promega Corporation, Madison, WI). Two T-RFLP rwese conducted to ensure
peaks were in the measurement range. The first 0PRfate contained 9 pL of Hi-

Di™ Formamide (Life Technologies, Carlsbad, CA) and&8tah"-1000 Rox"
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mixture, and 2 pL of digested DNA samples in eael,while the second T-RFLP
plate contained 9 pL mixture of Hi-B! Formamide (Life Technologies, Carlsbad,
CA) and reduced quantity of GeneSt&1000 RoxX™, 0.2 pL of digested DNA
samples, and 1.8 uL of water to obtain better pea&lution. Both T-RFLP runs
underwent a denaturing process for 3 minutes 4C9%nd cooled before they were
inserted into a 3730x|I DNA analyzer (Life Technotsy Carlsbad, CA).

Relative abundance of detected peaks within eactple was calculated, and
peaks that had less than 1% relative abundanceresi@ved from each sample.
Remaining peaks for all samples that weteb base pairs apart were considered a
single peak, and the fragment length of this pea& @btained by averaging all the
fragment lengths considered for this peak. Theiveabundances were then

recalculated using the remaining peaks presenimaich sample.

4.2.6 Statistical Analysis

All statistical analyses were conducted on thergyiticates of each reactor
and temperature chamber.
4.2.6.1 BMP tests

Two Tukey-Kramer analyses using Proc Mixed procedu SAS 9.3 (Cary,
NC) were conducted to compare treatments within BMfd within BMP2 (included
all ISR treatments; Chapter 3). Equal varianceswsed for the Tukey-Kramer
analyses in BMP1. For BMP2, variances within tleatments were grouped into
three categories: 1) WS at 15 °C and 50% ISR, atune-only treatments at 15 and

25°C; 2) LL at 25 °C at 50% and 35% ISR, and MB=#C at 50% and 35% ISR;
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and 3) all remaining treatments. Alpha of 0.05 was used to indicate significant
difference.
4.2.6.2 gPCR Satistical Analysis

ThemcrA gene copy numbers were expressed in logarithmic for
statistical analyses.

Analysis of variance (ANOVA) tests were perforniedall the different
treatments, except for the WS reactor that washiatad for 90 days at 15 °C since
only a replicate of the duplicate samples was diaglduring qPCR.

Correlations between the loger A numbers and CHvalues from BMP tests
with 50% inoculum to substrate ratio (ISR) at eexdubation time (BMP1 or BMP2)
and both incubation times (BMP1 and 2 combined)evearalyzed. Since low
temperatures could suppress {ioduction, the same correlation analyses without
incorporating 15 °C (i.e. only 25 and 35 °C) wds® @onducted. The WS reactor that
was incubated at 15 °C for 90 days was not includedl correlation analyses since
only a replicate of the duplicate samples was draglduring gPCR.

An alpha of 0.05 was used to indicate significant differemor correlations,
and SAS 9.3 (Cary, NC) was used for correlations and ANOaffalyses.
4.2.6.3 T-RFLP Satistical Analysis

The T-RFLP data was analyzed by non-metric dinoeradiscaling (NMS)

ordination using PC-ORD version 6 (MjM Software i@s Gleneden Beach, OR).
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4.3 Results

4.3.1 Wastewater Characteristics and BMP Results

The pH of the inocula used for the BMP tests wathin the ideal pH range
(6.5-8) (Seadi et al., 2008), with the exceptiomlbfreactor incubated at 15 °C on
Day 91 (Table 3.2). Acetic acid concentrations wggeerally lower for reactors
incubated at 25 and 35 °C (0.62-4.13 mM) than ceadhcubated at 15 °C (1.61-

133.6 mM) (Table 4.1).

Table 4.1:Acetic acid concentrations of contents from inooulmcubation reactors
for landfill leachate (LL), wetland sediment (W&hd mesophilic digestate (MD).
Reactor contents were used as inocula for BMPH&3% of incubation) and BMP2
(196 days of incubation).

Day 91 Day 196
Incubation Reactors Acetic_Acid Acetic_Acid
Concentrations (mM) Concentrations (mM)
15°C
LL 99.2 133.6
WS 15.4 46.3
MD 1.61 3.20
25°C
LL 4.13 1.73
WS 1.69 2.56
MD 1.03 0.82
35°C
LL 1.58 1.02
WS 1.65 0.62
MD 0.99 0.62

The LL inoculum at 25 °C after 91 days of incubatiesulted in significantly
higher CH production (18% higher) than the WS and MD sam(@es0.002) at the
same temperature (Table 3.3, Figure 3.3). In additiL inoculum at 25 °C also did

not produce significantly different amount of @klhen compared to the highest CH
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producer in BMP1, the MD inoculum at 35 °C. In BM@®er 196 days of inocula
incubation), the LL inoculum source at 25 °C stithduced significantly higher
quantity of CH (21% morep < 0.001) compared to WS at 25 °C, but did not pced
significantly different amount of CHhan MD at 25 °C (Table 3.4; Figure 3.3). In
addition, LL at 25 °C produced 12 to 16% less,@n MD and LL at 35 °p(<

0.016).

4.3.2 gPCR

All inoculum samples contained betweer! «103° copies ofmcrA genes/g
of sample (Figure 4.1). Original inoculum samplest MD contained significantly
higher amount of gene copies (2,050% more) tham.theoculum sourceg <
0.021), but no significant difference was observetiveen LL and WS inoculum
sourcesff = 0.167), and between MD and WS inoculum soungesX.000).

Gene copy numbers for LL samples increased sagmifly £2,140%) after
196 days of incubation at 25 and 35 °C compargkeanoculum seed sourge<
0.014). In addition, after 196 days of incubatithe LL samples from the 25 °C
incubation had significantly higher number of geopy numbers (4,430% more)
than the LL samples incubated at 15 pG-(0.0173).

No significant correlation was observed betweengdne copy numbers and
CH, produced from the BMP tests when all the tempeeat(l5, 25, and 35 °C) were
analyzed (Figure 4.2). Removal of 15 °C data aradlyais with only CH values from

25 and 35 °C also did not yield significant coriela
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Figure 4.1:mcrA gene copy numbers for seed inocula and incubagiactors for the
inocula, which were incubated at 35 °C (A), 25B{ énd 15 °C (C) for 91 and 196
days. WS, LL, and MD refer to wetland sedimentdfdhleachate, and mesophilic
digestate, respectively.
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4.3.3 T-RFLP Analysis for Seed and Reactor Sampledter Incubation

A total of 27 terminal restriction fragments (TRi}h >1% relative
abundance was observed for all samples. Termigaiagon fragments 199 and 302
were the two most common TRF in all the samplegeapng in at least 98 and 88%
of samples analyzed, respectively. TRF 413 wasiéx¢ most common fragment,
appearing in 76% of samples analyzed.

Seed samples from the duplicate MD samples shawethl of 8 peaks, with
TRF 302 constituting at least 85% of the relatibaradance. Duplicate WS samples
had a total of 10 TRFs, with a more evenly distiéolufragments, with each TRF
constituting<25% of the relative abundance. The LL samples hatbhof 18 peaks,
and similar to the WS samples, the TRFs were meealg distributed with an
average relative abundance<@4% for each TRF.

Two important clusters were recognized within fdS ordination of the T-
RFLP results (Figure 4.3). Cluster 1 consistechefdeed MD inoculum and the
following reactors: 1) all MD reactors except foDMeactor after incubation for 196
days at 15 °C; 2) WS reactors after incubatior®fioand 196 days at both 25 and 35
°C; and 3) LL reactors after incubation for 196 glay25 and 35 °C. It should be
noted that not all of the duplicate samples froesthreactors fell within Cluster 1
due to heterogeneity in sampling procedures. Sawgkhin Cluster 1 were
characterized by high relative abundance of TRF&@@Rlow acetic acid

concentrations (0.62-2.56 mM) (Table 4.1).

81



1.5
< & ®
5 4e - Cluster:
i B ®15°C
‘A P 425°C
0.5 - = A W 35°C
i =
A
O x
> (5] o *MD
© B A
™ © *LL
o * ] A oWs
A x
-0.5 1 »
. - * Prior to Incubation
: """. ) . - 90 days of incubation
s (@] A © N
-1 1 s : © 196 days of incubation
‘ % Cluster :
'1.5 I | I ] T ]
-1.5 -1 -0.5 0 0.5 1 1.5 2

37.5%

Figure 4.3: Non-metric multidimensional scaling (NMS) ordinatiof T-RFLP peaks of samples from seed inocula and
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The Archaeal community in the MD reactors did exjpperience major shifts
after incubation and remained closely clustereth wie seed MD inoculum in Cluster
1, with the exception of MD reactor incubated f86Xays at 15 °C that migrated to
Cluster 2 (Figure 4.3). The WS and LL samples gaheshifted towards the MD
cluster (Cluster 1) after incubation at 25 and@5dlthough it took the LL samples
196 days before the samples approached the MDecl(Gluster 1).

After incubation at 25 and 35 °C, TRF 302 contthteedominate the
Archaeal community in the MD samples in Clustewith >60% relative abundance
in each replicate sample analyzed. TRF 302 wamthst abundant peak in the WS
samples that clustered together with the MD clu&té4% relative abundance) in
Cluster 1, with the exception of a replicate sangblhe WS reactor after incubation
at 25 °C for 196 days that had high abundance &f 3B (relative abundance of
39%), but was dominated by TRF 413 (relative abonndaf 56%). Within the LL
samples that were in the Cluster 1, TRF 302 wasntb&t abundant peak47%
relative abundance), with the exception of a regpdicsample with an incubation of
196 days at 25 °C, which had high abundance of 3B2H36%), but was dominated
by TRF 199 (43%).

Cluster 2 contained all reactor samples that wengbated at 15 °C, with the
exception of MD samples that were incubated fod&ls and a replicate sample of
LL reactor that was incubated for 196 days (FiguB). In addition, Cluster 2 also
contained LL samples that were incubated at 2fQ1 days. TRF 199 was
dominant in all samples within Cluster 2, with tala abundances ranging from 34 to

85% in all the replicate samples. The reactorsnaitéid within Cluster 2 contained
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higher concentrations of acetic acids (3.20-133\) kompared to reactors within

Cluster 1 (0.62-2.56 mM).

4 .4 Discussion

4.4.1 Methanogenic Numbers

Significant increase imcrA gene copy numbers was only observed in the LL
reactors after incubation at 25 and 35 °C for 1®@&dwith higher numbers at the end
of the incubation at 25 °C compared to 15 °C, yikkle to the higher temperature that
stimulated higher growth of methanogens. The resllowed that there were no
significant correlations between the inoculoir A gene copy numbers and ¢H
production (Figure 4.2). Traversi et al. (2012)awed significant correlations
between biogas production amdrA gene numbers within their bioreactor, but did
not study the correlations betwemor A numbers in the inoculum and biogas
production. Morris et al. (2014) did determine ttiere was a significant correlation
between thencrA gene copy numbers from inoculum obtained from ation
reactors and CHproduction values from a SMA that used®O, as substrate, but
no significant correlations were observed betwdenIMA results and inoculum
gene copy numbers when acetate or propionate vgekas the substrate. The lack
of significant correlations when liquid substratee used confirms the lack of
correlation observed in our study. The MD, WS, liidy used a mixed, complicated
substrate (manure) that likely affected the obsitaek of correlation. Alvarado et
al. (2014) and Freitag and Prosser (2009) discuseeiheffectiveness aficrA gene
copy numbers in predicting GHbroduction activity due to the possible preserfce o

dormant cells. The presence of inactive or dormehs$ within our inoculum could
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affect the correlation between the gbtoduction rate anohcrA gene copy numbers.
Additionally, the gene copy numbers are only intlieaof the total amount of
methanogens and not necessarily the community tfanegens, which shifted

during incubation according to the NMS ordinatioonf the T-RFLP results.

4.4.2 Archaeal Community within Incubation Reactors

The T-RFLP results showed that the terminal retstn fragments (TRF) at
199 and 302 were the most common TRFs. Aceticlastithanogens are generally
the dominant methanogens within a balanced anaedaipester, contributing up to
70% of CH, produced (Alvarado et al., 2014; Gerardi, 2003)diionally, Chin et al.
(1999) used the same T-RFLP methodology as ouy stnd showed that the TRFs at
199 and 302 were aceticlastic methanogens belongitigeMethanosar cinaceae and
Methanosaetaceae family, respectively. Our study had a differen€éd.4 and 16 base
pairs, respectively, when compared to results fileenChin et al. (1999) study.
Organisms within th&lethanosarcinaceae family (TRF 199) are involved in
the dismutation of methyl compounds and use acatateCQ/H; to produce CH
(Kendall and Boone, 2006). However, oMgthanosarcina sp. within the
Methanosar cinaceae family uses acetate as substrate for @kbduction, in addition
to methanol, methylamines, CO, and £ (Kendall and Boone, 2006). There is
only one genus within thiglethanosaetaceae family (TRF 302) Methanosaeta,
which only uses acetate as the energy source (KeamthBoone, 2006).
Additionally, Methanosarcina sp. have been found to have a higher minimum acetat

threshold (0.2-1.2 mM) and growth rate thethanosaeta (7-70 pM acetate
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threshold) (Jetten et al., 1992). As a resvulthanosaeta tends to dominate in
environments with low acetate concentrations (Swauitth Ingram-Smith, 2007).

High abundance of TRF 302 within the MD seed iatéd high numbers of
Methanosaeta sp. within the inoculum. In previous studidfsthanosaeta was the
most commonly observed Archaea in 44 digesters;iwinicluded the fixed biofilm,
continuously stirred, fluidized bed, sequentiachaiand upflow anaerobic sludge
blanket digester designs. However, within the cardgusly stirred reactors (CSTR),
Methanosarcina, along with an unidentified Archaeaas found to be dominant
(Leclerc et al., 2004). In survey of 15 digest&arakashev et al. (2005) found that
Methanosar cinaceae dominated most of the manure digesters, and tmrasbased
digesters had higher VFA values (>5 mM as aceiit eguivalent), while
Methanosaetaceae dominated all digesters fed exclusively with sledgith these
digesters having a lower VFA values (0.2-1.17 mMestic acid equivalentThus,
VFA values were shown to have an important roldatermining the dominant
methanogens. A separate analysis of samples fremigiester in which the MD
inoculum was taken from revealed that the aceiit lavels were<0.95 mM
(unpublished results), which is considered a sigificconcentration for
Methanosaetaceae to thrive, but too low foMethanosarcinaceae to thrive. The low
levels of acetate of this manure-based digestéwely due to the use of liquid
manure (after solid separation with a screw pressyl as the influent for the digester.
In addition, while the digester was built as a CSitRas noted that the mixing

system had not been working for many years, whogether with the lower VS input
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of the liquid manure could have resulted in the-dominance of
Methanosar cinaceae.

Two important clusters were recognized in the Nddd@nation of the T-
RFLP results (Figure 4.3). Cluster 1 was drivenntyddy the presence of abundant
TRF 302, putatively identified ddethanosaetaceae. Cluster 1 contained the MD
inoculum incubated at 25 and 35 °C, which expeadn® major shift in Archaeal
community. This was expected considering theremweasajor change in substrate
and conditions for these reactors. Acetic acid eatrations within these reactors
were<1.0 mM, which is more likely to promote the grovathMethanosaeataceae.

At 25 and 35 °C, Archaeal community within the Lhida/VS samples generally
shifted and became more tightly clustered withNti2 samples in Cluster 1,
especially at the higher incubation time (196 days)

Dollhopf et al. (2001) also observed convergerfdeoth Archaeal and
bacterial communities in two glucose-based reactitis one reactor inoculated with
wetland sediment and the other reactor inoculai#id sewage sludge. The small
shift in the MD Archaeal community and the largeiftsn the WS and LL samples
observed in our study were similar to the resuitBagaling et al. (2014), where pre-
conditioned inocula experienced smaller shifts wplaged in a new microcosm
compared to inocula sources that were not pre-tionéd.

After incubation at 15 °C, samples from all thire@cula sources generally
clustered together in Cluster 2. The results shawatlTRF 199, putatively identified
asMethanosar cinaceae, was dominant in the reactors within Cluster Z;ontrast to

Cluster 1, which was driven by high abundancMethanosaetaceae. Additionally,
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acetic acid concentration was also observed toperitant drivers of the two
clusters, with higher concentrations in Clust¢8220-133.6 mM}han in Cluster 1
(0.62-2.56 mM)Homoacetogens become an important tropic groumwhe
temperature decreasésf and Conrad, 2000; Kotsyurbenko et al., 1993;
Kotsyurbenko et al., 2001; Kotsyurbenko, 2005),cligould increase acetate
concentration and alloMethanosar cinaceae, with its higher growth rate and higher
acetate threshold, to outcomp#tethanosaetaceae. Thus, it appears that at 26, the
reactors accumulated higher acetic acid values;tiwiomoted the growth of
Methanosarcinaceae and caused the samples to be ordinated in ClRstethe acetic
acid levels remained lowethanosaetaceae would likely have dominated and
samples could have shifted to Cluster 1. This Mearly illustrated by the MD
inoculum that was incubated at 4G for 90 days. Despite incubation at %5 acetic
acid levels remained low (1.61 mM) and tiMiethanosaetaceae was dominant and
samples were ordinated within Cluster 1.

While TRFs 199 and 302 were putatively identiféesiMethanosar cinaceae
andMethanosaetaceae, it should be noted that Chin et al. (1999) alssigned TRF
199 toCrenarchaeota Rice Cluster VI, and TRF 302 to a notiryarchaeota Rice
Cluster V andCrenarchaeota Rice Cluster IV. To our knowledge, Rice clusteai
VI have not been reported to be in anaerobic dégesSekiguchi (2006) also reported
that Rice Cluster VI has not been found in anaerdlgesters, but reported that Rice
Cluster IV was observed in anaerobic digestersottimhately, with the lack of
specificity with the T-RFLP analysis, it was notsgible to conclusively distinguish

between Rice Cluster IV arMethanosaetaceae in the samples analyzed. However,
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the relationships between the VFA levels and thendhnce and/or dominance of
TRFs 302 and 199 did agree well with the assumptainhese two TRF peaks as

Methanosaetaceae andMethanosar cinaceae.

4.4 .3 Inoculum Archaeal Communities and CH Production in BMP Tests

After incubation at 25 °C for 91 days, LL inocul@in50% ISR produced
significantly higher quantity of CiH194 L CHy/kg VS) than the MD (165 L Cikg
VS) or WS (138 L Clikg VS) at 50% ISR and 25 °C (Table 3.3). A higtae of
CH, production was also observed for LL compared to &d WS inoculum
sources within the first twenty days of digestibr2, 4.5, and 1.2 L C{kg VS/day
for LL, MD, and WS, respectively. The pH and VS tant of the three inocula
sources were similar: 7.27-7.31 and 31.3-38.7 y/&grespectively (Table 3.2). With
insignificant differences between threrA gene copy numbers of the LL, WS, and
MD inoculum sources after incubation at 25 °C fbrd@ys, the differences in GH
production were likely due to the fact that theubated LL Archaeal community was
dominated byMethanosarcinaceae (Cluster 2), which resulted in higher ¢H
production compared to the incubated MD and WSutesources that were
generally dominated blylethanosaetaceae (Cluster 1) Methanosarcinaceae has
previously been reported as a “heavy duty” methandbat could, among others,
withstand overloading shock and temperature chabegger than other methanogens
(De Vrieze et al., 2012). De Vrieze et al. (201@dssed the possibility of adding
inoculum rich inMethanosarcina during perturbation to promote digester recovery

from organic loading shock. Results from the curstady showed that inoculum
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dominated byMethanosarcinaceae may indeed enhance the performance of a

digestion system.

4.5 Conclusion

The research showed that low acetic acid accuinnlékely promoted the
growth of Methanosaetaceae, while accumulation of acetic acid, which occuried
most samples after P& incubation, likely promoted the growth of
Methanosarcinaceae. The inoculum sources rich Methanosarcinaceae (LL) may be
more beneficial than inoculum rich Methanosaetaceae, when starting a digester at
the lower mesophilic temperature range {€h ThemcrA numbers only increased in
the LL samples after incubation at 25 and 35 °CL8§ days, and ascrA numbers
do not discern between viability and community grepresent, there was no
significant correlation between the inoculamrA gene copy numbers and the £H
production observed in the BMP tests. While the MBeulated reactors at 25 and 35
°C did not experience major shifts in Archaeal comityythe Archaeal community
in the LL and WS inoculated reactors generally @vged with the MD samples at 25
and 35°C, forming acluster that was associated with high abundance of
Methanosaetaceae and low acetic acid concentrations. After longuination (196
days) at 15C, the inoculated reactors generally clustered teggeh a second cluster
associated with high acetic acid concentrationscamdinance of
Methanosar cinaceae. Future work involving sequencing could help idBnti
unidentified peaks in the T-RFLP results and sinsdyhts into methanogenic and

Archaeal species within inocula that are importantligester functionality.
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5. Comparative Life Cycle Assessment (LCA) of a Ghese
Fixed-Dome Digester and a US Plug-Flow Digester

Abstract

A comparative LCA was conducted between an ined|dteated and
automated Taiwanese plug-flow digester in the U$Sagthinese fixed-dome digester
that was not heated, buried underground, and pestilosver quantity of biogas
energy during the year. The goal of the LCA wasdmpare the environmental
impacts of the construction and operation of the types of digestion systems used
to produce energy to replace alternative fuel BEgghteen LCA impact categories
were assessed in this study, including climate gbafossil fuel depletion, metal
depletion, and water depletion. The results shatvatithe US plug-flow digester was
more sustainable than the Chinese fixed-dome systéynn the climate change
category, but performed worse in all the other gaties. Heating and heating
equipment were the main contributor towards theenamiverse impacts observed in
the plug-flow digester. The LCA highlighted the dde reduce heating requirement,
specifically the need to increase the insulatiothefUS plug-flow system. The LCA
of the Chinese fixed-dome system revealed thatyte of fuel displaced by the
digestion system was important in determining Untanability of the system. The
US small-scale plug-flow digester with its use armsophisticated heating and
insulation to maintain biogas production throughtbwgt year resulted in higher
greenhouse gas emission reductions but was noalbugsre sustainable than the
Chinese fixed-dome digester constructed with mihanaount of materials and

producing lower biogas quantities during the winter

91



5.1 Introduction

The installation of anaerobic digesters provid@si@rous benefits, including
the production of renewable energy and fertilizenf wastewater and the reduction
of odor, pathogens, and greenhouse gas emissioing dvastewater treatment
(AgSTAR, 2011; Barros et al., 2008; Holm-Nielserakt 2009; Olsen and Larson,
1987; Powers et al., 1999). Currently, most of @asrtigesters are household
systems built in developing countries, with appnaiely 40 million digesters in
China and 4.5 million digesters in India (He et 2013; Indian Ministry of New and
Renewable Energy, 2013). Different designs existiwithis setting, with majority of
systems built as Chinese fixed-dome digesterspémats built as Taiwanese plug-
flow or floating drum digesters. Many of these sys$ are buried underground and
unheated, or heated using simple techniques, suttteaise of a greenhouse cover.

Because anaerobic digestion is dependent on natna@actions, the
efficiency of biogas production decreases when &atpre decreases. The optimal
digestion temperature is in the mesophilic range32 °C), which means that the
reaction can proceed largely without heating ipitcal climates. In temperate
climates, however, the efficiency of biogas protuctecreases or ceases during the
winter. Without any heating source, digesters e3handong province in northern
China, for instance, produced biogas for only 2&8@sbf the year (Qi et al., 2005).
As the installation of digesters increased in depetl nations, more complex digester
designs were implemented to overcome the decraas®ergy production during the

winter. In the US, the general trend is to indladlesters that are heated, insulated,

92



and operated at mesophilic temperatures, whichdodetrease the overall
sustainability of the digestion systems.

As implementation of anaerobic digestion technypliogreases, it is important
to ensure that designs are environmentally sudibgnhife cycle assessment (LCA)
represents a tool that quantifies the impactsarsistem or product has on the
environment during its lifetime, from the extractiof raw materials to the
construction and operation of the system and fjrthk disposal of the system after
its lifetime in a “cradle to grave” analysis (Vigenal., 1994). In a LCA, the inputs
and outputs of a system or process are quantifiddta environmental impacts are
calculated (Vigon et al., 1994). LCA results carused to determine which process
or component of the system has the largest envieotethimpact in order to target
this area for further improvement to minimize ateyss negative environmental
impacts (Vigon et al., 1994). The results obtaioad also be used to compare the
impacts of different systems, providing a tool designers, contractors, and policy
makers to understand the advantages and disadeardagnplementing one system
over another (Rehl et al., 2012).

A number of LCAs have been conducted for AD systelResearchers have
used LCA to determine which process within an ABtesn releases the most
greenhouse gases (Ishikawa et al., 2006), the ehargnvironmental impacts when
AD is incorporated into waste-management systernay& and Gheewala, 2007;
Ozeler et al., 2006), and the change in energyymtazh when parameters within AD
systems are modified (Berglund and Bérjesson, 2P0éschl et al., 2012). Life cycle

assessment has also been used to analyze thaenabsityi of small-scale AD systems
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in countries such as the UK, China, Kenya, andndet (Chen and Chen, 2013;
Chen et al., 2012; Mezzulo et al., 2013; Nzilalet2®12; Pérez et al., 2014; Vu et
al., 2015; Wang and Zhang, 2012), but many of tsesdies only focused on
greenhouse gas emissions, resource depletion nengyedemand or production
(Chen and Chen, 2013; Nzila et al., 2012; Wangzirahg, 2012). Furthermore,
there are limited comparative LCA studies focusinglifferent small-scale designs.
Pérez et al. (2014) compared the abiotic depletimbal warming potential,
acidification potential, and eutrophication potahtf a fixed-dome system and a
Taiwanese plug-flow system built in the Andes regibhey found that the fixed-
dome system had lower abiotic potential, eutroglongpotential, and acidification
potential than the plug-flow system, but both systdiad similar global warming
potential. Nzila et al. (2012) compared the fixedr, Taiwanese plug-flow, and
floating drum designs, and found that the fixed-dand plug-flow designs
performed better in terms of energy demand, regodepletion, and global warming
reduction than the floating drum digester.

The objective of this study was to conduct a camapze life cycle assessment
of a small-scale unheated household fixed-domestkgén China and a heated and
insulated plug-flow digester in the US to assessctiange in sustainability of a
small-scale digestion system as it is translatechfa developing nation (no heating
and less automation) to a developed nation (irestallith automation, heating, and

insulation) using the same system boundary andsisgat methods.
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5.2 Methods

The following recommendations from the ISO 14040 50 14041
standards (1SO, 1997, 1998) were used in the stljdy:clearly defined goal stating
the purpose, potential application, and audiencé&® study; 2) a clearly defined
scope with a description of systems, function stems, functional unit, system
boundary, data description, and impact assessnmethoais and impacts; 3) a clearly
defined inventory analysis of the data collectiod aalculations, relating the data to
the functional unit; 4) modified sensitivity anadgsthrough the use of different
scenarios; 5) clearly defined impact assessmeritadstand types of impacts
analyzed; and 6) a discussion of limitations. TR#ALwas conducted in SimaPro 8

(PRé Consultants, The Netherlands).

5.2.1 US Plug-Flow Digester Description

The US digester analysis was based on a digesttams located at the United
States Department of Agriculture (USDA) Beltsvillgricultural Research Center
(BARC) in Beltsville, MD (39.03° N, 76.89° W). Fullescription of the system can
be found in Lansing et al. (2015). The system «tadiof six field-scale, plug-flow
digesters that each had a digester volume of &ith a liquid capacity of 2 fa Each
digester was made up of a PVC bag with an apprdritiameter of 0.9 m and
length of 5.2 m. The bottom half of each digestaswurrounded by polystyrene
foam that had a thickness of 76.2 mm, while thehalpwas covered by a radiant
heating barrier made up of polyethylene sheet santdd between two aluminum
foil layers. The PVC bag, radiant heating barrérd polystyrene foam were

surrounded by a black 1.07 m diameter corrugataih gipe, which was surrounded
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by a 0.1 mm plastic sheet, followed by 50.8 mm giylsene insulation boards and
another 0.1 mm plastic sheet. Spray foam was wsBdithe spaces between the
HDPE corrugated pipe and the insulation board.

Dairy manure was scraped from the barn and segghusing a screw press to
remove approximately 70% of the solid material.lEday, approximately 144 L of
the separated manure (liquid portion with 30% efdblids from the manure source)
was pumped into the heating kettle and then flowadyravity into the digesters. The
heating kettle consisted of an outer and inner deanwhich received the manure,
but during data collection stage, manure was natduakbefore entering into the
digesters. Water and ethylene glycol solution weyated in the outer chamber and
distributed via a network of polyethylene tubind:gd to ethylene propylene diene
monomer (EPDM) pipes that ran underneath the ltadkugated pipes.

The retention time for each digester was approteipd 7 days and effluent
flowed by gravity into a holding tank before bejmgmped into an existing lagoon
that stored effluent from an existing mesophiliatimuously stirred 540 franaerobic
digester treating the same separated manure sdureexisting lagoon and 540°'m
digester were not included in the LCA analysis.

Water traps made of polycarbonate cylinders (filled with silica gel were
installed to remove moisture from the biogas. Onth® six digesters also had a
polycarbonate cylinder (1.9 L) filled 0.08 L of pgeavel, 3.2 kg of iron-based
adsorbent, and a biomat filter to removgSHrom the biogas. Manure flow and the
flow of heat exchanger fluid (water and propylehggl mix) were controlled via

automatic valves. Biogas quantity was measuredrédifi@ biogas was burned.
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5.2.2 Chinese Household Fixed-Dome Digester Desdign

The Chinese digester analyzed was a fixed domgrdesth a volume of 8
m® that was buried and assumed to be made of conmeet@ompilation of Rural
Energy Standards (Ministry of Agriculture Scienoe &ducation Division and
Ministry of Agriculture Chinese Rural Energy andviinnment Agency, 2013).

Operational parameters of the digester were baséild survey data
collected from two household digesters in Yangli@gaanxi, China (34.30° N,
108.07° E). The field survey was conducted to aeitez: 1) the type of waste that
entered the digester; 2) the amount of energy medirom the digesters; 3) the type
of fuels that the biogas was replacing (more detaifection 5.2.6); and 4) the
alternative waste management system. All quantéatata from the field survey was
averaged before use in the LCA. One household ifumed as a small restaurant and
the digester within this household received foodtedrom the restaurant and crop
straw. The amount of food waste entering the degestreased during the summer
due to increased number of customers. The othesdhmld digester received both
kitchen food waste and human manure. An iron ostabber system (0.6 L) was
installed to remove 5 in both household digesters, but the iron oxide mot
changed periodically. Both digesters were buriedenground and unheated.

The produced biogas was used for cooking. Whegasigroduction was low,
one household would use liquefied petroleum ga&(L-®hile the other household
would use coal, firewood, and straw for cookinged8ure of both digesters we&
kPa when we visited the systems, indicating thatafidhe biogas produced was

being used.
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The climate for the two digestion system typedd$and China) are similar:
annual mean temperature for Maryland, USA and YiaggChina are 15.4 and 12.8
°C, respectively, with highest temperature occgrimJuly (27.7 °C for Yangling
and 25 °C in Maryland), and lowest temperature oawog in January (1.3 °C for
Yangling and 0.5 °C in Maryland) (NOAA, 2015a,bgmperature data for Yangling
was based on 10 years of average temperature efstadn 1999-2008 for Xian,

which is located approximately 97 km east of Y amgyli

5.2.3 Goal and Scope

The goal of the LCA was to assess and comparsustainability of an
unheated small-scale fixed-dome digester in Chinthaaheated and insulated small-
scale Taiwanese plug-flow digester in the US, whéhend goal of recommending
changes to the systems to improve their sustaihabihe study will be useful for
policy makers and those interested in implemen@hmese fixed-dome or
Taiwanese model digesters that are heated or wthbgtincreasing their
understanding of the sustainability of the systam identifying the materials and
operational methods that can minimize negativerenmental impacts of these
systems.

The main purpose of both digestion systems wasdduce energy from
wastes and replace the use of alternative fuetsstbald be used in the absence of
the digesters. The functional unit for the analygs the production of 1 J of heat
energy from the combustion of biogas. All inputsl auitputs within the system were

normalized to the functional unit to allow easy gamson.
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The system boundaries for the analysis of bottesysincluded the
extraction of raw materials to the production ohthenergy, with a functional unit of
1 J of heat energy from biogas (Figure 5.1). Thieiong details the main processes
included in the LCA: 1) construction materials assembly of digesters; 2)
electricity use for the plug-flow digester; 3) hagtfor the plug-flow-digester; 4)
scrubbing and combustion of biogas; 5) avoided otgpfiom the displacement of
alternative fuels; 6) insulation for the plug-flaligester; 7) methane (GHeakage
from the digesters; and 8) avoided greenhousem&asiens from alternative waste
management systems.

The following processes were not included in tBALstudy: 1) disposal of
the systems due to the uncertainty of how the nadd¢arould be disposed, especially
in China, where digesters are often left non-floretig underground; 2) digester
effluent (digestate) handling, use, and avoideddsulting) emissions from the use
of digestate, as the main goal of this study wagdibplacement of alternative fuels;
3) upstream processes for the production of mamuveaste were not included since
the waste products would be produced regardlesdether or not the digesters were
built; and 4) transportation of wastes since thetesin both systems were produced
on-site and only required the use of pumps in thg-flow system.

Tables 5.1 and 5.2 detail the different componentsred into the LCA
(termed as the original LCA) for the fixed-dome aohalg-flow digesters. Detailed

calculations can be found in Appendix A and B.
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Figure 5.1: System boundary for life cycle assessment. Compusneithin the
dashed lines were included in the LCA.
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Table 5.1:Components used in the LCA of US plug-flow digester

Per J of biogas
Full System energy*
Construction Materials and Energy
Mass of PVC bags 5.69E+00 kg/year 1.04E-10 k
Mass of cast iron 4.78E+00 kg/year 8.70E-11 kg
Mass of copper 1.04E+00 kg/year 1.89E-11 K¢
HDPE culvert 5.91E+01 kg/year 1.08E-09 kg
Diesel 1.31E+01 L/year 2.38E-10 L
Mass of PVC pipes 1.43E+01 kg/year 2.60E-10 k
Mass of polyethylene (holding tank) 2.15E+00 kgfyea 3.91E-11 kg
Electricity
Electricity used to run pumps 2.65E+07 Jlyear 4-628
Heating Infrastructure and Energy
Propane 3.05E+03 kg/year 5.54E-08 kg
PEX mass 2.78E-01 kgl/year 5.05E-12 kg
EPDM mass 1.07E+01 kgl/year 1.94E-10 kg
Stainless steel 2.38E+01 kg/year 4.34E-10 k
Water 9.98E+01 kg/yeal 1.82E-09 kg
Propylene glycol 4.13E+01 kg/year 7.51E-10 kg
Insulation
Polystyrene foam mass 1.62E+01 kg/year 2.94E-10 K
Aluminum mass 1.36E+00 kg/year 2.48E-11 kg
Polyethylene core 2.37E-01 kg/year 4.31E-12 kg
Plastic (polyethylene) 9.93E-01 kg/year 1.81E-11 kg
Scrubbing and Combustion of Biogas
Fe needed to scrub,8 1.75E+01 kgl/year 3.19E-10 kg
HDPE container 2.47E-03 kgl/year 4.50E-14 kg
CH, releaseq duri_ng combustion 5.49E-02 kglyear 9.99E-13 kg
(biogenic)
CH,4 Emission from Alternative
System
CH, emission from lagoons (emission
reduction) (biggenic)( -1.64E+03 kglyear  -2.98E-08 kg
CH, Leakage from Digester
CH, leakage (biogenic) 1.19E+02 kgl/year 2.16E-09 k¢
Boilers and associated needs and
emissions for combusting biogas and (See Appendix A)
propane, and displacement of fuels

* Based on an energy yield of 5.50E+10 J/year
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Table 5.2:Components used in the LCA of Chinese fixed-dongester.

. . Per J of Biogas
Construction Materials Full System Energy*
Cement 5.21E+01 kglyear 2.31E-08 k¢
Sand 1.09E+02 kgl/yeal 4.85E-08 kg
Gravel 1.65E+02 kgl/year 7.31E-08 kg
Polyethylene pipe 1.79E-01 kglyear 7.94E-11 Kg
Scrubbing and Combustion of Biogas
High Density Polyethylene 2.47E-03 kg/year 1.10Bkg2
Fe needed to scrub,8 9.36E-01 kg/year 4.16E-10 kg
Copper (stove) 2.26E-02 kglyealr 1.00E-11 kg
Cast iron (stove) 1.55E-01 kg/year 6.87E-11 kig
Stainless steel (stove) 7.42E-02 kg/year 3.29E¢l1 k
CH, leaked during combustion (biogenic)  2.25E-03 kgfye 9.99E-13 kg
CH,4 Emission from Alternative System
CH, emission from septic system
(emission reduction) I?bioggnic) “6.57E+00 kglyear)  -2.92E-09 kg
CH,4 Leakage from Digester
CH, leaked from digester (biogenic) 4.87E+00 kg/year .16E-09 kg

Displacement of fuels (See Appendix B)
* Based on an energy yield of 2.25E+09 J/year

5.2.4 Construction of Digesters

Materials used for the construction of the plugafldigester were obtained
from Klavon (2011), Lansing et al. (2015), and Messal. (2014). Diesel for
operating the excavation machine was included withe construction of the
digesters. Materials needed for the constructicth@fixed-dome digester was based
on the Compilation of Rural Energy Standards (Mmisf Agriculture Science and
Education Division and Ministry of Agriculture Clise Rural Energy and
Environment Agency, 2013). The fixed-dome digestas assumed to be made of
concrete and constructed using only human labahowt the use of machines or

equipment. Both digesters were assumed to havespén of 20 years.
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5.2.5 Heating, Insulation, and Electricity Use of @esters

Data for heating and insulation systems for thgglow digesters were
obtained from a previous study that ran the digassiystem from May to September
2013 (Lansing et al., 2015). Average propane to theadigester was approximately
4.5 kg/day or 2.26E+08 J to overcome a daily |ldskC (average digestion
temperature of 27.5 °C and average ambient temyperat 21.7 °C (NOAA, 2015a)).
It was thus calculated that for every 5.8 °C dédfere between the digester and
ambient temperature, there was a need to inpuE2@® J of heat per day.
Considering that the average temperature from @ctmbApril is 6.5 °C, a total of
8.17E+08 J/day would be needed to overcome a 3dACin daily digester
temperature. The total heat energy needed to healigesters throughout the year
was calculated to be 2.08E+11 J/year. It shoulchéertioned that the heat transfer
efficiency in Lansing et al. (2015) was calculatede 27% (2.26E+08 J/day needed
instead of theoretical value of 6.10E+07 J/day eddd overcome a 1 °C drop in
temperature). In the actual study, propane was aséde heat source mainly for
research purposes. However, biogas would be tHerped heat source over propane.
Therefore, for the LCA, it was assumed that alltlezeergy for heating the digesters
was obtained from the biogas, but if biogas energy insufficient for heating the
digesters, propane was used to provide the exénagmeeded.

Water and the propylene glycol solution for hegtivere included within the
LCA. The solution contained 30% propylene glycdhiiking et al., 2015) to fill the

spaces within the PEX and EPDM tubing (0.0%,rand was replaced twice per year.
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Electricity use for the plug-flow digester was fanning the pumps, and was
calculated based on the power rating of the puaipsssumed flow rate for the
pumps, and the amount of manure that needed tarbpgxd daily.

No electricity use or heating was included in ltl3A of the fixed-dome

digester due to the absence of machineries, pusnpgating systems.

5.2.6 Biogas Scrubbing and Combustion, and Displacent of Alternative Fuels

The average yearly biogas, ¢tnd hydrogen sulfide @3) production for
the US plug-flow system was based on the experahemt that occurred from May
to September of 2013 (Lansing et al., 2015). The &tdl HS concentrations in the
biogas were 67.2% and 0.43%, respectively, withoaggannual biogas production of
2,680 ni. The system was assumed to contain scrubbingmsysteat could reduce
the HS content to O ppm. The scrubbing system was asktorteze made of 0.6 L
HDPE containers containing iron oxide. Stoichioneatalculations were performed
to determine the amount of iron oxide needed toorenall produced 6. No
separate water trap was used in the system. Bisgadurned in a natural gas boiler
and gas product from the combustion of the biogas assumed to be only biogenic
CO,. Methane emitted (i.e. leaked) during biogas castibo was calculated based on
recommendations by Eastern Research Group Inc1)2@ith correction by Klavon
(2011). Biogas produced from the plug-flow digestsystem was assumed to replace
energy needed from the combustion of natural gas.

Biogas for the Chinese fixed-dome system was asdumcontain 60% CH
and 0.5% HS (Seadi et al., 2008), with the remainder beingénic CQ. A field

survey conducted in December 2014 was used toctolle biogas data for the fixed-
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dome LCA. Two household digesters were studied) thié biogas quantities
averaged, resulting a gross biogas yield of 13pen year. Specifically, biogas used
for cooking over a ten-day period was determinetvim households in Yangling,
Shaanxi, China through user documentations. Intiaddieither at the end or the
beginning of the ten-day period, the temperatureaier and the time needed for 500
mL of water to boil were measured. Specific heglcéy was then used to determine
the amount of energy flow per minute. It shoulchientioned that one of the
digesters (restaurant digester) had a leak inytbien (HS detector detected,8
even though the system was off). However, the vimlughe digester was included to
simulate a real-life scenario where the digestey n be maintained. Estimated
time of cooking during the summer was obtainedterfirst digester (restaurant
digester) (personal communication), and the rdtgummer to winter values was
used in the second digester (note that summeidsrstidy refers to a period of six
months ranging from May to October, while winteflers to the other six months).
Methane emitted (i.e. leaked) during biogas combnstas calculated for the two
digesters based on recommendations by EasternmiReggsup Inc. (2011), with
correction by Klavon (2011) and averaged beforeimgiee LCA. Due to the large
uncertainty of the biogas data, a scenario wasirwhich a literature value for
biogas from a fixed-dome digester in northern Chima used (38 fm®/year from
Qi et al. (2005) compared to 15.4/m>year in the original scenario, which was the
average biogas produced from the two households)g(iehetails irSection 5.2.10).
Biogas scrubbing system for both household digestas made of a 0.6 L

HDPE container that contained iron oxide. In theA, . @e scrubbing system was
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assumed to remove,8 concentration to O ppm, with the iron oxide repth
periodically. Stoichiometric calculations were perhed for both digesters to
determine the amount of iron oxide needed for rangull H,S produced, with the
guantity of iron oxide averaged for the two digest€ombustion of biogas in the
fixed-dome system was assumed to be conducteiei dia SP (Rong Gui Mei Jia,
Guangdong, China) cooking stove. Biogas producaa the fixed-dome digestion
system was assumed to replace energy needed feooothbustion of 50% liquefied
petroleum gas (LPG) and 16.7% of coal, 16.7% efvstand 16.7% of wood, which
was the average mix of fuels based on field sutkiayydetermined a dominance of
LPG use in one household, and a mix of coal, steend,wood in the second

household.

5.2.7 Greenhouse Gas Leakage and Emission Reductainom Alternative

Systems

Incorporation of biogas leakage has been shovae tiomportant in creating a
complete account of the greenhouse gas emissiomsdrdigestion system
(Borjesson and Berglund, 2006). Previous studies leatimated leakage rate to be as
low as 3.1% to as high as 40% (Bruun et al., 2G&sch et al., 2011). In this study,
a leakage rate of 10% was used for both systerssdiaan recommendations by the
Eastern Research Group Inc. (2011).

In the absence of a digester, manure in the Madysystem would be stored
in a lagoon until the manure could be applied ®ftéld. The lagoon emits
greenhouse gases due to the anaerobic natureenddlof a plug-flow anaerobic

digester to treat manure results in the capturecantbustion of Chithat would
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otherwise be emitted. The amount of {#nission reduction was calculated based on
the recommendation detailed in the Eastern Resé&nahp Inc. (2011) report.

For the fixed-dome system, data from the two hbakkdigesters collected
during the field survey were averaged to deterrtiieegreenhouse gas emission
reductions from alternative waste management systamtwo households were
connected to the wastewater treatment system. @igéseceived food waste and
straw and these waste products were assumed tiggumesdd aerobically in the
absence of a digester, yielding no J3hnissions. In the absence of digester, the food
waste in digester 2 was similarly assumed to bgodisd aerobically, while the
human waste would enter the wastewater treatmsitgrsy However, considering
that digestion is only a form of primary treatmesissions from the treatment of the
human waste in septic system was used as the kduethane emissions from
digester installation. The GHmission from septic system was calculated based o

Doorn et al. (2006).

5.2.8 LCA Calculations

Where available, emissions for the different comgrds in Tables 5.1 and 5.2
were obtained from the Ecoinvent, USLCI, and ELCIattases (European
Commission Joint Research Center, 2013; NREL, 20d&ldema et al., 2013) in the
Sima Pro software (PRé Consultants, The NetherJalidms chosen from the
database were selected to represent the LCA comfsoas closely as possible.
Methane emissions (from leakage, emissions frombetion, and avoided
emissions from alternative waste management sy¥teere entered directly. In

some instances, modifications were made to thentovies within the database to
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make the values more appropriate for the LCA, idicig: 1) a small-scale natural gas
boiler in SimaPro was used with the emissions atdral gas input eliminated to
calculate emissions from the construction and djger@f propane boiler in the plug-
flow system; 2) only the emissions component fraex¢ombustion of propane in an
industrial boiler was used to calculate the emissioom the combustion of propane
in both the plug-flow and the fixed-dome systems,the construction of the boiler
was not included; and 3) a small-scale naturabgésr without the air emissions
from combustion and natural gas input was usealutate emissions for the
construction and operation of biogas combustiotesygor the US plug-flow system.
The avoided impacts from the displacement of LP@éChinese fixed-dome
digesters required creating a propane burner wittersystem, which was assumed to
have the same specifications as the stove usduifamg biogas.

Most of the inventories used for the two LCA wareentories meant for
global use or for countries outside Europe. Fuladie on the different inventories

used for LCA calculations can be found in Appemdliand B.

5.2.9 Impact Analysis

The ReCiPe mid-point world hierarchist methodolagthe SimaPro 8
software (PRé Consultants, The Netherlands) was tasassess the impacts of the
different inputs and emissions for both systemse@&oop et al., 2013). The
hierarchist method incorporates a mean adaptalibitygby the human population),
in contrast to the individualist method that asssifiodl ability to adapt, or egalitarian
approach that assumes no adaptation ability (Gagakbal., 2013). Eighteen impact

categories were analyzed in the ReCiPe mid-poithaake ozone depletion, human
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toxicity, ionizing radiation, photochemical oxidéotmation, particulate matter
formation, terrestrial acidification, climate changerrestrial ecotoxicity, agricultural
land occupation, urban land occupation, natura taansformation, marine
ecotoxicity, marine eutrophication, freshwater ephiication, freshwater ecotoxicity,
fossil fuel depletion, metal depletion, and wateplétion (Goedkoop et al., 2013).
The use of the same impact assessment methodyiestdrs in both countries was
important due to the comparative nature of thighgtrhus other methods, such as
TRACI, which would have been more applicable for $yStems, were not used, as

the application to China would not have been asrate.

5.2.10 Different Scenario Analysis

Based on results from the original LCA, the follog/different scenarios
were run for the two digestion systems:
1) Plug-flow system:
i) Heat transfer efficiency was observed to be Zffigient in Lansing et al.
(2015) mainly due to low efficiency of the heatikegtle. A scenario was
conducted to determine the LCA of the system ifttbat transfer efficiency
was 100%. Therefore, instead of using 2.08E+11hkaf energy per year to
heat the digesters, only 5.61E+10 J/year were metedieeat the digester (or
only 27% of the energy needed in the original sdeha
i) A scenario in which digester was shut downha winter and the heat
transfer efficiency was 100% was run. Considerireg there is a higher
expenditure of heat energy for heating the digestaring winter, this

scenario was conducted to determine if the sudidityeof the digester could
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improve if it was not operated during the wintentih this analysis, the
amount of energy produced, electricity use for puperation, greenhouse
gas emission reductions from using biogas, watérpaopylene glycol, and
heat energy needed were adjusted to nine monthgenétion, with additional
adjustments in the amount of ¢produced, the amount of GHeaked from
digester and emitted during combustion of biogad, IS produced,
accordingly. Since energy produced from biogas lhigiser than the quantity
of energy needed for heating, the displacemenatfral gas was also
accounted for in this scenario.

lii) A scenario was run to determine the sustaiitglof the system if the
system was located in a tropical climate that ditimeed heating input,
equipment, and insulation. In this scenario, hgataguirement and
equipment were eliminated, but biogas productios assumed to be
constant. Displacement of natural gas was accodated this scenario.

iv) A scenario was run to determine the sustaiitgof the system that
required only insulation but was not heated to maamnits temperature. This
could be a scenario in which the system is locatedregion that experiences
large temperature drops during the night. Displaamf natural gas was
accounted for in this scenario.

2) Fixed-dome system:
i) Due to the uncertainty of the yearly biogas pattbn values obtained from
the field survey, a scenario was run in which glmegas volume before

leakage was increased to 3&mr digester/year (totaling 302°mer year).
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This quantity was derived from the 273 biogas production observed by Qi
et al. (2005), which was assumed to be the netkipgoduction volume post
leakage. The 302 hper year value was assumed to be after leakagss(gr
biogas volume: 336 frper year). Increasing the amount of biogas chattyed
volume of HS produced and the volume of ¢ldaked and emitted during
biogas combustion.

i) A scenario was run assuming that all the biogas used to displace only
LPG. For each joule of biogas energy, the prodaabdioone joule of LPG
energy was avoided.

iii) A scenario was run assuming that the biogas used to displace 50%
straw and 50% wood. For each joule of biogas ené¢hgyproduction of half a
joule of energy from wood and half a joule of enefr@m straw was avoided.
iv) A scenario was run assuming that the biogaswsas to displace only
coal. For each joule of biogas energy, the prodaabf one joule of coal

energy was avoided.

5.3 Results

5.3.1 US Plug-Flow Digester

The installation of the plug-flow digester resdlia a net benefit in terms of

climate change, which was driven by £émission reductions from the storage

lagoons (Table 5.3; Figure 5.2). However, in dllestimpact categories the US

system had adverse impacts, with the majority efitpacts caused by the heating

component, which contributeg81% of negative environmental impacts. Even with

100% heat transfer efficiency (reduction of hegureement to 27% of the amount

111



needed in the original scenario), the systemlstitl negative impacts in 16 of the 18
impact categories (Table 5.3), with the heating ponent contributing68% of the
negative impacts within these 16 categories. Catimri of energy produced from
CH, and propane energy needed for the system with Ta&#transfer efficiency
revealed that more energy was needed to heat shensy5.61E+10 J/year) than the
total energy produced (5.50E+10 J/year). In thiggtthe break-even point where
the quantity of energy produced from biogas equedecamount of energy required
for heating was determined to be 26.4% of heatggneaquired in the original

scenario.
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Table 5.3:LCA of the plug-flow digester in different scenario

Winter Shut
0,
Impact categor Unit Original 1$?a/r(1)sl;|eerat Down; 100% :ebasit(iannCZr?c]; Absence of
P gory Scenario* Efficiency* Heat Transfer InsulatgiJon* Heating*
y Efficiency*
Climate change kg C{eq -3.62E-07 -5.37E-07 -6.19E-07 -6.87E-07 -6.83E
Ozone depletion kg CFC-11eq 1.59E-14 5.40E-15 41616 -9.44E-15 -9.40E-15
Terrestrial kgSGeq | 5.21E-10| 1.98E-10 6.44E-11 -7.48E-11  -7.00Eq11
acidification
Freshwater kg P eq 1.03E-11|  5.66E-12 3.28E-12 -2.95E-12  -2B3E
eutrophication
Marine eutrophication kg N eq 2.17E-11 8.05E-12 OE4?2 -1.11E-12 -9.66E-13
Human toxicity kg 1,4-DB e 1.49E-0§ 8.53E-09 5.8%E -2.00E-09 -1.90E-09
Photochemical oxIdant g NMvOC | 3.72E-10 | -5.00E-11)  -2.15E-10 3.36E-10  29E-10
ormation
Parfc'ocr‘;:i;fi’or:auer kgPM10eq| 1.99E-10|  8.03E-11 3.47E-11 221E-11 05811
Terrestrial ecotoxicityy kg 1,4-DBeq  4.38E-1P 2.4BE 1.67E-12 -6.00E-13 -5.64E-13
Freshwater ecotoxicity kg 1,4-DB eq| 4.60E-10 3.16E-1Q 2.97E-10 -6.50E-11 6.12E-11
Marine ecotoxicity kg 1,4-DB ec 5.60E-10 3.49E-10 .06E-10 -6.78E-11 -6.42E-11
lonising radiation kBqU235eq 1.44E-08 4.98E-09 15E-09 -1.53E-09 -1.47E-09
Agricultural land m’a 6.37E-10 | 3.97E-10|  3.30E-10 9.39E-11  -8.35E-11
occupation
Urban land occupation m‘a 4.26E-10 2.04E-10 1.26E-10 -4.05E-11 -3.58E-11
Natural land m? 6.25E-11 | 1.78E-11|  -1.78E-12|  -1.38E-11  -1.38E-11
transformation
Water depletion rh 1.38E-07 9.32E-08 8.27E-08 -3.57E-08 -3.49E-08
Metal depletion kg Fe eq 9.17E-09 7.65E-09 8.86E-09 -1.52E-10 -1.40E-10
Fossil depletion kg oil eq 7.88E-08 2.58E-08 1.3BE- -2.39E-08 -2.32E-08

*Note that positive values indicate detrimental aofs and negative values indicate beneficial ingpact

113



Percent Contribution
=100 -80 =60 =40 =20 20

-}
g
=
(=)
o
20
=

100

Climate change

Ozone depletion

Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Human toxicity
Photochemical oxidant formation
Particulate matter formation
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity

Tonising radiation
Agricultural land occupation
Urban land occupation
MNatural land transformation
Water depletion

Metal depletion

Fossil depletion

B Assembly Electricity ® Heating
Insulation Methane Leakage Biogas combustion
Methane Emission Reduction B Displacement of Fuels

Figure 5.2: Component contributions towards LCA of the US pllagv digester in the original scenario. Note thasitive
values indicate detrimental impacts and negativeegindicate beneficial impacts.

114



A scenario was run where the plug-flow digestes sfaut down during the
winter (December, January, and February) to cutdomheat energy usage and with
the assumption that the heat transfer efficiency ¥@0%. The results showed that
the amount of energy produced by the biogas (4.12B#year) was higher than the
amount of energy needed for heating the system8E3:10 J/year). Operation of the
digester using this method resulted in benefiogdacts in four categories: climate
change, ozone depletion, photochemical oxidantdtion, and natural land
transformation, while the other impacts were s&@ative (Table 5.3).

Assuming the digester could function and prodhieestame amount of biogas
without the need for heating and insulation systi® digester became sustainable in
all impact categories studied, although the neebem metal depletion was
marginal. Adding insulation back into the scenaésulted in minimal change

(£13%) in net impacts from all categories (Table 5.3)

5.3.2 Chinese Fixed-Dome Digester

In contrast to the plug-flow digester, the Chinfised-dome digester had
beneficial impacts in 16 of the 18 impacts studieithh negative impacts in water
depletion, in which the assembly contributed thestnmmpact, and metal depletion, in
which biogas combustion contributed the most towane negative impact (Table
5.4; Figure 5.3). Cement was the highest contributthe assembly stage for all
categories, contributing53% of the impact. Combustion of biogas had higbaot

on metal depletion mainly due to the use of copper steel in the biogas stove.
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Table 5.4:LCA of the fixed-dome digester in different scepari

Original Increased Displacement| Displacement Displacement
Impact category Unit Sce%ario* Biogas oFf) LPG* OF]Z Coal* of Straw and
Production* Wood*
Climate change kg CL{eq -5.41E-08 -3.42E-08 -6.89E-08 -1.41E-0y 1.18E-0
Ozone depletion kg CFC-11eq -2.14E-15 -2.48E-15 .528-15 -4.18E-16 5.71E-16
Terrestrial kgSGeq | -1.37E-10| -1.97E-10|  -4.19E-11 -7.04E-10 3.33E-1
acidification
Freshwater kgPeq | -414E-12  -6.15E-12 2.09E-12 -3.51E-11 20
eutrophication
Marine eutrophication kg N eq -3.50E-12 -5.83E-12 2.30E-12 -9.15E-12 -2.46E-12
Human toxicity kg 1,4-DB e -5.97E-09 -8.63E-09 4E009 -4.46E-08 1.34E-09
Photochemical oxIdant g NMVOC | -2.25E-10]  -2.63E-10  -L14E-10|  567E-10  .21E-10
ormation
Par;'gr“n'iatteiorr?atter kgPM1O0eq| -9.00E-11 -1.13E-10  -1.10E-1]  -2.79E-10 -1.14E-10
Terrestrial ecotoxicityy kg 1,4-DBeq -2.39E-12 2812 -5.11E-14 -1.06E-11 -1.78E-12
Freshwater ecotoxicity kg 1,4-DB eq| -3.86E-11 -9.42E-11 4.05E-11 -5.17E-10 8.17E-11
Marine ecotoxicity kg 1,4-DBeq -6.25E-11 -1.23E-10 1.23E-11 -5.68E-10 7.83E-11
lonising radiation kBg U235eq -1.26E-Q9 -1.90E-09 -3.08E-09 -3.68E-10 1.02E-09
Agricultural land méa 2.64E-10| -3.81E-10|  1.26E-10|  -2.28E-09 1.59E-10
occupation
Urban land occupation m’a -2.26E-11 -1.72E-10 1.62E-10 -9.69E-10 1.74E-10
Natural land m’ 9.42E-12| -117E-11|  -179E-11|  -7.79E-12  2.45E-1D
transformation
Water depletion h 3.05E-08 7.56E-09 2.77E-08 2.46E-08 3.77E-08
Metal depletion kg Fe eq 9.29E-10 3.14E-10 6.30E-10 1.07E-09 1.31E-09
Fossil depletion kg oil eq -1.43E-08  -1.65E-08 7E108 -2.78E-08 3.66E-09

* Note that positive values indicate detrimentapants and negative values indicate beneficial ingpac
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Figure 5.3: Component contributions towards LCA of the Chintesed-dome digester in the original scenario.
Note that positive values indicate detrimental ioipand negative values indicate beneficial impacts
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Increasing the biogas production from 12%ymar to the literature value of
302 nilyear resulted in improvements in all categorieith the exception of climate
change, as the increased biogas production redualiadreased leakage, but the
overall impact was still beneficial (Table 5.4). tdiedepletion and water depletion
were still had negative impacts in this scenario.

There were large differences in impacts from clvanthe fuels that the
biogas displaced. Compared to the original scemvehiere biogas displaced coal,
LPG, and straw and wood, when biogas displaced lda(y, there were
improvements in seven categories: climate charg@edepletion, ionizing
radiation, natural land transformation, water depie and metal depletion, and fossil
depletion, but had increased environmental burdéass beneficial impacts in other
categories, with six additional categories haviegative impacts: freshwater
eutrophication, human toxicity, freshwater ecot@yjanarine ecotoxicity,
agricultural land occupation, and urban land octiopgTable 5.4). Switching from
the original scenario to displacement of solelyl cesulted in improvements in 14 of
the impact categories (Table 5.4). Impacts for frategories (ozone depletion,
ionizing radiation, natural land transformationganetal depletion) became less
beneficial or had higher environmental burden whiegas only displaced coal.
Compared to the original scenario, displacemewndf straw and wood resulted in
improvement only in the particulate matter formateategory, reduced benefits in
three impact categories (terrestrial ecotoxicityppchemical oxidant formation,
marine eutrophication), and 12 additional categon@ing negative impacts: climate

change, ozone depletion, terrestrial acidificatfoeshwater eutrophication, human
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toxicity, freshwater ecotoxicity, marine ecotoxycitonizing radiation, agricultural
land occupation, urban land occupation, natural taansformation, and fossil

depletion (Table 5.4).

5.4 Discussion

The comparative LCA of the two digestion systelnswged that even with
96% less energy production in the fixed-dome syg@@bE+09 J/year) compared to
the plug-flow system (5.50E+10 J/year), the fixedne system was more sustainable
in all categories except for climate change. Tistaltation of the fixed-dome
digestion resulted in beneficial impacts in 16 gatees, whereas the installation of
the plug-flow digestion resulted in beneficial ingpanly in climate change category.
The fixed-dome system was found to perform susidyneven with a biogas value
(123 nilyear) that was lower than previously observed ®@2in Qi et al., 2005, or
300 nt used in other LCA studies (Wang and Zhang, 20h2ng et al., 2013).

Foley et al. (2010) mentioned the importance efwing their LCA study
within the limits of assumptions and methods usétiwthe study. Thus, even
though comparisons between results from curretysind other studies were made,
caution needs to be taken due to differences istindy contexts. Results from the
fixed-dome LCA were comparable to results in prasistudies. In Pérez et al.
(2014), cement was also found to be a major cantsittowards acidification,
eutrophication, and global warming potential duriihg construction of a fixed-dome
digester in the Andes. In addition, climate changegestrial acidification, and
freshwater eutrophication values for the constanctf the fixed-dome digester was

comparable to results observed by Pérez et al4)20tang and Zhang (2012), and
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Zhang et al. (2013) (Table 5.5). Carbon dioxideuotidn from the displacement of
alternative fuels in our study were also comparé&blesults found in Wang and
Zhang (2012) and Zhang et al. (2013), with diffeesnlikely due to the differences in
alternative fuel allocation and different accougtmethods for biogenic GQ@no
biogenic CQ was accounted in our study). The scenario withldegement of only
coal in our study, for instance, resulted in a;@@ission reduction value that was
closer to literature values (2.84 kg £&y/n? biogas).

The LCA of the fixed-dome system showed that yipe tof fuel that the
system displaced was important in determining tistasnability of the system. In
terms of climate change impact, the installatiodigesters in communities that use
solely coal will be more beneficial than commurstthat solely use straw and wood
as fuel. Bruun et al. (2014) showed that the tyffee that the digesters displaced
could affect the amount of leakage that digestetsdctolerate before digesters
become a contributor towards climate change. Caaldaescribed as one of the most
polluting fuel and emitted higher amount of greamd®gases than wood or LPG. Our
study also showed that the substitution of coalgibiogas could provide more
benefits in terms of climate change compared ttaogpg other alternative fuels,

such as straw and wood.
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Table 5.5:Comparison of Chinese fixed-dome LCA values withvyiwus research values.

Studies Climate Change Terrestrial Freshwater CO; Reduction
for Construction Acidification for Eutrophication for from Displacement
of Digesters (kg Construction of Construction of of Alternative Fuels

CO; eq/nT biogas) | Digesters (kg S&/ m® | Digesters (kg P eq/m3| (kg CO, eq/nt
biogas) biogas) biogas)
This Study 5.7E-01 1.8E-03 5.2E-05 1.3E+00
Pérez et al. (2014) 2.5E-01 1E-03 2.3E-05 -
Wang and Zhang 3.9E-01 - - 3.6E+00

(2012)

Zhang et al. (2013 3.3E-01 - - 3.8E+00

*Approximate values calculated based on figurefiwithe study.
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The plug-flow digester was shown to contributeifpasy towards reducing
climate change, mainly due to the alternative mamoanagement system of storing
manure in a lagoon that emits gidto the atmosphere. The lagoon is not covered,
and therefore, the CHs not captured and combusted. In the other catsgo
however, the system was found to be less sustamahinly due to heating and the
heating equipment installed. Lansing et al. (2GHgwed that the digestion system
could produce more energy than the energy needeekothe system given an
efficient heating system, but the study was coretliduring the May to September,
and the higher requirement projected in the cusardy for heating during the
winter increased the total additional heat enegded beyond the total biogas
produced by the system. Due to these projectednigeaiquirements, shutting down
the digester during the winter increased the netgnproduced by the system to a
positive value and allowed for biogas to be usethasole heat source. However, the
system still had negative impacts with respectdtarpact categories.

Berglund and Borjesson (2006) used a lower biegasgy production value
(5.60E+08 J/ton manure) than the US plug-flow sysite our study (1.32E+09 J/ton
manure; manure loading rate of 114 L/day; denditly kg/L; energy production of
5.50E+10 Jlyear), yet they found that energy regouént for heating farm-scale
digester was only 44% of the energy produced bylipester. This difference was
mainly due to the high energy required for heathregUS plug-flow digester
(5.0E+03 MJ/ton manure), compared to 250 MJ/tonurensed in the Berglund and

Bdrjesson (2006) study.
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There is a need to optimize energy production ftieenplug-flow digester or
reduce the amount of heating. As shown in one@fttenarios, removing the heating
component resulted in a sustainable system witheddo all impact categories.
Insulation contributed minimal negative impacts aogls the sustainability of the
system, and thus should be prioritized as a mefitroéducing heating requirement.
The use of sustainable insulation, such as saildcalso become an important
method to reduce the temperature drop in digedtessould be noted that the current
study did not investigate the use of biogas foctele generation. Waste heat from a
combined heat and power generator can be usedtdheedigester, but the impacts
of the infrastructure of a generator system wasmatuated in this study.

Other limitations within the study include the @sibns of the system
disposal, digestate handling, and avoided impaasitjve or negative) from the use
of digestate from digesters compared to alternaygtems. Disposal of system was
not included due to uncertainties in disposal mgshfor both systems, while the use
of digestate was not included as the main focusomabe displacement of alternative
fuels. Inclusion of these processes could affesstistainability of the systems.
Precision in terms of the amount of heat needethiplug-flow system could also
be improved. Within the Lansing et al. (2015) studgd for the LCA, instead of
heating manure directly within the kettle systeoidananure was injected into the
digestion system and the digestion was then hegdetie PEX and EPDM heat
exchanger system that carried the heated glycdiun@xThis could represent a big
loss of heat energy from the system. Finally, nebshe inventories used for the LCA

were based on a global context or based on ged@@lfor countries outside Europe,
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and may not be specific to either the US or Chiias could affect the sustainability
assessment results. Since LCA is an iterative ggadeis important that the uncertain
processes were omitted from the analysis, with mpogeise data collected from
further research included in future iterations.

Nevertheless, within the context of the study,rdsilts showed that the use
of more sophisticated and complicated system wetiting and insulation in a small-
scale digester to maintain biogas production thinougthe year (plug-flow system)
did not result in a more sustainable system thantlat was constructed with
minimal amount of materials, manual labor, andvedid to produce lower amount of
biogas during the winter (fixed-dome system). AG&T #Ahe government body that
promotes the dissemination of anaerobic digestettsa US, does not recommend the
installation of digesters in farms with less th&® Sows due to economic reasons
(AgSTAR, 2011). The current study shows that initaolal to economic profitability,
there is also a need to consider the sustainabilitijgester systems to ensure that

digester installation does not create more enviemtal harm than benefits.

5.5 Conclusion

A comparative LCA was conducted of an insulatetéd and automated
Taiwanese plug-flow digester in the US and a Clarie®d-dome digester that was
not heated, buried underground, and produced lgqwantity of energy during the
year. The results showed that the US plug-flow stigiewas more sustainable than
the Chinese fixed-dome system only in the clim&i@nge category, but contributed
negatively towards the other categories. Heatirtgreeating equipment were the

main contributors towards the detrimental impatiseoved in the plug-flow digester.
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A need to reduce heating requirements, especigligdyeasing the insulation of the
system in the plug-flow system was recognized. O®A of the fixed-dome system
also showed that the type of fuel displaced bydigestion system was important in

determining the sustainability of the system.
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6. Conclusion

6.1 Intellectual Merit

Chapter 2 of this dissertation represents thedtigly that compared the
effect of manure separation on £ptoduction during digestion under psychrophilic
temperatures. The results showed that in digestonucted at 24 °C, which is in the
high range of psychrophilic bacteria and low ranfjmesophilic bacteria, with long
digestion timesX20 days), the unseparated manure produced 29-40% @t than
separated manure due to higher volatile solidsectrdf the unseparated manure
broken down over time. At lower digestion time4§ days), the Cliproduction
from the separated manure was not significantffiecéht than unseparated manure
due to faster VS conversion rates in liquid, sejearananure. This indicated that
given a smaller digestion volume and shorter digedtmes, farmers operating
digesters at ~24 °C could digest separated manthew sacrificing CH
production.

Chapter 3 and 4 represent the first study comgdhe effectiveness of
wetland sediment, landfill leachate, and mesophilgestate as inocula for
agricultural anaerobic digesters at three temperatusing three inoculum to
substrate ratios and two inoculum incubation peyiedth quantification of the
methanogenic community and of the ordinal changeise Archaeal community
during inocula incubation. The alternative inocigdsted, wetland sediment (WS) and
landfill leachate (LL), after incubation 25 or 35 were shown to be viable inocula

for batch digestion at the same temperature. I@oogubated and digested at 15 °C
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did not produce viable quantities of @H.onger incubation time generally reduced
the amount of inoculum needed for batch digestimhraduced volatile fatty acids
accumulation. Overall, MD inoculum from well-estisbled digesters at a 35%
inoculum to substrate ratio (w/w) and 35 °C operal temperature is recommended
for highest CH production per unit of digester volume.

Molecular techniques provided insights into theélraaogenic and Archaeal
community shifts during the incubation of altermatinocula. High acetic acid levels
appeared to drive the dominanceMidthanosarcinaceae, while low acetic acid levels
drove the abundance bfethanosaetaceae. Methanosaetaceae abundance increased
in wetland sediment and landfill leachate reactacabated at 25 and 35 °C, and
caused samples from these reactors to generalixecga with the MD reactors that
were incubated at the same temperature and hadibigidance of
Methanosaetaceae. Methanosar cinaceae generally dominated the reactors incubated
at 15 °C, resulting in clustering in the T-RFLP floe reactors incubated at 15 °C,
regardless of inoculum source. The study also atditthat the use of inoculum rich
in Methanosarcinaceae could be beneficial in starting digesters at thedr
mesophilic temperature range (25 °C).

Finally, Chapter 5 of the dissertation was thst fatudy to assess the change
in sustainability of a small-scale digestion systesnit is translated from a developing
nation (no heating and less automation) to a dgeelmation (installed with
automation, heating, and insulation) using the ssystem boundary and assessment
methods. The LCA showed that the heated and irexulld§ plug-flow digester

contributed beneficially towards greenhouse gasatohs as the alternative manure
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management system of storing manure in lagoontsesuCH, emissions from the
manure storage lagoon. However, the Chinese fixededdigester was more
sustainable than the US plug-flow digester in 1I&®&nvironmental impact
categories and contributed beneficially to 16 duhe 18 impacts studied, despite
producing less biogas per year and operating tiefftly during the winter months.
Heating and heating equipment were the main castois towards the detrimental
impacts observed in the plug-flow digester. Thera heed to reduce heating needs or
provide more efficient digester heating methodse LEA of the fixed-dome digester
showed that the type of fuels that the digestepldced should be taken into account
before the system is built, as coal replacementsiag/n to be more sustainable than

replacing straw and wood.

6.2 Broader Impacts

Results from the research indicated that at lowopleiic operational
temperature, farmers with small digestion volume®w digestion times could
choose to digest separated or unseparated mandaéiofhally, results from the
inoculum study points to the possibility of usimgculum rich in
Methanosar cinaceae to promote higher CiHproduction for digesters functioning at
lower mesophilic temperatures. Future researchldremncentrate on applying this
knowledge to formulate an inoculum seed and agpty lab, pilot, or field-scale.
Finally, the LCA study further reinforces the imfaorce of continuing to reduce the
heating needs of digesters. Insulation, with iteimal impacts, could prove to be
useful in minimizing temperature drop in digesi@nsl reduce heating. AQSTAR

promotes the adoption of anaerobic digesters mgawith more than 500 cows due
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to economic reasons. While cost is an importartbfan the installation of digesters,
one should also consider the environmental sudigityeof digesters before a system

is built.
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Appendices

Appendix A: Detailed Calculations and Information for Plug-Flow Digester

LCA

Al. Data and Database for US plug-flow digester

Table Al: Data and database used in SimaPro for US plugdigester LCA

Water

Components in LCA | Specific Data Used in SimaPro Databa88
Polyvinylchloride, bulk polymerised| Ecoinvent 3
PVC bags {GLO}| market for | Alloc Def, U
Cast iron Cast iron {GLO}| market for | Alloc | Ecoinvent 3
Def, U
Copper wire, technology mix, ELCD
Copper consumption mix, at plant, cross
section 1 mm? EU-15 S
Polyethylene, high density, granulateEcoinvent 3
HDPE culvert {GLO}| market for | Alloc Def, U
. Diesel, combusted in industrial USLCI
Diesel :
equipment/US
. Polyvinylchloride, bulk polymerised| Ecoinvent 3
PVC pipes {GLO}| market for | Alloc Def, U
Polyethylene Polyethylene, low density, granulate Ecoinvent 3
(holding tank) {GLO}| market for | Alloc Def, U
Electricity used to Electricity, at grid, US/US USLCI
run pumps
Liquefied petroleum gas {RoW}| Ecoinvent 3
Propane market for | Alloc Def, U
Heat, central or small-scale, natural Ecoinvent 3
gas {RoW}| heat production, natura
Boiler for propane gas, at boiler modulating <100kW |
Alloc Def, U minus
Emissions to air and natural gas ingut
Emissions from Only emissions to air from Liquefied USLCI
combustion of petroleum gas, combusted in
propane industrial boiler/US
Polyethylene, high density, granulateEcoinvent 3
PEX mass {GLO}| market for | Alloc Def, U
Synthetic rubber {GLO}| market for | Ecoinvent 3
EPDM mass Alloc Def, U
Stainless steel Steel, chromium steel 18/8 {GLO}| | Ecoinvent 3
market for | Alloc Def, U
Tap water, at user {RoW}| market forEcoinvent 3

| Alloc Def, U
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Propylene glycol, liquid {GLO}| Ecoinvent 3

Propylene glycol market for | Alloc Def, U

Polystyrene foam Polystyrene foam slab {GLO}| Ecoinvent 3
mass market for | Alloc Def, U

Aluminium sheet, primary prod., ELCD
Aluminum mass prod. mix, aluminium semi-finished

sheet product RER S
Polyethylene, low density, granulate Ecoinvent 3
{GLO}| market for | Alloc Def, U
Polyethylene, low density, granulate Ecoinvent 3
{GLO}| market for | Alloc Def, U
Fe needed to scrub | Iron pellet {GLO}| market for | Alloc| Ecoinvent 3
H,S Def, U

. Polyethylene, high density, granulateEcoinvent 3
HDPE container {GLO}| market for | Alloc Def, U
Heat, central or small-scale, natural Ecoinvent 3
gas {RoW}| heat production, natura
gas, at boiler modulating <100kW |
) Alloc Def, U minus

Polyethylene core

Plastic (polyethylene

Gas Boiler and
associated electrical
needs for combusting

biogas Emissions to air and natural gas input

Heat, central or small-scale, natural Ecoinvent 3
Displacement of gas {RoW}| heat production, natura
Natural Gas gas, at boiler modulating <100kW |

Alloc Def, U
#From Sima Pro database.

P European Commission Joint Research Center (20RL (2012), and Weidema
et al. (2013).

A2. Assembly of Plug-Flow Digester

PVC Bags
Length of each PVC bag 52m Lansing et al. (2015)
Width of each PVC bag 2.83m Lansing et al. (2015)
Thickness of each PVC bag 0.001 m Lansing et alL{p

1290 kg/nt StelRay Plastic

Density of Flexible PVC Products Inc. (2014)

Assumed life span 20 years
Number of PVC bags 6
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Mass of PVC per year:
Length * height * width * density * number of bagbfespan

= (5.2*2.83*.001)*1290*6/20 = 5.70 kg/year

Cast-lIron Pumps

Mass of cast-iron pumps (two
Zoeller pumps 382 and one Zoeller 95.6 kg Klavon 88%;; Zoeller
pump 267)
Mass of cast iron 95.6 kg
Life span 20 years
Mass of cast-iron pumps per year:
mass of cast iron pump / life span
= 95.6/20 = 4.78 kaglyear
Copper Wiring
Mass of copper (assumed to be scaled up
linearly from Moss et al. (2014); volume of 20.8 k
digester in current study is 1.15 times the ©Xd
amount in Moss et al. (2014))
Life span 20 years

Mass of copper wiring per year:
mass of copper / life span

= 20.8/20 = 4.78 kgl/year = 1.04 ka/year
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PVC Pipe

Pit to holding tank (3") 120 ft Klavon (2011)
holding tank to kettle (2") 65 ft Klavon (2011
kettle to digeters (2") 60 ft Estimate
digester to septic tank (2") 56 ft Klavon (2011
septic tank to lagoon (3") 240 ft Klavon (2011

. " The Engineering
Weight (2") 0.308 kg/ft Toolbox (2015)
. " The Engineering
Weight (3") 0.64 kg/ft Toolbox (2015)
Life span 20

Mass of PVC pipe per year:

(total length of 2” pipe * weight of 2” pipe + tdtlength of 3” pipe * weight

of 3" pipe) / life span

= ((65+60+56)*0.308+(120+240)*0.64)/20 = 14.3 kedy

Holding Tank
Volume 500 gallon
Mass (assumed to be
low density 43 kg estimated
polyethylene)
Life span 20 years

Mass of polyethylene:

Mass of tank / life span

= 43/20 = 2.15 kaglyear

133




HDPE Culvert Pipe

Length of each pipe

5m Lansing et al. (2015)

Mass (N-12, 42" pipe)

39.4 kg/m

ADS, Inc. (1999

Number of digesters

6

Life span year

20 years

Mass of HDPE culvert per year:

mass of HDPE culvert per meter * length * numbledigesters / life span

39.4*5*6/20 =59.1 kg/year

Diesel for Excavation

Diesel (scaled up linearly from Moss

(2014))

(2014); volume of digester in current study
IS 1.15 times the amount in Moss et al.

et al.
262 L

Life span year

20 years

Volume of diesel per year:
Volume of diesel / life span

= 262/20 = 13.1 L/year

A3. Electricity Use for Plug-Flow Digester

Electricity for Running Pumps

Assumed flow rate for influent from
septic tank to lagoon

133 L/min

Klavon et al. (2011)

Volume needed to be pumped per d

dy 114 L/d

ay

Lgredial. (2015)

Assumed flow rate for influent from
holding tank to kettle

56.8 L/min

Klavon et al. (2011)

Assumed flow rate for effluent pit to
holding tank

303 L/min

Klavon et al.
(2011)

Horsepower of pump

0.5 hp

Zoeller (2015)

Conversion rate

746

W/hp
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Electricity needed per year:
(Time needed for pump 1 to run per day + time edddr pump 2 to run per
day + time needed for pump 3 to run per day)* dayme year * power

= (114/133+114/56.8+114/303)/60*365*0.5*746 = 7380B/year = 2.65E+07

Jlyear

A4. Methane and Biogas Production

Volume of CH produced (after 1620 nilyear | Lansing et al. (2015

leakage)
Eastern Research
0
Percent leakage rate 10% Group Inc. (2011)
Percent retained 90%
% CH, in biogas 67.2% Lansing et al. (2015)
Density of CH 0.66 kg/m
. Eastern Research
. . . 1.00*10 Group Inc. (2011),
CH, emitted during combustion kg/BTU with correction by
Klavon (2011)
Conversion factor 33898 BTU/m
CH, energy content 3.39E+07 fm  he Engineering

Toolbox (2015)

Mass of CH leaked:
Volume of CH after leakage * leakage rate (%) / percent rethingensity
of CH,
=1620*10/90*0.66 = 119 kg/year
Volume of biogas produced:
Volume of CH after leakage / percent retained *100 / %,@tHbiogas * 100

= 1620/90*100/67.2*100 = 2680%year
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Mass of CH released during combustion (Eastern Research Gnou2011)):
Volume of CH (after leakage) * conversion factor * GEmitted during
combustion
= 1620 * 33898 * 1.00*18 = 0.0549 kg/year

Volume of net CH:

Volume of CH after leakage — (CHeleased during combustion/density of
CHy)
= 1620-(0.0549/0.66) = 1620°year

Energy value from CiH

Volume of net Ci* CH,4 energy content

=1620*3.39E+07 = 5.50E+10 J/year

A5. Heating

PEX Tubing (Cross-Linked HDPE 2.5cm)

Length (estimate) 20.8 m
Wall Thickness (estimate 0.00318 m
Diameter of tube 0.025m
. Lyons and AHR Architects
Density of PEX 948 kg/f (2015)
Life span 20 years

Mass of PEX tubing per year:
(Volume of PEX tubing — volume of inner space)ehdity / life span

= ((x*((0.00318*2+0.025)/2)20.8)-(r*(0.025/2/*20.8)) * 948 /20

= 0.278 kglyear

136



Ethylene Propylene Diene Monomer (EPDM)

Surfggf ;rgeeastcec;vered 17 nf Lansing et al. (2015)
Inner Diameter 0.00476 m Lansing et al. (2015)
Length of culvert 5m
OD of each tube based
on 3/16"ID 0.00953 m
Density of EPDM 1170 kg/m WRS (2015)
Life span year 20
Number of digester 6

Mass of EPDM per year:
Surface area covered per digester / surface &esch tube * (volume of tube
— volume of tube inner space) * number of digestatensity / life span

= 17/*0.00953*5)*(n*(0.00953/2§*5- *(0.00476/2§*5)*6*1170/20

= 10.7 kalyear

Stainless Steel:

Stainless Steel (assumed to be scaled up lingary Moss
et al. (2014); volume of digester in current stigl$.15 477 kg
times the amount in Moss et al. (2014))
Life span 20 years

Mass of stainless steel per year:
mass of stainless steel / life span

= 477/20 = 23.8 kglyear
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Tap Water and Propylene Glycol for Heating

Number of times water is replaced per 5
year (assumed)
Percent water 70% Lansing et al. (201p)
Percent propylene glycol 30% Lansing et al. (2015)
Density of water 1000 kg/i
Density of propylene glycol 965 kgfm

Mass of water needed:
Volume of inner space within EPDM and PEX tubisgd above) * number
of times solution is changed per year (assuméxe t9) * percent water *
density of water
= (17/¢*0.00953*5)*(1*(0.00476/2§*5)*6 + n*(0.025/2F*20.8) *2*70/100
*1000 =_99.8 kglyear

Volume of propylene glycol needed:
Volume of inner space within EPDM and PEX tubisgd above) * number
of times solution is changed per year (assuméxe t?) * percent propylene
glycol * density of propylene glycol
= (17/*0.00953*5)*(*(0.00476/2§*5)*6 + n*(0.025/2f*20.8)*2*30/100

*965 = 41.3 kg/year

138



Mass and Energy Content of Propane Gas needed forddting

Propane use between May and September 4.5 kg/d ayLaalnsé%%g t
Temperature drop in digesters between May and 1 °C/da Lansing et
September y al., 2015
Average temperature between May and 217 °C NOAA
September ' (2015a)
Average temperature of digesters between May 27 5 °C Lansing et
and September ' al., 2015
. o NOAA
Average temperature between October and April 6.5 (2015a)
The
Energy Content of propane 5.02E+07 JﬁkgE E‘r%'gliir)'(ng
(2015)
The
. Engineering
Propane density 0.508 kg/L Toolbox
(2015)

Mass of propane needed for the year:

amount of propane needed per day * number of daygeen May and

September + estimated temperature drop in digbstareen October and

April * amount of propane needed between May agyk&nber /daily

temperature drop between May and September * nuafloays between

October and April

= 4.5%153+ (27.5-6.5)/(27.5-21.7)*4.5/1*212

= 4,143 kglyear

Amount of energy needed from propane for heating:

Mass of propane needed per year * energy conf@bpane

= 4,143* 5.02E+07 = 2.08E+11 J/year
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Biogas was used to heat the system, but propaneseaksif biogas energy was not

sufficient. In the original scenario, energy neetltecheating was 2.08E+11 Jlyear,

but only 5.50E+10 J/year was produced from thedsogherefore, 2.08E+11 -

5.50E+10 = 1.53E+11 Jl/year is needed for heatirnigaroriginal scenario.

Mass of propane needed:

Amount of energy needed / energy content of prepan

= 1.53E+11/5.02E+07 = 3.05E+03 kg/year

Inputs Specific Data Used in SimaPro Database An:r?gl?: of
Heat, central or small-scale,
natural gas {RoW}| heat
Boiler for production, n{:\tural gas, at _
propane boiler modulating <_100kW || Ecoinvent 3 2.78 7
Alloc Def, U minus
Emissions to air and natural
gas input
I Only emissions to air from
Emissions from Liquefied petroleum gas
combustion of d petroleum gas, USLCI 1.09E-07 L
propane combustgd in industrial
boiler/US

Amount of boiler for propane:

Amount of energy needed per year/joules of engy biogas per year

= 1.53E+11/5.50E+10

=278

Amount of propane used to calculate emissions frombustion of propane:

Mass of propane needed / joules of energy frorgdsiger year / density of

propane

= 3.05E+03 / 5.50E+10/ 0.508

=1.09E-07 L
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AB. Insulation

Polystyrene foam at the bottom of Bags

Length 5m Lansing et al. (2015)
Diameter of each foam .
(based on culvert) 1.07 m Lansing et al. (2015)
Density of expanded 3 The Engineering Toolbox
polystyrene 22.5 kg/m (2015)
Number of foams 6 Lansing et al. (2015)
Volume of each PVC bag 3m3 Lansing et al. (2015)
Assumed life span 20 years

Mass of polystyrene foam per year:

(volume of culvert — volume of PVC bag) * numloétbags * density of

polystyrene / life span:

(n*(1.07/2)*5-3)*6*22.5/20

=10.1 kglyear

Polystyrene foam around culvert and spray foam

Lansing et al.
Length of culvert 5m (2015)
Diameter of foam + culvert 117 m Lansing et al.
(assumed to circular) ' (2015)
. The Engineering
Density of expanded polystyrene 22.5 kiy/m Toolbox (2015)
Assume life span 20 years
Number of PVC bag 6

Polystyrene foam mass per year:

(volume of (culvert+outer foam) — volume of culj&density of

polystyrene*number of digesters/life span

= ((n*(1.17/2Y*5)-(n*(1.07/2)*5))*22.5*6/20 = 6.06 kg/year
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Aluminum Foil

length 5m Lansing et al. (2015
Width 1.68 m Lansing et al. (2015
Thickness 0.0001 m Estimated
Density of aluminum 2700 kgl
Number of a_Iuminum sheets per > Lansing et al. (2015)
digester
Number of digesters 6
Life span year 20 years

Mass of aluminum foils per year:
Volume of aluminum * density of aluminum * numhsraluminum sheets
per digester * number of digesters / life span

= 5*1.68*0.0001*2700*2*6/20

= 1.36 kalyear

Polyethylene Core within Radiant Heating Barrier

length 5m Lansing et al. (2015)
Width 1.68m Lansing et al. (2015)
Thickness 0.0001 m Estimate

The Engineering

Density of polyethylene 940 kg)am Toolbox (2015)

Number of digesters 6
Life span year 20 years

Mass of polyethylene core per year:
Volume of polyethylene * density of polyethylen@déimber of digesters / life
span

= 5*1.68*0.0001*940*6/20 =0.237 kg/year
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Plastic Sheets Covering Outer Foam

Length 5m Lansing et al. (2015)
Circumference for culvert/width 1 (based .
on 1.07 m diameter) 3.36m Lansing et al. (2015)
Circumference for outer foam/width 2
(Assumed to be circular and based on  3.68 m
1.17 m diameter)
Thickness 0.0001 m Lansing et al. (2015
Density of plastic (assumed to be The Engineering
polyethylene) 940 kg/nt Toolbox (2015)
Number of digesters 6
Life span year 20 years

Mass of polyethylene sheets per year:

Volume of plastic sheet 1 covering culvert + vouof plastic sheet 2

covering outer foam * density * number of digest#ife span

= ((5*3.36%0.0001)+(5*3.68*0.0001))*940*6/20

= 0.993 kagl/year

A7. Scrubbing and Combustion of Biogas

HDPE Container for Iron Pellets

HDPE container mass 0.0494 kg | Estimated based on fixed-dome system

Life span 20 years

Mass of HDPE per year:
HDPE container mass / life span

= 0.0494/20 = 0.00247 kg/year
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Mass of Iron Oxide (Assumed to be Iron) Needed fdBcrubbing

Quantity of biogas 2679 ftyear
% H,S in biogas 0.43% Lansing et al. (2015)
Assumed temperature 25 °C
Conversion factor 40.9 molesim PV=nRT
Mole ratio for iron to HS 2/3
Molecular weight for iron| 0.0558 kg/mole

F&04(s)+3H:S(g)> 2FeS(s)+3kO())

Mass of iron needed:

%H,S * biogas volume * conversion factor * mole ratfosiolecular weight

for iron

= 0.43/100*2679*40.9*2/3*0.0558 = 17.7 kglyear

Combustion of biogas

Components in

Specific Data Used in

Database Input

LCA SimaPro
Heat, central or small-scale,
Gas Boiler and natural gas {RoWj}| heat
associated production, natural gas, at
electrical needs | boiler modulating <100kW || Ecoinvent 3 1J

for combusting
biogas

Alloc Def, U minus
Emissions to air and natural
gas input

Methane emitted during combustion of biogas:

Calculations can be found Appendix Section A4.
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A8. Greenhouse Gas Emissions from Lagoons (Emissi&eduction)

crust cover)

VS production per cow, 6.4 kg VS/day/cow ASAE, 2003
Number of cows 12 Estimate
Days in year 365
CH, production rate 0.335 kg VS Witarsa and Lansing, 201
Conversion factor 0.67 kg GHin® CH,
MCEF (liquid/slurry with 26% Eastern Research Grou

Inc. (2011)

4

Mass of CH emission reduction from lagoons (Eastern Rese@rohnp Inc. (2011)):

VS production per cow * number of cows * numbedays in year * Chl

production rate * MCF * conversion factor

= 6.4*12*365*0.335*26/100*0.67 = 1636 kg Ghgear
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Appendix B: Detailed Calculations and Information for Chinese Fixed-Dome

Digester LCA

B1. Data and Database for fixed-dome digester

Table B1: Data and database used in SimaPro for Chinese-fi@ste digester LCA

Emissions from
combustion of LPG an
LPG use

petroleum gas, combusted in industri
Hboiler/US, and Liquefied petroleum gs
{RoW}| market for | Alloc Def, U

Components in LCA | Specific Data Used in SimaPro Dabasé®

Cement, Portland {RoW}| market for | Ecoinvent 3
Cement Alloc Def, U
Sand Sand {GLO}| market for | Alloc Def, U Ecoin¥én

Gravel, crushed {GLO}| market for | | Ecoinvent 3
Gravel Alloc Def, U

Polyethylene, high density, granulate| Ecoinvent 3
Polyethylene pipe {GLO}| market for | Alloc Def, U

Polyethylene, high density, granulate| Ecoinvent 3
HDPE Container {GLO}| market for | Alloc Def, U

Iron pellet {GLO}| market for | Alloc | Ecoinvent 3
Fe needed to scrub,8 | Def, U

Copper {GLO}| market for | Alloc Def,| Ecoinvent 3
Copper (stove) U

Cast iron {GLO}| market for | Alloc Ecoinvent 3
Cast iron (stove) Def, U

Steel, chromium steel 18/8 {GLO}| | Ecoinvent 3
Stainless steel (stove) | market for | Alloc Def, U

Log, energy wood, split, measured as Ecoinvent 3

solid wood under bark {CH}| heat
Heat Energy from production, mixed logs, at wood heater
wood 6kW | Alloc Def, U
Heat Energy from Stalk {GLO}| treatment of, in wood Ecoinvent 3
straw heater 6kW | Alloc Def, U

Heat, central or small-scale, other tharEcoinvent 3

natural gas {RoW}| heat production,

hard coal briquette, stove 5-15kW |
Heat Energy from coal| Alloc Def, U

Only emissions to air from Liquefied | USLCI,

aEcoinvent 3
2S

Stove for LPG

Assumed to be the same stove used
burning biogas (Copper {GLO}|
market for | Alloc Def, U; Cast iron
{GLO}| market for | Alloc Def, U;
Steel, chromium steel 18/8 {GLO}|

fécoinvent 3

market for | Alloc Def, U)
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#From Sima Pro database.
P NREL (2012), and Weidema et al. (2013).

B2. Assembly of Fixed-Dome Digester

Cement

Ministry of Agriculture Science and Educatior
Division (MOASED) and Ministry of

Mass of cement 1042 ke Agriculture Chinese Rural Energy and

Environment Agency (MOACREEA) (2013)

Assumed life
span

20 years

Mass of cement needed:
mass of cement / life span

=1042/20 = 52.1 kglyear

Medium Sand
Volume of sand 1.51 ™ MOASED and MOACREEA (2013)
Density of sand 1440 kgfn The Engineering Toolbox (2015)
Assumed life span 20 years

Mass of sand needed:
Volume of sand * density / life span

= 1.51*1440/20 = 109 kg/year
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Gravel

Volume of gravel 2.17 th MOASED ?znodlel\’/;OACREEA
Density of sand 1520 kgfn The Engineering Toolbox (2015)
Assumed life span 20 years
Mass of gravel needed:
Volume of gravel * density / life span
= 2.17*1520/20 = 165 kgl/year
Polyethylene (PE) Pipe (Assumed to be HDPE)
30m Estimate

Length of pipe (16mm diameter)
Weight of PE pipe 0.119 kg/m

The Engineering
Toolbox (2015)

Assumed life span 20 years

Mass of PE pipe needed:
Length of pipe * weight / life span

= 30*0.119/20 = 0.179 kg/year

B3. Biogas and Methane Production

Digester 1
Time used for cooking over 10 days 220 minutes Field Survey
(assumed to be winter period)
Time data was collected December 2014
Volume of water for energy flow test 500 mL
Density of water 1 g/mL
Initial temperature of water for energy 8.8 °C
flow test '
Final water temperature for energy o
flow test 100°C
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Time for water to boil 4.55 minutes

Specific heat capacity of water 4.184 J/g/°C
Mass of stainless steel pot 188 g
Dirac Delta
Specific heat capacity of stainless steel 0.5100d/g Consultants
Ltd (2015)
Assumed Percent CH 60% Se(ggi)g; al.
Energy content of CH 3.39E+07 J/rh
Estimated summer values for cooking 105 minutes/dayField Survey
Estimated number of days for summer 182.5 days
Estimated number of days for winterf 182.5 days

Energy flow for digester:
((Volume of water * density * specific heat cajppp¢ temperature change) +
(mass of stainless steel * specific heat capddigynperature change)) / time
for water to boll

= ((500*1*4.184*(100-8.8))+(188*0.510*(100-8.8)55 = 4.39E+04 J/min

Energy produced by biogas per day during winter:
total minutes from survey / time range for survegergy flow
= 220/10*4.39E+04 =9.66E+05 J/day
Volume of CH, for cooking per day (after leakage and after eimisduring
combustion) in winter:
Energy flow produced by biogas per day / energyerat of CH
= 9.66E+05/3.39E+07= 0.0285'hay
Energy produced by biogas per day during Summer:
= total minutes per day *energy flow

= 105*4.39E+04 = 4.61E+06 J/day
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Volume of CH, for cooking per day in Summer (after leakage dtet @mission

during combustion):

Energy flow produced by biogas per day / energyert of CH

= 4.61E+06/3.39E+07= 0.136°fday

Total CH, produced per year:

Number of days in winter * CHproduced in winter + number of days in

summer * CH produced in summer

= 182.5* 0.0285 + 182.5*0.136 = 30.0/year

Digester 2

Time used for cooking
over 4 days

266 minutes

Field Survey; data was
only filled out only
over a period of four

cooking

days
Time data was collected December 201
Volume of water for 500 mL
energy flow test
Density of water 1g/mL
Initial temperature of o
7.1°C
water for energy flow test
Final water temperature 100 °C
for energy flow test
Time for water to boil 4.08 minutes
Specific heat capacity of 4.184 Jigl°C
water
Mass of stainless steel 188
pot
Specific heat capacity of o Dirac Delta
stainless steel 0.510 Jig*C Consultants Ltd (2015
Assumed Percent CH 60% Seadi et al. (2008)
Energy content of CH 3.39E+07 J/rh
Factor to estimate Based on the same
summer CH values for 4,77

factor in Digester 1
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Energy flow for digester:

((Volume of water * density * specific heat capggci temperature) + (mass of
stainless steel * specific heat capacity * tempaethange)) / time for water
to boil
= ((500*1*4.184*(100-7.1)) + (188*0.510*(100-7.})}+.08

= 4.98E+04 J/min

Energy produced by biogas per day in winter:
total minutes for survey / time range for surveynérgy flow of water

= 266/4*4.98E+04 = 3.31E+06 J/day

Volume of CH, for cooking per day (after leakage and after eimisduring
combustion) in winter:
Energy flow produced by biogas per day / energyeat of CH4
= 3.31E+06/3.39E+07= 0.097 Pfuay
Energy produced by biogas per day during summer:
factor to estimate summer values * total minutesday in winter*energy
flow

= 4.77*266/4*4.98E+04 = 1.58E+07 J/day

Volume of CH, for cooking per day (after leakage and after eimmsduring
combustion) in summer:
Energy flow produced by biogas per day / energyerat of CH

= 1.58E+07/3.39E+07= 0.466°fday
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Total CH, produced per year:
Number of days in winter * CHproduced in winter + number of days in
summer * CH produced in summer
= 182.5* 0.0977 + 182.5*0.466 = 103 m3/year
Average CH for cooking per year from Digesters 1 and 2:
(Volume of CH, for cooking per year from Digester 1 + Volume d¢fiQJor
cooking per year from Digester 1)/2
= (30.0+103)/2 = 66.4 fiyear
Average CH energy for cooking per year from Digesters 1 and 2
Volume of CH produced * energy content of GH

= 66.4*3.39E+07=_2.25E+09 J/year

Volume of CH, for 66.4 milyear See above
cooking
Conversion Factor 33,898 BTU/m
Eastern Research Group
CH, emitted during 1.00*10° Inc. (2011), with
combustion kg/BTU correction by Klavon
(2011)
Density of CH 0.66 kg/ni
Assumed leakage rate 10% Eastemcll??;gfgh Group
Percent retained 90%
Assumed percent CH 60% Seadi et al. (2008)
content in biogas
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Volume of CH, emitted from combustion (Eastern Research Groap(29011), with
corrections by Klavon (2011)):
Volume of CH for cooking per year/(1/conversion factor/Céinitted during
combustion - 1) / Density of CH

= 66.4 / (1/(33898)/(1.001%)-1)/0.66= 0.00341 fiday

Mass of CH emitted from combustion:
Volume of CH emitted from combustion * Density of GH

= 0.00341*0.66 = 0.00225 kagl/year

Methane utilized for combustion (methane after deph:
Volume Methane used for energy production + methateased from
combustion
= 66.4+0.00341 = 66.4 Hyear
Volume of CH, Leaked:
Volume of methane after leakage / percent retatrsetcent leaked
= 66.4/(90/100)*10/100 = 7.38%year
Mass of CH Leaked:
Volume of CH leaked * density of CiH
= 7.38*0.66 = 4.87 kalyear
Volume of biogas produced:

(CH,4 leaked + CH utilized for combustion) / percent Glih biogas

= (7.38+66.4)/60*100 = 123 tyear
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B4. Biogas Scrubbing, Combustion, and Displacemenf Alternative Fuels

HDPE Container for Iron Pellets

HDPE container mass

0.0494 kg Measu

red

Life span

20 years

Mass of HDPE needed per year:

HDPE container m

ass / life span

=0.0494/20 = 0.00247 kg/year

Mass of Iron Oxide (Assumed to be Iron) Needed fdBcrubbing

Quantity of biogas 123 ttyear
% H,S in biogas 0.5% Seadi et al. (2015)
Assumed temperature 25 °C
Conversion factor 40.9 PV=nRT
moles/ni
Mole ratio for iron to HS 2/3
Molecular weight for iron 0.0558
kg/mole

F&05(s)+3H:S(9)> 2FeS(s)+3k0())

Mass of iron needed:

%H,S * biogas volume * conversion factor * mole ratiosiolecular weight

for iron

= 0.5/100*123*40.9*2/3*0.0558 = 0.936 kg/year

Copper Mass for Stove

Mass of copper

0.451 kg

Estimated from Mei Jia Sistove
(Rong Gui Mei Jia, Guangdong, China)

Life span

20 years
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Mass of copper needed per year:
Copper mass / life span

= 0.451/20 = 0.0226 kg/year

Cast Iron Mass for Stove

Estimated from Mei Jia Sistove

Mass of cast iron 3.09kg (Rong Gui Mei Jia, Guangdong, China)

Life span 20 years

Mass of cast iron needed per year:
Cast iron mass / life span

= 3.09/20 = 0.155 kalyear

Stainless Steel Mass for Stove

Mass of stainless 148 K Estimated from Mei Jia Sistove (Rong
steel ' 9 Gui Mei Jia, Guangdong, China)

Life span 20 years

Mass of stainless steel needed per year:
Stainless steel mass / life span

=1.48/20 = 0.0742 kgl/year

Methane emitted during combustion of biogas:

Calculations can be found undpendix Section B3.

155



Displacement of Alternative Fuels

Components in Specific Data Used in Database Amount of
LCA SimaPro Input
Log, energy wood, split,
measured as solid wood under
Heat Energy from - {CH}| heat production, | Ecoinvent 3 '1'775'11
wood . m
mixed logs, at wood heater
6kW | Alloc Def, U
Stalk {GLO}| treatment of, in
Heat Energy from /o4 heater 6kw | Alloc Def| Ecoinvent 3 -1.21E-08
straw U kg
Heat, central or small-scale
other than natural gas {RoWj
Heat ir(lglgy from heat production, hard coal | Ecoinvent 3 0.167 J
briquette, stove 5-15kW |
Alloc Def, U
Only emissions to air from
Emissions from Liguefied petroleum gas,
) combusted in industrial USLCI,
combustion of . . . . 1.962E-08 L
boiler/US, and Liquefied Ecoinvent 3
LPG and LPG use
petroleum gas {RoW}| market
for | Alloc Def, U
Assumed to be the same stoye
used for burning biogas
(Copper {GLO}| market for |
Alloc Def, U; Cast iron
Stove for LPG {GLO}| market for | Alloc Ecoinvent 3 0.5J

Def, U;
Steel, chromium steel 18/8
{GLO}| market for | Alloc

Def, U)

Each joule of energy from the biogas was useddplalce the following fuels:

0.5 J of LPG, 0.167 J of firewood, 0.167 J ofwirand 0.167 J of LPG

Amount of straw input:

Amount of energy to be displaced / energy corfremh stalk

=0.167/1.38E+07 = 1.21E-08 kg
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Where 1.38E+07 J/kg is energy content of stalk ftbenEcoinvent database. Note
that value has to be entered into the system astimeglue to the negative nature of
the specified data.
Amount of wood input:

Amount of energy to be displaced / energy confremh wood

= 0.167/9.43E+09 = 1.77E-11°m
Where 9.43E+09 J/fis energy content of stalk from the Ecoinvent Hase. Note
that value has to be entered into the system astimeglue to the negative nature of
the specified data.
Volume of LPG displaced:

Energy from LPG/energy content of propane / dgridipropane

= 0.5/5.02E+07/0.508

=1.962E-08 L
Where 5.02E+07 J/kg is the energy content of prepand 0.508 kg/L is the density
of propane.
The stove for LPG was assumed to be made of the szaterials as the stove for
biogas (0.0226 kg/year copper, 0.155 kg/year cast and 0.0742 kg/year stainless

steel).
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B5. Greenhouse Gas Emissions from Septic Tank (Gnelgouse Gas Emissions

Reduction)
Default maximum Chfor wastewater 0.6 kg/kg BOD Do((;ronog; al.
: Doorn et al.
MCF (methane correction factor) 0.5 (2006)
Number of persons for Digester 1 0
Number of persons for Digester 2 3
. L Doorn et al.
BOD estimate 0.040 kg/person/day (2006)
Number of days per year 365
CH,4 emission per year 13.14 kg Qkear

Greenhouse gas emission reductions from Digestetyl(Doorn et al., 2006):
Default maximum Cklfor wastewater * MCF * Number of persons * BOD
estimate * number of days
= 0.6*0.5*3*0.040*365 = 13.1 kg/year

Average Greenhouse gas emission reductions fromdgesters:
= (greenhouse gas emission reductions from DigésteDigester 2)/2

= (13.1+0)/2= 6.57 kalyear
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