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Executive Summary

Onfarm manure management in tHeS. has traditionally focused on lagoon storage for wastes,
followed by application of liquids and solids to forage crops, with amounts and timing controlled
to match plant nutrient uptake. Anaerobic digesters provide several important benefits compared
to this approach. During anaerobic digestion, natw@slyuring microorganisms working in an
oxygenfree environment convert complex organic materials, such as manures or food scraps,
into biogas. The process also reduces odors and pathogens, stabilizes waste streams through
reduction of solids and organic conteartdreducegreenhouse gaseleases to the atmosphere
However, adoption of anaerobic digesters in the United States has been slow. As of May 2016,
there were 209 operational anaerobic digesters in the U.S., serving an estimated 6% of the U.S.
dairy herd.n Washington State, there were seven operational dairy digesters as2ff1wid

One strategy that has been suggested to enhance adoption of anaerobic digestion is to
complement the digester with other technologies that allow the system to producéemultip
valueaddedco-products Marketing of such products could improve the economics of anaerobic
digestion, overcoming one of the barriers affecting adoption of these technologies.

While digesters can provide several important benefits, they do notdiggsdeduce nutrients.

In fact, the amount of nutrients that need to be managed can increase substantially if the digester
accepts offsite organics such as ppeocessing food wastes (and the nutrients they corttain)
improve biogas production and pitability. This is important, as nutrien¢lated challenges are

an increasing issue for dairies, and an increasing public concern in many areas that have
significant concentrations of dairy cows. One solution to these concerns that is receiving
widespreadhttention, is to develop viable nutrient recovery opportunities, including those that

can be integrated with existing anaerobic digestion technold&jiesessful integration would

allow dairies to both improve the economic and environmental performétiegrananure
management operations.

Addressing the twin challenges of improving adoption of anaerobic digesters and providing new
tools to improve nutrient management could provide important benefits to the dairy industry and
to the public in Washingto8tate. The projects that were part of the Appendix A research during
the 20152017 biennium focus on these challenges from numerous angles, and address topics
including technologies appropriate for largeale and smaBcale dairies, added value

bioproducts that could be produced in anaerobic digestion sydteimgrove economics, and
outreach and extension activities. A summary of that work is provided here, with additional
detail provided in the chapters that follow.

Section 1: Technologies for an Irggrated Large Scale Anaerobic Digestion System

Anaerobic digestion technologies are commonly applied on-Ergle dairies, as larger scales
tend to create efficiencies that are needed for improved economics. The three projects in this
section all look at new technologies that would be applicableeattlarger scales.

Chapter 1: Polishing Effluent from Anaerobic Digestion for Water Rdaseribes an
investigation into the performance of two technologies: the Fenton process and sand filtration, as
well as including a review of the scientific and regulatory context surrounding polishing
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anaerobic digestion effluent for water reuse. Thearebers investigated options for
economically cleaning wastewater to a point where it could be reused within the dairy; or land
applied with a reduced need for managing nutrients. Such reuse options could transform manure
management on dairies. These peses were used at the laboratory scale for recovering
additional nutrients aftarsingtwo existing nutrient recovery processes, ammonia strigping
nitrogen recoverynd struvite precipitatiofor phosphorus. Using the four procegsesnmonia
stripping,struvite precipitation, the Fenton process, and sand filti@tinrsequenceover 85%
reduction of each of the indicators measusegachieved, including chemical oxygen demand
(87.10%), total nitrogen (97.36%), total carbon (92.81%), ammonia nitrogeti 88 and total
phosphorus (93.74%). These integrated processes also effectively removed color from the
wastewater. An economic analysis showed that it could be feasible to integrate the Fenton
process and sand filtration technology along with ammorigstg and struvite if the struvite

can be effectively monetized. To further reduce costs, the chemicaé espdcially sulfuric

acidd should be either optimized or substitutédr more on replacing the sulfuric acid used in
ammonia strippingee Chapte2, below

Chapter 2: Ammonia RecyclisiBased Technology for Pretreatment of Lignocellulose to

Enhance Biogas Productidocuses on whether agricultural residues, abundant in Washington

State, could be edigested with manure to increase biogas produet@himprovedairy

anaerobic digester profitabiliffand therefore, hopefully, adoptioffhe biggest barrier to this is

that crop residues (as well as the fiber in manure) require pretreatment to loosen the plant cell

wall structure and allow microbes @agcess and use the material during digestion. In this project,

a new integrated process for pretreating crop residues was developed and tested, and the
economics were analyzeld. the first step of the process, ammonia was stripped from anaerobic
digestioneffluent using biogas. Stripping with air would be more common, but that process

requires sulfuric acid for fixing the ammonia, adding cost. After stripping, the ammonia was

used to pretreat crop residues, in this case, wheat straw. Raw biogas (40%icaditlen

concentration) achieved greater than 80% ammonia removal at temperatures of 80°C and above,
but was not efficient at lower temperatures. At temperatures of 70°C, purified biogas (10%

carbon dioxideeoncentration) also achieved 80% ammoniaremdval,e s e resul t s i ndi
|l ow concentrati on ammo npgrogessfar thd conrweasiomod nt 1 s a p
agricultural residues to bioenetgy but one t hat would need to be
thermophilic anaer obihcatd ingoesstt idoing e sltte riss inno ttehwe
mesophilic t emp¥rAmong thepsetreatinenBpfbthcols examin@d, 0.70%

ammonia concentration at 105°C resulted in the greatest methane yield from pretreated wheat

straw (353.8 mL g volatile solids). An economic analysis indicated that thermophilic anaerobic
digestion of manure and wheat straw showed improved profitability compared to mesophilic
anaerobic digestion without pretreatment, as indicated by a reduced minimum selling price for
biogasderived compressed natural gas. Based on an analysis of the factors affecting the
manufacturing cost of biogakerived compressed natural gas using thermophilic anaerobic

digestion, further work to improve profitability should be aimed at increasimpissed natural

gas production and developing a market for the organic fertilizpraduct. The analysis also

showed that feedstock cagould bean important issue affecting the economic viability of an

anaerobic digestion projedobr those that pur@se feedstocks

Water characteristics such as color and odor may affect the end uses for wastewater from
anaerobic digestiorChapter 3: Wet Oxidation for Wastewater Color Remawadstigated
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whether advanced oxidation processes could be integrateduwtitbnt recovery to improve

color, odor, and chemical oxygen demand in anaerobic digestion effluent. Different system
configurations, ozone concentrations, and spatdinges were evaluated at the laboratory scale,
and their effects on color, odor, chemical oxygen demand, and dissolved carbon were measured.
Up to 88% of true color and up to 40% of chemical oxygen demand were reruggdvas
removed as quickly as withfive minutes Total dissolved carbon content did not drastically
change. While ozonation successfully removed color, odor, and chemical oxygen demand,
detailed capital and operating costs for implementing this unit process are needed for each
system confjuration and treatment condition, in order to determine the most viable operation
scheme. Further research is also necessary to evaluate ozonation on a continuous basis, for
integration with nutrient recovery technologies.

Section 2: Technologies to Endb the Adoption of Anaerobic Digestion in Small Dairy
Operations

While current economics limit use of digesters to larger dairies, more than 75% of the dairies in
Washington State are smadr mid-sized, with less than 700 mature animalsese dairiesdve

quite different financial, operational, and economic features than larger d8eiesral projects
carried out during the 2012017 bienniumspecificallyaimed to develop digester and nutrient
recovery technologies that could be used by small dairie

In Chapter 4:Digester Technology for Smalind MediumSized Dairy Farmgesearchers
reviewedthe literature on existing anaerobic digestion technologies, with the goal of identifying
simplified and efficient technolagsthat could be appropriate sthaller scalesCurrent barriers

to applicability of these technologiesrethen identified, and solutions to overcome these
barriersweretested. The review indicated two promising anaerobic digestion technologies for
small and mediurrsized dairiesFirst, anaerobic digestion at thermophilic temperatures is more
efficient and leads to a more complete utilization of the coarse fibers in m&eoond,

anaerobic digestion conducted at a high level of total sobdéd beeconomical for smalland
mediumscale anaerobic digestion. However, ammonia inhibition of anaerobic digestion can be a
serious concern under thermophilic and high (greater than 10%) total solids conditions. For this
reason, the research group developed a technique that simplifiestéma &y combining

ammonia stripping and thermophilic anaerobic digestiothin the same digester. They found

that using the optimum stripping rate of 1 mitha maximum methane production of 192.3 L kg

1 of volatile solids was achieved. Under these @ik, ammonium inhibition was removed

the efficiency of anaerobic digestion was greatly improved, the anaerobic digestion process was
simplified, and wastewater emissions were reduced. Overall, this approach has the potential to
achieve nitrogen recovery through a simpler and moregftestive process than other reported
options. With further development, this approach may make it possible for andhlinedium

scale dairy digesters to digest manure with a high total solids content, improve methane
production, and reduce wastewater discharigge recovering nutrients.

Co-products that can be produced in an anaerobic digdséised biorefinery can directly
improve the anaerobic digestion outcomes, and may be applicable to issues faced-tandmall
mid-size dairiesChapter 5: Engineerechtlustrial Biochar Adsorbents as Alternatives for

1 During sparging, a gas is bubbled through a liquid.
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Nutrient Management in Anaerobic Digestdiscusses work that advances the design and use of
biochar to adsorb and retain nutrients &sdherichia coliResearchers developed an engineered
biochar made frm anaerobic digestion fiber that fulfills two important roles: adsorbing

hydrogen sulfide from biogas, and removing phosphorus from the liquid effluent. Another
adsorbent was developed from a woody material with low ash content activated with phosphoric
aad for adsorbing ammonia gas. A third adsorbent doped with nitrogen was develoged for

coli removal. Biochars produced at high temperatures (above 500°C) from anaerobic digestion
fiber adsorbed hydrogen sulfide from biogas at levels that were comptr aitadse of

commercial activated carbon. Phosphate recovery of 97.62% was also observed. The biochar
activated with phosphoric acid also showed a high capacity for ammonia removal, adsorbing
approximately ten times more ammonia than the activated carB0ri (hg of ammonia per g of
biochar vs. 16.2 mg of ammonia per g of activated carbon). Biochar engineered by introducing
nitrogen functional groups removed up to 82.2 % ofolifrom effluent. In addition, new
spectroscopic methods (Raman, XPS, and NMRpiochar characterization were developed
through this research, allowing researchers to quantify defects in the biochar sthaticoald

have a major impact on their capacity to adsorb pollutants. This research shows promise for
addressing environméal concerns related to anaerobic digester effusnich as removing
hydrogen sulfide, nutrients, and pathogem@sd for creating a valuable market for engineered
biochars as adsorbents.

Section 3: Ceproducts from Anaerobic Digestion Systems

While bioga is one major produtiat is obtainedrbm an anaerobic digestion system, other co
products can be critical to successful project economics, as recent analyses haveT$tgown.
first two projects in this section take a closer look at issues relatingge teproducts from
anaerobic digestion systems.

Chapter 6examines methods fétroducing Biofertilizer as A G&roduct of Anaerobic

Digestion Even after processing steps such as ammonia stripping and phosphorus settling,
effluent from anaerobic digésh contains considerable nitrogen, which can present challenges
related to appropriatese This project examined the potential of using effluent that has already
undergone nutrient recovery for the production of a biofertilizer madeAzwtobacter

vindandii, a species of nitrogefixing bacteria known t@xhibit high growth rates while
maintaining its nitrogetfixing abilities. Results showed that vinelandiigrowth was promoted
with diluted nutrientrecovered effluent. The 50% nutriercovered dfuent with

supplemented glucose as an energy source was able to produce’®ldfertilizer. The
production of biofertilizer resulted in cleaner effluent, with more than 70% reduction in the
residual nitrogetn the effluentThe techneeconomic ealuation results suggested that adding a
biofertilizer production operation to an integrated biorefinery could improve the economic
feasibility of the biorefinery. If thé. vinelandiiproduced provides benefits when applied to
crops, itcould helpreduaer op producer sdé chemical fertilizel
water quality, in addition to being part of an integrated anaerobic digestion system.

2 See for example Galinato et al. (2005), accessible at
http://cru.cahe.wsu.edu/CEPublications/EMO90E/EMO90E saidl a blog article summarizing some of the key
messages dittp://csanr.wsu.edu/doesd-costtoo-much/
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Chapter 7examines th@roduction of Composite Materials from Anaerobic Digestion Fiber.
Fiber is alredy an important cgroduct from anaerobic digestion, typically used for animal
bedding or as a soil amendment. The development of new-adtlexl products from fiber

could further improve the economic viability of anaerobic digesters. Characteristits tbér
make it suitable for use in composite materials, similar to the wood plastic composites
commonly used for decking. Since water resistance is an important characteristic for this
composite material, the research team explored and optimized tbkauket water extraction
pretreatment process that removed hemicellulose, reducing the water affinity of composites
produced with digested fiber. Composites produced using this pretreatment process had superior
mechanical properties to those producedhout the pretreatment step. These results confirm the
potential to produce composite materials from hot water treated anaerobic digestion fibers.

In addition to research efforts to develop marketablproducts to improve the economic
feasibility of anaerobic digestiothe lastprojectin this sectiorfocused on another challenge
facing dairies that could impact their manure management stratelggeges in the pattes and
intensity of precipitationin western Washington, the seasonality and variability of rainfall
patterns and intensity directly impact crop planting and harvest timing, manure storage capacity
and holding time, manure applicatiiming, flooding, and the potential for having a runoff

event leading to detrimental water quality effedtsaerobic digestion in combination with

nutrient recovery has the potentiainareasethe flexibility a dairy farm has in achieving

nutrient maagement goalgiven the constraints imposed by precipitation patt€hapter 8

looks at the effluent from anaerobic digestion, and exploR¥saf of Concept for Tools to
Evaluate Water Quality Impacts of ield Application of Anaerobic Digestion Sgst Nutrient
Products As a first step to exploring this question, researcegptored the likely future risk of
storagerelated water quality discharge events due to projected precipitation patterns under
climate change. Efforts to model future climateorthwest Washington (Whatcom, Skagit, and
SnohomishCounties) project slight increases in the median year precipitation amounts, and
largerincreases in wet year precipitation amounts for total annual and storage season
precipitation, compared to histoal years. These results suggest that the recently observed
challenge of adequate manure storage capacity in these three northwest Washington counties will
likely continue to be a concern in the future. Viable strategies for managing risk need to be
assessd, with options that include increasing the capacity of manure storage in the region,
developing emergency storage options, or implementing technology solutions such as nutrient
recovery to reduce the probability of discharges affecting water quality.

Section 4: Outreach and Extension Activities

The Commercialization, Technology Transfer, and Extens@mmponent of the Appendix A

work described irChapter 9focuses on supporting improved decision making about emerging
technologies by dairy industry professionals, the manure management support industry, and
others.In order to support the adoption and application of emerging technologies for waste
managementhe extension team carried out the following outreach activities:

1 Provided technical support to regional stakeholders, including answering questions, and
pointing them towards appropriate additional resources.
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1 Participated in a federal advisory panelused on furthering the adoption of

technologies to recover nutrients and to control the production of greenhouse gases
1 Participated n t he Washington State Department

Advisory Committee, an effort organized to propose-regulatory methods for
improving dairy nutrient management in Washington State.

1 Delivered nine presentations at regional and national conferences, produced two blog
articles and five webinars, and published seven formal extension publications, with five

addtional peerreviewed publications in progress.

1 Summarizd existing informatonoh he r egi onbés experience
systems and Appendix A research, which will be used as the basis for the development of

a research roadmap in the summe2@t7.

Outreach work was aimed at 1) increasing awareness of the opportunities and potential
surrounding an anaerobic digestion systems appraadat 2) sharing tools, resources, and
successful experiences that can help diverse groups further developpd@ment these

technologies in their professional fields. Building awareness and making resources available are
critical early steps that contribute to improving the economic viability and the environmental
footprint of facilities processing organic wes in Washington State. Through these outreach

activities, the tearmade arestimated 23,880ontacts withscientists, producers, industry
professionals, regulators, polioyakers, and other interested parties across the country.

Conclusion

Takentogether, tesediverseprojectsexplore multiple avenues through which Washington State
couldimprove adoption of anaerobic digestand dairy nutrient managemeHhtadopted, these

developments could contribute to further economic, environmental, arad lsenefits for the
dairy industry, the communities they are part of, and the residents of Washington.
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1.Pol i shing Effluent from A
for Water Reuse

Liang Yu, Ping Ai, Alia Nasitand Shulin Chen

1.1 Background

One of the key issues for dairy farms is the capacity to store manure and wasietilatecan

be landapplied. The volume of waslater can occupy 25% to 50% of the total lagoon volume.
This washwater adds little nutrient value and can cause manure nutrients to run off or infiltrate
into groundwater if not properly applied. Haulingstovary greatly depending on the farm and
the location of fieldsbut typically average $0.01 to $0.03 per gallGullens, 2011)Therefore,

the reuse of wastmater is important for improving the economics of wastewater treatment on
dairy farms.

As envionmental regulations become more stringent and water resources become scarcer, a new
generation of largscale digesters (including those integrated with dairy farms) will face

challenges related to water use and effluent discharge. From an environraesgatpve, the

ideal scenario is a zedtischarge system, where any effluent produced is reused within the
systemin the case of dairy farms, as washwater.

Although various treatments are available in the wastewater treatment industry, most of these
tednologies are not designed for use in dairy operations. Tailoring these processes for use with
anaerobic digestion (AD) and nutrient recovery processes developed at Washington State
University (WSU) will help meet the emerging needs of the dairy induBtrachieve

widespread adoption, the cost of this technology must also be significantly reducedtso that
adoptionis economically feasiklfor Washington dairy farms.

1.2 Objectives

The goal of this project was to develop a waste management system that enables water recycling
in dairy operations. This system includes four major components: (1) an anaerobic digester for
converting organic wastes to biogas, (2) alogéstion processg module that converts solids

and nutrients in the effluent into fertilizers, (3) a polishing module that reconditions the effluent

to be reused, and (4) an operational procedure that optimizes the performance of the system. The
first two components haveeen addressed by thesearchieam through other projects that

received Appendix A fundinop earlier biennigAppendixA, 2015. The scope of this project

will focus on the components of (3) and:(#conditioning of the effluent, and optimizing

system performance



This project includes three parBart lis areview of existingmformation pertinent to
reclaiming water for dairy us@art 2describesdboratoryscale tests for efficacy of the various
components of the integrated systeéknd Part Focuses on mdeling the integrated system to
assesgs economic feasibility.

1.3 Methods

The methods for Part teliview) and Part 3 (odeling) of this project are integrated into sections
1.4.1 and 1.4.3, rpectively. Methods for Part 2atboratoryscale tests) are described below.

The strategy investigated for AD effluent treatmemtviater reuse was developed by Dr. Shulin
Chenods teamat @8U. This method includes ammonia stripping pimolsphorusK)
settlement technologies developed at WSU (AIRTRAP: Air Induced Recovery Technology for
Re-use of Ammonia and Phosphorus) witie Fenton process and sand filtration st&jgufe

1.1).

10% NaOH, 0.1mol/L

NH3, 002 and air MgO FESO4.7H20 and 3% H202

AD effluent Treated effluent

Ammonia stripping P settlement Fenton process Sand filtration

Air Struvite
(MgNH,PO,)
fertilizer

Figure 1.1: AD effluent treatment methods for water reuse

1.3.1 Ammonia stripping

Ammonia stripping was undertaken to remove the ammonia dissolved in the AD effluent. Air
was used as the stripping agent. Thdlaiw rates were 300 and 400hour?. The stripping
temperatures were 35, 5hd 70C. Each temperature and flow rate combination was tested.
The stripping time was 12 hours.

1.3.2 Phosphorus settlement

Removal of P by precipitation of struvite has been usatdinagement ainimal manures and
municipal wastewater. Struvifemaghesium ammonium phosphate)a mineral which has value
as a fertilizer. Struvite precipitates as a compact crygtalerang a small amount of easily
settled solidgFiesinger et al., 2006Because of its lower cost, we used MgO in place of other
Mg?* compounds (such as Mg9dn the P settlement stejp. this stuly, 1 mg MgO was added
to 100 mLof AD effluent after ammonia stripping, providing a sufficient Mg source for the P
removal process.



1.3.3 Fenton process

The Fenton process is onea$etof advanced oxidation processes (AOPSs), which are alternative
wastewater treatment processes that can be used to degrade biorefractory organic compounds
(organic compounds that are resistant to biodegradation). Advanced oxidation processes have the
advantge of typically operating with a lower energy requirement than direct oxidation
(BabuponnusamandMuthukumar, 2014)

The Fenton process involves reactions of peroxides (usually hydrogen peorid®.) with

iron ions to form active oxygen speciesttbgidize organic or inorganic compounds. Besides the
energyrelatedadvantages, the Fenton process can remove some heavy metals in forms of
precipitatedmetal hydroxidesM(OH)x. Disinfection can also be achieved, which makes the
Fenton process an integgd solution to some water quality problems. Since the complete
reduction product of -OH is #, the Fenton process theoretically does not introduce any new
hazardous substances into the water. However, integrating the Fenton process in a way that
reduceghe necessary input of chemical reagents (peroxides) is critical to reducing the process
costs. The presence of bicarbonate ions (KIL&n appreciably reduce the concentration of

-OH due to scavenging processes that yied@ End a much less reactive sigs, -CQ'

(Munter, 2001) In our process, bicarbonate has been eliminated in the ammonia stripping step
shown inFigurel.1.

The Fenton process can effectively decrease total nitrogen (TN) and total carbont{ieC) in
effluent. Total carbon includes total organic carbon (TOC) and inorganic carbon (IC). This is a
process that involveslow energy consumption process. First, IR&OH solution, 0.1 mdL*
FeSQ-7H20 solution and 3% FD> solution were prepared. Second, the pkhefAD effluent

was adjusted to ® 5 with H:2SQs. Then FeS®@7H20 and HO: were added. The amount of
FeSQ-7H.0 was 206800 mgL 1, and the amount of 4, was 0.51.2 mIL™t. The mixture was
agitated and the reaction time was 35 minutaslly, after the reaction, NaOH was used to
adjustthe pH to 8 and to remove Fefrom the AD effluent.

1.3.4 Sand filtration

Sand filtration is a frequently used, robust method to provide further polishing and reduction of
nutrients, such as nitrogen (N) and suspended solids,d@nafiluent. Sand filtration was

selected for this purpose because sand is readily availablevatcadt in most area. sand

filter has a dirt holding capacity of 3 to 6 &fjtotal suspended solid$$S m2 of sand surface.

The filtration medium consists of multiple layers of sand, varying in particle size and specific
gravity. In this study, sand with a particle size €t inm was used.

Before the experiments, sand size was selected by sifting sand tlaringhmesh screen. The
sand was washed to remove dust and dried for packing into a glass tube with a diameter of 30
cm. Glass tubes were filled to heights of 50,, 0@ 150 cm. The AD effluent was filtered
through the sandllled glass tubes.



1.4 Results and discussion

1.4.1 Part 17 Review of literature and regulatory framework

A large-scale AD biorefinery can produce large volumes of digestate and has the potential to be
profitable. Digestate is the froduct of methane and heat production in a squant

processing organic waste. Depending on the biogas technology, digestate may include solid and
liquid material. Solid digestate can be used as organic fertilizer or as a construction material
Liquid digestate, also called effluent from AD, contaih<?, and other macrand

micronutrients. Generally, it is not economical to transport liquid digestate great distances due to
its high water content (>97%) atttke high costsf trucking and underground pipéghe effluent

is thereforegenerally laneapplied to nearby fields. Lorterm manure application on these fields

has resulted in excess N and P accumulation. Of the dairies in Washington, 36% and 55% are in
a state of N and P overload, respectively. This has led to issues regarding the ultinoéte fate
nutrients applied to these fields, in particutaeir potential to contribute to nitrate leaching,
eutrophication, ammonia toxicity, and nitrite carcinogen@orakandFrear, 2014)The

practical utilization of these effluents (liquid digestasedlso limited. This is because the

agricultural need for fertilizer is seasonal, and the fact that biogas plants often have limited
agricultural land around the(®ong et al., 2013)

One of our resear ch t e amadBADooegjoducts, reostinaably s 1 s
nutrient recovery through ammonia stripping and P harvegliagg et al., 20140vercoming
ammonia inhibition problems requires dilution of waste through the addition of a significant
amount of fresh water, and an associated fac¢ii hold the effluent. Our technology allows

removal of ammonia from AD effluent by reducing the inhibition effect using reclaimed water.
Moreover, with this process, excess N can be recovered to produce a fertilizer, converting a
liability into a revene source for the farm operators. We have commerciadinetD-based

nutrient recovery process on both dairy and poultry farms called AIRTRAP. This technology
recoverammonia N in the form qiNH4).SQs. Installed orthe Vander Haaldairy farm
(Lynden,Washington, the system removem/er 50% of N and 80% of P from the effluent and
produced? L m= d? of 40% (NH).SQu solution and8 kgm™ d* of dry, P-rich (3% P solids.

Although major amounts of N and P in the AD effluent have been recovered thineugh

AIRTRAP technology, higher standards for the reclaimed water must be achieved for irrigation
and other uses related to the production of agricultural products (e.qg., drinking water for animals,
or aquaculturefMcCauley, 2015; Schlender et al., 1997)

Biological, physical, and chemical methods, used alone or in combination, have been reported to
remove N, P, heavy metaknd other macraand micronutrients from wastewater. Some of these
methods include struvite formatigBong et al., 2011 ammonia strippin@Jiang et al., 2014)

biological membrane reactors, sequential combination of aerobic and anaerobic batch reactors
(Frison et al., 2013; Skouteris et al., 2QJ&)sorption processes with activated carbon, ion
exchange resins, zeolitdduang et al., 2010; Sica et al., 2014DPs(Xu et al., 2012)reverse
osmosigGong et al., 2013the Fenton procegBabuponnusami & Muthukumar, 20]14nd
constructed wetland$Vu et al., 2016Zhang et al., 2014Pespite the reported success okthe
methods, challenges remaincludingthe high cost of raw materials for chemiaalbdphysical
processesand the unbalanced g ratio for biological processes. Therefore, development of a



relatively costeffective and operationally robust system isicai for the adoption of these
technologies.

To ensurehe reclaimed watas safe for the designated uses, the source water must be
adequately and reliably treated to meet specific guide{lu8&PA, 2012)Sources for

reclaimed water can include storater and greywater, in addition to wastewatdare rigid
performance standards are required for a reclaimed water facility than a wastewater treatment
facility. For every unit treatment process, a reclaimed water treatment facility must have a fully
opemtional and functional backup component, or byp@stemporary or longerm storage, to

avoid delivery to the users when a component fails to provide adequate treatment.

While the use of reclaimed water typically poses greater financial, technicahssihational

challenges than the use of traditional sources of water (e.g., groundwsueiace water), the

range of treatment options available make it feasible to achieve any level of water quality. While
reclaimed water was once only used for lappliaation for groundwater recharge or crop
production, todaydés advanced treatment proces
quality standards for indirect potable reuse, thahis plending of advanced treated, recycted

reclaimed water imt a natural water source (groundwater basin or reservoir) that could be used

for drinking (potable) water after further treatment

There are numerous case studies that demonstrate the challenge of balancing treatment costs with
the intended use of rechaed water. In many of these cases, reuse treatment is developed with

the goals of replacing the use of drinking water for-potable applications and meeting future

water demands as higluality sources, such as groundwater, are deplatetechnologiesre

now advanced enough to treat wastewater to the water quality required for the intended use, the
conceptofi Fi 't f or Pur poseo preffectivalvater treatmefaelRg, wor k f o
2012). By selectinganappropriate treatment based on the needs of specific applications, water

supply costgan be controlled and the cost for improvements to wastewater treatment

technologies can be delayed until they are needed.

State and federal governmental agencies ititieed Statefiave adopted a wide variety of

guidelines and standards regarding the of reclaimed water for crop irrigation. These
specifications have been developed primarily to protect public health and water resmuoices
specific crop water quality requirements must be developed with the endinggseral, Class

A, B, C, and Dreclaimed water can be used to irrigate-fmod crops including trees, fodder,

fiber, and seed crops. Only Class A reclaimed water is usually allowed fassgy irrigation

for all food cropsunless food crops undergo physical or chemical processifigient to

destroy all pathogenic agents, in which case all Classes are allowed. Class B reclaimed water can
be used for surface irrigation (not spray) of food crops as long as there is no contact with the
edible portion of the crofpWhen consideringie use of reclaimed water in agriculture, it is

critical to understand the factors that determine whether a farming operation can successfully use
reclaimed water for irrigation. Several factors, including-p@htwater interactions, irrigation

water quality, plant sensitivity and tolerance, soil characteristics, irrigation management

practices, and drainage are important to consider in crop production settings.

Washington State has authorized use of reclaimed water fepotable uses. However, stric
specifications have been implemented to ensure the health and safety of all Washington citizens
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and the protection of the environment. In 1997, the Washington State Departments of Health
(DOH) and Ecology (Ecology) developed a Standards document fammecl wate{Schlender

et al., 1997)In May 2010, a Draft Rule for reclaimed water (WAC, 2010) was developed, then
in October 2014 it was revised to create a Preliminary Draft Rule (WAC, 2014) and is awaiting
adoption. Although the 1997 Standards arelae until the new rule adoption, it is advisable to
plan for the content and specifications of the new rule.

For instance, the 1997 Standards document only uses total coliform in its definition of four
reclaimed water classes (A, B, C, and D) but tredifdimary Draft Rule is much more specific
andincludesoxygen demand, suspended solids, turbidity, pH, chlorine residual, total coliform
and virus removal specifications. In addition, the Preliminary Draft allows only two reclaimed
water classes (A ari8l). Sampling requirements vamofn 24hour composites for fivelay
biochemical oxygen demand (BOD5) and total suspended solids (TSS) to daily grab sampling
for total coliform. Class A and B reclaimed water must be less than 2.2 total coliforms per 100
mL based on a sevatay average at the effluent outlet.

Ecology and DOH have worked cooperatively to review and permit wastewater facility projects.
According tothe 1997 Standards, reclaimed water used for the irrigation of trees or fodder, fiber,
and seedrops shall be at all times Class D reclaimed water or better, and reclaimed water used
for the irrigation of sod, ornamental plants for commercial use, or pasture to which milking cows
or goats have access shall be at all times Class C reclaimed wagt¢teor The preliminary Rule

will require Class B reclaimed water or better to irrigate nonfood dMp€auley, 2015; WAC,

2014) All classes of reclaimed water should be treated by oxidization and disinfection methods

at a minimum. Sampling is to be panined daily and Class A requires the highest level of

treatment and has the most use potential and the least restrictions on its use. The major difference
between Class A and Class B reclaimed water is that Class A water is filtered. Even though Class
A reclaimed water may meet drinking water quality standards for potable water, regulations do
not permit direct human consumption. Class A reclaimed water is, however, approved for human
contact (the public and municipal employees).

Ecol ogy 6s Wadramrand QO gravitleyguidarrce on specific requirements for
ensuring adequate technoleggsed treatment of reclaimed water. Two methods of treatment are
recognized in regulations for Class A reclaimed water. One is a traditionatégutreatment

and tle other is membrane filtration and membrane bioreactor treatment plus disinfection. The
traditional four step treatment includes oxidation, coagulation, filtratiod disinfection steps.

In the membrane filtration and membrane bioreactor process, tieecséaation process and
treatment technology standards apply to membrane filtration processes as for biological
oxidation. The mmbranes replace the coagulation &hchtion process. Both tleemembrane
techniques are followed by disinfection. Productbi€lass B reclaimed water requires

biological oxidation followed by disinfection. Filtration and the associated treatment steps are
not required for this class. Biological oxidation performance standards are identical to those
required for Class A reclaied water. The Preliminary Draft Rule allows the lead agency to
authorize alternative treatment processes that the lead agency determines to be equivalent to the
processes required in the R@ldcCauley, 2015)The applicant should demonstrate in the
engireering report that the alternative treatment methiticconsistently achievevater quality



limits through proper design, operation, and maintenance of each component of the treatment
method.

Currently there is still aeed to develop and select lmast and efficient treatment technologies
for dairy wastewater. This need is especially great becaasgdairies cannomake large
invesimentsin wastewater treatment. The previously mentioned technol@ggsnembrane
filtration and membrane bioreactor treatmere usually used in larggcale wastewater

treatment plants with capacity of over 10,000 tons miy. In these largscale wastewater
treatment plants, high capital investment is required. Opgratists can be significantly reduced
with an increasen scale However, dairy wastewatproductionis usially much less than 1,000
tons perday. The traditional wastewater treatment methods and technologies cannot be directly
selected and used to treatiny wastewatereven though they can efficiently meet Class A
reclaimed water standards. Based on Waghin Ecology and DOH guidance, the research team
will continue to develop AD and nutrient recovéeghnologies to establish a lesst and

efficient g/stem for dairy wastewater reuse and recycle.

1.4.2 Part 27 Laboratory-scale tests

1.4.2.1 Ammonia stripping

The experiments were operated at the flow rate of 306ur'. There were significant
differencesf < 0.05)acrosghe selected temperaturange. Stripping carried out at’@
reached the stable phaseammonia removal at around 180 minuyigkile stripping carried out
at 35C required almost 720 minutes to achieve that level of ammonia renfoyaieg1.2).

120

100

60

40

Ammonia removal (%)

20 40 60 80 100 120 180 240 300 360 480 600 720
Stripping time (min)

Figure 1.2: Effect of temperature on ammonia removal

Thesubsequersammonia removal experimerdggaluating different air flow ratesere

conducted at a temperature of60There werao significant differencesp(> 0.05) between the
300 Lhour! and the 400 Ihour? flow rates. About 360 minutes of stripping time was required
to reach the stable pb@of ammonia removaFigurel.3).
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Figure 1.3: Effect of air flow rate on ammonia removal

In these experiments, temperature hagteateeffect on ammonia removal than air flow rate.
Higher temperatures significantly reduced the time needed for ammonia removal. According to
the Wilderness Medical Society, water temperatures abové X8CFC) kill all pathogens

within 30 minutegCurtis, 1998) However, higher temperatures require greater energy
consumption. Therefore, the selection of operational conditions will depend on the design
requirements, which are based on considerations includirey eaality goals, investment

levels, and heat source.

1.4.2.2 Phosphaus settlement

pH was measured for this study because it has an important effibetsmttlement of P, with

the greatest P removal occurring around pH 10. pH was measured overrimgeagumonia
stripping (the step prior to P settlement) atGvith air flow rates of 300 and 400Hour?
(Figurel.4). During ths process, pH incesed at first, indicatingelease o£0,. The pHthen
decreased to a low valuedicaing thatammonia release dominated the proc8stsequently

the pH increasedgain,to around 9.3indicaing furtherCO, release dominated the processe
again. Withthe addition of alkali in the AD effluent, pH can be adjusted from 8.0 to 10.0.
Phosphorus removal increased with an increase in pH and the precipitation reaction was very
fast. At a pH of 10.0, about 95% P removal was achievielife 1.5).
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Figure 1.4: Changes of pH through time during ammonia stripping at 70°C
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Figure 1.5: Changes in P removal with pH after sufficient MgO addition
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1.4.2.3 Fenton process

Comparing the results for different pH levels, the greatest TN and TC remensdbserved at

a pH of 3.5 Tablel.1). Before ammonia stripping, the Fenton process removed 47.3% of TN
and 41.6% of TC. After ammonia stripping, the Fenton process removed 47.0% of TN and
41.0% of TC. The éécts of the Fenton process and sand filtration are sk@uallyin Figure

1.6. The results indicate that the Fenton process not only can remaamedTTN, but camlso
remove color. The Fenton process was most effective for color removal at a pHFE§8re (
1.6).

Table 1.1: Results of the Fenton process on total organic carbon (TOC), inorganic carbon (IC),
total carbon (TC), and total nitrogen (TN) before and after ammonia stripping at different pH levels

TOC (mgL?) IC(mgL? TC(mglL? TN (mg L)

Effluent before stripping 1080 340.6 1430 614.8
pH=3 762 154.9 916.9 412

pH=3.5 608.7 145.2 753.9 359.1
pH=4 747.1 171.1 918.2 439

pH=4.5 767.3 167.3 934.6 431.7
Effluent afterstripping 1170 89.09 1250 427.8
pH=3 772.5 59.06 831.6 319.3
pH=3.5 786 58.39 844.4 326.1
pH=4 815.3 55.43 870.7 327.4
pH=4.5 820.8 57.41 878.2 322.4

|
»

D Sand Fenton o Fenton Fenton Fenton Fenton Fenton
Effluent filtration pH=2 pH=2.5 pH=3 pH=3.5 pH=4 pH=4.5

Figure 1.6: Color of AD effluent after treatment at different pH levels

1.4.2.4 Sand filtration

Removal of TN and TC increased with an increadbefied heighused duringand filtration

after ammonia strippingr@blel.2). Although 150 cm of bed height was observed to remove

more TN (62.3%) and TC (57.6%), the corresponding bed pressure was also higher, making the
filtration process more difficult to operate.
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Table 1.2: Effects of sand filtration on total organic carbon (TOC), inorganic carbon (IC), total
carbon (TC), and total nitrogen (TN) at different bed heights after ammonia stripping

TOC(mgL?) IC(mgL?Y) TC(mgL?l) TN (mgL?D

Effluent after stripping 1170 89.09 1250 427.8
Height 50 cm 458.9 287.1 746 309.6
Height 100 cm 384.5 272.7 657.2 281.5
Height 150 cm 295.8 310.3 606.1 231.6

1.4.2.5 Integrated processes

The ammonia stripping, P settlement, Fenton, and sand filtyattmessewere integrated to
treat AD effluent. The different treatment methods showed different effects watdequality
parametersf interest(Table1.3). Although over 85% of each measured component was
removed from the AD effluenthe integrated processstill did not achieve the stringent
requirement for reclaimed water in Waslton. Compared tblHz-N, TN was still very high
after treatment, suggesting that a significant amount of the organic N did not corNidgttb
Chemical oxygen demand (COD) was also relatively high after treatment. Therefore, a second
AD phasewill be needed to further decrease TOC and release orgdmerithe effluent
Further optimization of the Fenton process ahthesand filtrationare also needed achieve
water quality results sufficient to meet tleguirements$or reuse as dairy ashwater, drinking
water for livestock, or land application.

Table 1.3: Chemical oxygen demand (COD), total nitrogen (TN), total carbon (TC), total organic
carbon (TOC), inorganic carbon (IC), ammonia nitrogen (NHs-N), and total phosphorus (TP) after
each step of the integrated processes

Effluent Am_mo_nia P Fenton Sar_1d Removal
stripping settlement filtration (%)
COD(mg LY 4790.00  3075.00 1758.20 1008.00 618.58 87.10
TN (mg LY 2380.00 614.80 536.80 95.90 62.87 97.40
TC (mg LY 4010.00 1430.00 794.40 388.00 288.20 92.80
TOC (mg LY 1890.00 1080.00 585.20 353.00 269.90 85.70
IC (mg LY 2120.00 340.60 209.20 34.97 18.26 99.10
NHs-N (mg L'Y)  2148.00 30.17 30.13 30.56 34.12 98.40
TP (mg LY 54.17 54.17 4.12 4.06 3.39 93.70

1.4.3 Part 37 Modeling to evaluate feasibility

An economic analysis was conducted to evaluate the feasibilitys#ititegrated processes for
polishing effluent from anaerobic digestion for water rebased on a previous nutrient
recovery repor(DvorakandFrear, 2014and the lab experiments described above. DVO Inc.
designed and constructed a pilot nutrient recovery system at fdadkrDairy (Lynden,
Washington. This system was completed fi@monstration of a continuous flow system at a
commercial scale on a dairy practicingaigestion (maximizing the production of biogas in the
AD plant by adding substrates beyond manure from the dairy, such as food wastef mixed
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plug-flow digestermade by DVO (ChiltonWisconsir). The flow rate for this farm and digester
was 40,000 gallongerday. This farm had 2,000 cowsith the average effluent discharge for
each cow estimated at 20 gallgesday. The previous nutrient recovery report in€ldanly
ammonia stripping and-Rch solids. This economic analysis expanded on the previous biennium
report by including struvite precipitation, the Fenton process, and sand filtfBtiemotal cost

per cow per year for nutrient recovery in the previ@port {(.e.,only ammonia stripping and-P
rich solids) was $108.36 while the total revenue per cow per yed124s89. With the

integrated processeise(, addingstruviteprecipitation the Fenton processnd sindfiltration),

the total cosper cowper yeatincreased by 7.23% whitbe total revenue per cow per year
increased by 6.09% éblel.4). Struvite fertilizer can bring greater revenuest itan offset costs
for chemicals in the wastewater treatment. Although the net pefitcow per year aftehe
integrated processegere includedvas reduced by 1.14%, the AD effluent had been polished to
an extent that it could be reused to flush maritom dairy barns.

In summary, the integration of the Fenton process and sand filtration with the previous nutrient
recovery processes improved the quality of the resulting wastewater and, when the value of
struvite fertilizer is considered, did not lease the cost of wastewater treatment. Therefore, it is
feasible to use tlseintegrated processes for water reuse. To further reduce costs, the chemicals
(including sulfuric acidFeSQ-7H.0, and HO) should be ¢her optimized or substituted.

1.5 Conclusions and recommendations

This project involved the review and testing of methods for polishing effluent from anaerobic
digestion for water reuse using WSUbé6s AD and
were selected based on the Washington Departments of Ecology andddesdiice that

require that reclaimed water be treated by oxidization and disinfection at a minimum. The Fenton
process was selected because it allows both oxidization and disinfection to be completed in one
process. Sand filtration was selected becaus# isaeasily available at a low cost in most areas.

The integrated process of ammonia stripping, P settlement, the Fenton process, and sand
filtration was tested for its effect on several water quality indicators. These integrated processes
for treatment dbthe AD effluent achieved over 85% removal for all indicators, inclu@edp

(87.10%), TN (97.36%, TC (92.81%, NH3s-N (98.41%), and TR93.74%) An economic

analysis was conducted evaluate the feasibility of these integrated processes for polishing
effluent from AD for water reuskbased orthe DVO nutrient recovery repaibvorak and Frear,
2014)and laboratory experiments. The results showed that it is feasible to integrate some tertiary
wastewater treatment processes (Fenton process and sandrijltwath the ammonia stripping

and P settlement processes. The production of struvite fertilizer has great potential to improve
the profitability ofpolishing effluent from AD for water reus€o further reduce costs, the

chemicals used (including sulfurkeid, FeSQ-7H20, and HO») should be either optimized or
substituted, especialbulfuric acid. The research team investigated another method to replace
sulfuric acid biogas stripping and absorption for ammonia recaveayd the feasibility of this
methodis described in Chapter 2.

Since washwater used on a dairy farm may not need to meet quality standards as high as those
required for drinking water, it should be possible to balance economic and environmental
considerations to sustainably reuse wastew&urrently no reclaimed water quality standards
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exist for dairy washwater in Washington. In the future, the research team, dairy farmers, and
Ecology may collaboratively discuss a reclaimed water quality standard for washwater, to satisfy
the washwateneeds of dairy farms at a low cost.

Table 1.4: Tentative economic analysis of nutrient recovery and integrated processes

Cost ($cow?! yr?) Revenue (Scow?! yr?)
Electrical Powe: $29.78| Anaerobic SolidAS) Slurry $69.00
Electrical purchasef 5¢ kwh!; aeration 40% AS by weight; 0.25% influent
rate of 20 gallonsfm™; power need of concentration of Nkl 80% NH
20 cfmhp?; 1.2 for other electrical recovery; 3.9bs AS: 1lb NHz; $80ton

Lslurry; $200tont AS
Sulfuric Acid: $56.58| P-rich Solids $55.89
$175/ton conc. acid; 218s of aid: 1b $175dry tori at 3:1.5:3 NPK; 50% TS;
NHs recovered 3.5 wet Ibscow?! day?
Electrical Power $2.98| Struvite: $7.61
Electrical purchase of Sawh?; effluent $925dry tort; 18.14lbs of production
transport of about 500 m; sand filtratior
of 1.8 m heigh and 5 m diameter with
2600 kgm3 density
MgO: $0.28| Credits $0.00
$210ton; 2.98 Ibs of consumption Nutrient Trading; carborRenewable

Energy Credd#d assumed zero for now
FeSQ-7H0: $1.81| Offset Savings $0.00
$116ton?; dilute to 0.1 moL™t; 343.42 Reduction in engine oil with ¥
Ibs of consumption reductiod zero now
H20: $2.77
$445ton 50%; diluteto 3%; 228.95 Ibs
of consumption
Labor. $10.00
0.5 FTE salaried position withIsay of
$40K yrt; 2,000 cow farm
O&M: $12.00
2% of capital costs at $6@@w* nutrient
recoveryonly
Total $116.20| Total $132.50
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22Ammoni a ReBygsédngechnol og
Pretreat ment of Lignocell
Bi ogas Producti on

Liang Yu, lin Parlina, Dianlong Wangnd Shulin Chen

2.1 Background

The projects described in trehapterare aimed at developing a new generation of technologies

for integratedlarge-scale anaerobic digestion (AD) biorefineries that minimize or utilize waste

and byproducts generated in agricultural and anipraductionsystems, while improving the
efficiency of energy and water use. To enable wider adoption of AD technology, there is a need
to develop additional eproduct options and recover nutrients frita AD digestate.

Development of cgroduct options and nutrient recovery technology will improve the overall

public benefit provided by AD systems in terms of managing waste and reducing greenhouse gas
emissions.

This project responds to the 202617 AppendidXA request for proposals to further develop
technologies for an integratddrgescale anaerobic digestion biorefinery. In lasgale AD the
effluent from animal waste will accumulate excessive ammonia)(NfHlischarged directly, the
AD effluent will cause adverse environment impacts. If the effluent is recycled back to the AD
directly, the biogas reactions will be inhibited. Ammonia recycling and reuskeasedore

critical to the development of largeale, sustainable AD biorefineries.

Furthermoe, large-scale AD requires sufficient supplies of feedstock. Washington is a leading
agricultural state with abundant agricultural residues that can provide a feedstock for the AD
process. Compared to animal wastes, agricultural residues are easiespgortraraking

additional residues will enhance the profitability of an anaerobic digester by increasing biogas
production. However, the lignocellulosic structofeagricultural residuesften hinders the full

use in an AD process. For this reason, iteésessary to develop a lasost and effective
pretreatment process to improve AD performance, increase biogas productivity, and improve
feasibility.

Scientifically, this project fills the knowledge gap in understanding the action mechanism by
which an axmonium hydroxide/ammonium bicarbonate (HH/NHsHCOz) mixture

structurally changes lignocellulosic materidsrthermore, the combination of high temperature
pretreatment and thermophilic anaerobic digestion (TAD) can sharply enhance the degradation
rateof lignocellulose and increase biogas productiynenhancinghebiogas production

capacity of agricultural residues by usi@mgovelammonia recycling system, this project
contributes tomprovingthe economic feasibility of largecale AD in Washingtao
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2.2 Objectives

The goal of this project is to develop an integrated process for pretreating lignocellulosic
biomass to be more easily digested anaerobjdhiéyebyincreasng biogas productivityThe

novel feature of the process is the use of a tewystrategy for ammonia that is produced on
site bythe AD process. In thigrocess, (1) ammonia will be stripped out frdre AD effluent of
digested dairy manure, (2) the ammonia stream will be used to capture carbon dioxide (CO
from biogas, and (Ihe ammonia will be used to pretreat lignocellulosic material in feedstock
(such as manure fibers and crop residues) to enhance their performance during AD.

The project consists of four parts: Pars hreview of scientific information, Partt2ss unit
operations andptions foroptimizing the process, Paris3anevaluation ofthe pretreatment
process, and Partig aneconomic assessment.

2.3 Methods

The method used to pretreat crop residues using the recycled ammonia from AD effluent is
outlined inFigure2.1. After AD of organic wastes high in nigen (N) and phosphorus (P), such
as animamanure, most of the effluent is sent to an ammonia stripping column. In the stripping
column, biogas with a low C{zontent is used to remove ammonia from the effluent at high
temperature (>5WC). After strippirg, the effluent with a reduced ammonia concentration can be
reused as dilution water for the higblids feedstock entering the digester. Separately, the
ammoniabearing biogas and water vapor are sent@®@aandhydrogen sulfide (bB) absorber,
where amrmonia is absorbed under slightly higher pressuitla CO;, and precipitated into
crystalline ammonium bicarbonate (DHHCOs) at low temperature (<3Q). The biogas stream

is purified bycycling through the C& NHz, and HS absorber several times,achieve a target
level of purity (e.g., 96%). The crystalline NHCQO:s is sent to the C@regenerator to be heated

to a temperature greater tharfG0causing the NHHCOs to decompose into ammonium and

COz. This process allows for separation of thex@®o gaseous form, while retaining ammonia

in the solutionin the form of NHOH. The mixture of ammonium hydroxide/ammonium
carbonate (NEDH/NH4COs) remaining in the solution is then used to pretreat the lignocellulosic
feedstocks, such as crop residues. Tle¢r@ated solidare then fed to the anaerobic digester. In
this process, ammonia is used for both pretreatment of feedstockmgad purification
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Figure 2.1: Pretreatment of crop residues using recycled ammonia from AD effluent

2.3.1 Materials

Wheatstraw (Grange Supply Co., Pullmaiashington was air driecandthen ground using a
hammer mill at the Washington State University (WSU) Wood Materials and Engineering
Laboratory. The ground straw was passed throu@man aperture standard screen, and then
sealed in plastic bags under room temperature for furthembedotal solid (TS) and volatile

solid (VS)contentof the wheat straw were 98.21% and 90.75%, respectively. The wheat straw
was composed of 36.21% cellulose, 21.95% hemicellulose, 17.64%saldble lignin(AlL),
2.27% aciasoluble lignin(ASL), and8.43% ash. Inoculum for AD was sourced fram

mesophilic anaerobic digester at thallman Wastewater Treatment Plant in Pullman,
Washington TheTS and VScontentof the inoculum were 1.19% and 55.56%, respectively. The
inoculum was composed of 4.34% oédise, 2.41% hemicellulose, 21.58% aitidoluble lignin,
6.83% aciasoluble lignin, and 16.36% adPrior to use for thermophilic AD, the inoculum was
gradually acclimated to thermophilic conditigfvgang et al., 2016)

2.3.2 Experimental methods

2.3.2.1Ammonia pretreatment
The ammonium hydroxide solution used in this study wa3@8 (w/w) (JTB9721-03
ammonium hydroxide). Ammonia pretreatment was carried out using a full factorial
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experimental design to study the effects of ammonia concentrations@X085and 1.05 wt. %)

and temperatures (55 and 105C) on methane (CHl production and degradation of wheat

straw lignocellulose. The retention times for pretreatment were 12, 24, and 48 hours. For each
run, 5 g of dry wheat straweretreated, and thmoisture contentvas fixed at 85%. The
corresponding ratios of ammonia and wheat straw were 2, 4, and 6%, respectively. Treated
mixture solitionswere vacuum filtered, and theet solid residues were used for AD

experiments. Each run was duplicated arehns are reported for each treatment.

2.3.2.2 Anaerobic digestion

Anaerobic digestion experiments were conducted at thermophilic (55°C) conditions for 20 days.
The batch experiments of ammoipeetreated wheat straw and the control (no pretreatment)
wereconducted in a 0.25 L AD reactor. For each run, 3 g dry feedstexdadded and

inoculated with 1.5 g sludge. All reactors were capped with rubber stoppers and put into a water
bath. Before the fermentation test, the reactors were flushed with nitrageéa ggmove oxygen

from the headspace and maintain an anaerobic environment. To minimize errors, each run was
conducted in duplicate. The biogas volume was measured by 100 mL syringe, and the bioga
samples were stored in 12 mhalicoExetaine® vials evely three days for gas composition

analysis. After AD, the solid digestate was collected for composition analysis.

2.32.3 Analytical methods

Total solids (TS) and VS were measured using standard meiBH\, 1998) The pH was

measured using a pH meterB25). The biogas composition was detected by a Variat38W0

Gas Chromatograph equipped with a thermal conductivity detector, a HayeSep Q 80/100 Mesh
Silcosteel column, and a SilicaPLOT column (50 mx0.53 mmx4 um). Analysis of wheat straw
samples for carbbyydrate, ASL, and AlL content was performed according to the National
Renewabl e Energy Laboratoryds (SWREd3l.,6 2008)bor at o

2.4 Results and discussion

2.4.1 Part 17 Review of scientific information

A large-scale ADbiorefinery is designed for the conversion of large volumes of organic wastes
into biogas and other garoducts, such as organic fertilizer. Biogas is recovered and used either
directly for heating, or transformed into combined power and heat and fechbathe grid. It

can also be refined into natural gas suitable for use in vehicles. The developmentatdéage
anaerobic digesters has occurred mostly in industrialized countries. Many different designs and
typesof largescale anaerobic digesterg available Most of them are higtecmology,

requiring expert construction, operatji@amd maintenance skilte run

Biogas is a form of green energy and has the potential to reduce greenhouse gas emissions. Due
to increasing fuel prices and concgamout climate change, largeale biogas generation from

waste and energy crops is gaining interest in developing countries §Spdiler, 2016)

However, these benefits have not been sufficient to motivate U.S. companies to invest in AD
technology widly because the cost required to build and operate a digester is high compared to
the value of biogas produced for power generation. The ke¥jimateg factors in the AD
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process are the recalcitrance of many organic materials, the quantity of functional
microorganisms in the digester, the physical and chemical environment within the digester, and
the degree of mixing that promotes contact between microbes and substrate.

Agricultural residues represent a significant fraction of biomass production worldwide and
include largely unused plant material such as wheat straw, corn stover, and oil palm empty fruit
bunch. These materials are not commonly used in chemical or ballogrtversions due the
difficulties causedy the recalcitrant characteristics of the plegit wall in thar lignocellulosic
biomass. Biomass recalcitrance refers to the resistance of the plant celllveatidturally

degraded foconversion intdiighervalueproducts. The primary factors that cause this

resistance include the protective layers of lignin and hemicellulose as well as cellulose
crystallinity (Chundawat et al., 2011)

Pretreatment methods are neetteckduce thigecalcitrance antb increase digestibility of the
biomass Pretreatment processes use physical, mechanical, chemical, or biological means to
change the structure of the plant cell wall, through the removal of lignin and hemicellulose or the
fragmentation of the cell itdelThis resultsn increased accessibility to the cellulose for the
hydrolytic enzymes that convert cellulose into glucés®wvever, in order to be effective, many

of these pretreatment processes require conditions involving extreme chemical concentrations
temperature, and pressure. Due to the heterogeneous nature of biomass, no single pretreatment
process is effective on all types of biomass (Behera et al., 2014; Chandra et al., 2007; Girio et al.,
2010).

When choosing a pretreatment process, it is itapbto consider the entire process, including
the subsequent bioconversion step. For example, many pretreatoesgseproducenhibitory
compounds, including organic acids or furans, that slow down or prevent microbial growth
(Zheng et al., 2014 he microorganisms used in the AD system are sensitive to a number of
inhibitors, including free ammonia nitrogen at concentrations as low as 186 ¥gnigin &
Demirel, 2013)Despite differences in the overall processes, there are some pretreatment
methals for ethanol production that can alsusedor biogas productiofHendriksand
Zeeman, 2009; Zheng et al., 201@ptimal pretreatment meth®dnd operational conditions for
specific substrates have not yet betamtified for either AD or bioethangroduction Alkaline
pretreatment is considered the most promising pretreatment method for AD (Montgmery
Bochmann, 2014; Pavlostatl@aadGossett, 1985; Yao et al., 2013). However, this method has a
relatively slow reaction time, coupled with only aaderate increase in cellulose and
hemicellulose digestibility (Di Girolamo et al., 2014).

Alkaline pretreatment using ammonia hydroxide ¢®H) hasfrequently beestudied and
employed to enhance the biomass digestibility for bioethanol production. ldowiesre are
concerns about the safe handling and operational control of ammonia. Another ainasaaia
pretreatment method, ammonium carbonate ¢MED:s), is lower in cosand safethan

ammonium hydroxide pretreatment in industrial applicat{gms etal., 2014) Pretreatment

using ammonium carbonate has also been found to improve the digestibility of rice straw for
ethanol productioKim et al., 2014) Therefore, substituting some part of the aqueous ammonia
with ammonium carbonate may lower opergtand pretreatment costs. Furthermore, the

mixture of ammonium hydroxide, ammonium carbonate, and ammonium bicarbonate

21



(NH4HCOzs) can be generatday integrating AD and the ammonia gas stripping pro¢Basand
Yeh, 1997; Yeh et al., 2005)herefore, thiproposed integrated system would cost,lssxe
purchasing chemicals from outside the system is unnecessary.

2.4.2 Part 21 Testing unit operations and optimizing the process

The purpose of this experiment was to develop atwst, efficient methochaat uses biogas with
different CQ concentrations to strip ammonia from AD effluent. While air can be used to strip
ammonia from AD effluent, when air is used, sulfuric acieS&) is required to fix the

ammonia after stripping. When biogas is used fomamia stripping, this eliminates the need for
sulfuric acid since C@is used for fixing the ammonia, instead. Eliminating the need for sulfuric
acid reduces the cost for this process. Since biogas (composed mosth) af Einbustible

gas, it was subsgtited with nitrogen gas @\ for safety in the lab because they have similar
solubility (0.023 g gakg* water (20C) for CHs and 0.018 g gasg* water (20C) for Ny)
(EngineeringToolBox, 2017)n the experimental sefp (Figure2.2), N> and CQ are mixed in

the gas mixture bottle. The gas mixture flows into the water bath. Thertbc&dlask is filled

with AD effluent. Ammonia is stripped by-Nind CQ and the condenser tube cools the resulting
vapor.
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Figure 2.2: Experimental set-up for ammonia stripping using CO-

2.4.2.1 Effect of temperature and C@concentration on pH

In this study, the effcts of temperature and @Goncentration on pH were investigated when a
COz and N mixture was used asstripping agent. High temperature and lowx@0Oncentration
increased the pH ahe AD effluent, thus creating more favorable conditions for ammonia
stripping. While each combination of G@oncentration and temperature resulted in an initial
increase in pH, the extent and duration of this increase véiigaré€2.3). With a 10% CQ
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concentration, pH values for each temperature remained above their initial levels (Figure 2.3A).
However, pH decreased to its original value &Crénd 80C for 20% and 40% C£O

concentrations (Figure 2.3B and C). These phenomena occurred becausecCaridic gas

that tends to dissolve or combine with ammonia in the AD effluent. This tendency can reduce the
pH of the AD effluentin addition,high temperature can either prav€Q, from bonding to

ammonia or can evaporate €ftom the AD effluent. Trese effects can increase the pH of the

AD effluent.

2.4.2.2 Effect of temperature and CQ@concentration on removal of ammonia from AD
effluent

The next experiment involved measigiammonia removal from the AD effluent over time
during ammonia stripping. Usually, raw biogas consists of about 60% methageaf@H0%
CO, (Sasse, 1988 hese results demonstrated that it is not efficient to remove ammonia at 70°C
with a 40% CQ conentration in the gas mixture used to strip ammolRiguie2.4A). Sixty
percent ammonia removal was reached with a 20%do@centration, while over08%6 ammonia
removal was achieved with a 10% g€ncentration. When the temperature was increased to
80°C and 90°C, ammonia removal increased to over &§ore2.4B andFigure2.4C). This
indicates that high temperature can prevent the bonding pa@®ammonia, which generates
ammonium components and, thus, hinders ammonia stripping.

Results obtained showed thaisi feasible to use biogas to strip ammonia from AD effluent.
Since biogas is already warmer than ambient temperature when it flows out of an anaerobic
digester, especially a thermophilic digester-600C), less heating is required for biogas
stripping han for air stripping. Furthermore, heat supplied by the exhaust from combined heat
and power from anaerobic digesters can significantly reduce the cost of ammonia recovery.
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2.4.2.3 Ammonia stripping and absorption using C@

The focus of this study was to test the ability to absorb ammonia in the gas phase usifigeCO
experimental setip is shown irFigure2.5. To ensure stable ammonia and water vapor supply to
the ammonia absorber, only Was used to strippamonia from the AD effluent. C{Qvas sent

directly to the ammonia absorber to react with ammonia and water vapor. The ammonia that was
not absorbed by C{wvas measured using sulfuric acicb@du).
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Figure 2.5: Experimental set-up for ammonia stripping and absorption using CO;

2.4.2.4 Effects of temperature, gas flow rate, and agitation speed on ammonia absorption
for crystalline ammonium
The general reactions dbiHz and CO; areas follows:

NH3+COx+H20 2 NH4HCO;3 (R-1)
NH3+COz NH2COOH -ZR
NH2COOH+NH; 2 NH2COONH; (R-3)
NH2COOH+H0O 2 NH4HCOsz+NHs3 (R-4)
NH4HCO:+NHz 2 (NH4)2COs (R-5)
NH2COONH+CO, +H20 2 2NHsHCO3 (R-6)

These reaction equations show that the products include three types of cryatathoaium:
ammonium bicarbonate (NHCOz), ammonium carbonate ((N#CQs), and ammonium
carbamate (NECOONH,). The effect of absorption temperature on each type of crystalline
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ammonium was clear and significant. Lower temperature led to the increasedigeruéra
crystalline ammoniumTable2.1).

Table 2.1: Effect of temperature on ammonia absorption for crystalline ammonium
Temperature (°C) (NH4)2COs(g) NH4HCOs3(g) Other (g) Total (9)

5 0.3128 0.5069 0.5003  1.3200
10 0.2568 0.0624 0.3309 0.6501
15 0.0758 0 0.0442  0.1200

Although the total amount of crystalline ammonium generated increggaticantly with an
increase in gas flow rate, (NJACOz did not showsuchan increaseTable2.2). The possible
reason is that CQwvas not sufficietly supplied at the low gas flow rate of 0.25 L mhiAs
shown in equation 8, most crystalline ammonium was transformed into ANEs.

Table 2.2: Effect of gas flow rate on ammonia absorption for crystalline ammonium
Gas flow rate (L min) (NH4)2COs(g) NH4HCOs3(g) Other (g) Total (9)

0.25 0.1642 0.0675 0.0533  0.2850
0.5 0.1027 0.3381 0.6291  1.0699
0.75 0.1445 0.5945 0.7660  1.5050

The total crystalline ammonium was increased with an incliaasgtation speedlable2.3),

but these results were not significantly different. One possible reason could be that the agitator
used was designddr the liquid phase instead of the gas phase. Therefore, a good gas agitator
should be designed to enhance mass transfer betwegMNE§) and HO in future research.

Table 2.3: Effect of agitation speed on ammonia absorption for crystalline ammonium
Agitation speed (rpm) (NH4)2COs3(g) NH4HCOs3(g) Other (g) Total (g)

0 0.0552 0.4543 0.6406  1.1501
300 0.1786 0.4898 0.5716  1.2400
600 0.1894 0.4675 0.6582  1.3151

The experiments were conducted in a redctoated in a ventilating hood, under the conditions
described above. Crystalline MHCOs/(NH4)2COs mixture was observed on the reactor wall
(Figure2.6), suggesting that ammonia can be concentrated in thisTagretically NHsHCOs
crystals can reach 48.604//w) ammonia concentratioria CO, removal. Therefore, it is feasible
to obtain theconcentration betweenZB% (w/w) NH4OH/(NH4).COs needed for use in
lignocellulosic pretreatment.
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Figure 2.6: Gaseous CO2, NHs, and water vapor reaction to generate crystalline
NH4HCO3/(NH4).CO3 mixture (A) reactor; (B) crystalline NHsHCO3/(NH4).,CO3z mixture

2.4.3 Part 31 Evaluation of pretreatment

2.4.3.1 Ammonia pretreatment time

Pretreatment time is an important factor to consider when evaluating a pretreatment process. In
the ammonia pretegment process, the pH value reflects ammonia consumption and indicates

that the pretreatment is effective and complete. In our experiments, pH value varied with
ammonia concentration, temperature and retention figeie2.7). The initial pH value was

10.5 to 10.9. With the processing of ammonia pretreatment, the pH values declined gradually and
finally stabilized after 12 hours for the 0.70% and ¥%Q&mmonia concentrations. For the 0.35%
ammonia concentration, the pretreatment af C&chieved stability rapidly compared with the
pretreatment at 55°C. The changes in pH at 105°C from 12 hours to 48 hours for the 0.35%,
0.70%, and 10.05% ammonia contrations were 7-8.1, 9.39.4, and 9.8.8, respectively. To

prevent acidification during the starp period of fermentation, the wheat straw pretreated for 24
hours can be used for AD directly, without drying or washing. The ability to use the pitreate
biomass directly decreases cost and improves the operating process during pretreatment. For this
reason, pretreatment times of 24 hours were used for further investigation of biogas production
and yield.
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Figure 2.7: Change in pH during pretreatment of wheat straw at 55°C (A) and 105°C (B) with three
different concentrations of ammonia (0.35%, 0.70%, and 1.05%)

2.4.3.2 Accumulated biogas production

In a batch experiment, the accumutbbeogas production of ammonrjaetreated wheat straw

was compared with that of untreated wheat stfaiguie2.8). Biogas production stabilized after

20 days. Results indicated that the anaerobic fermentation period was shortened by ammonia
pretreatment. Moreover, biogas production was significantly affected by ammonia concentration
and pretreatment temperature. The biogas production of the contrelagedt wheat straw) was

only 1,223 mL. After ammonia pretreatment, the biogas production was obviously improved.

After pretreatment at 55°C, biogas production at 0.35% and 1.05% ammonia concentrations were
similar (Figure2.8a). However, the biogas production at 0.70% ammonia concentration was
1,475 mL, which was 9.4% and 9.0% higher than biogas production at ammonia concentrations
of 0.35% and 1.05%espectively. A similar phenomenon occurdeating AD of rice straw with
ammonia pretreatment at a 4% ammonia concentr@tioan et al., 2014)As for pretreatment

at 105°C (Figure 2.8b), the trend of biogas production was consistent with pretreat&®eat. at
Moreover, for 0.70% ammonia concentration, the biogas production at 105°C was 9.5% and
31.9% higher than that at 55°C and of the control, respectively. This irdlibatean increase in
pretreatment temperature can strengthen ammonia pretreatnmaptéve biogas production

during AD. The above results show that wheat straw pretreated with 0.70% ammonia
concentration at 105°C resulted in the highest anaerobic digestibility.
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Figure 2.8: Biogas production from wheat straw pretreated at 55°C (A) and 105°C (B) with three
different concentrations of ammonia (0.35%, 0.70%, and 1.05%)

2.4.3.3 Methane content and methane yield

Methane yield was calculated based on accumulated biogas production i@ awethane

content of biogas, and was expressehag)* of VS in the digestate. None of the pretreatments
had a methane content significantly differeotn the controd @igure2.9). The highest

methane content was 61.51% for 105°C and 0.70% ammonia concentration. The methane yield
of the control wag49.2mL g!VS. After ammonia pretreatment, methane yiekreased
significantly. For pretreatment at both temperatures, the methane yield from 0.70% ammonia
concentration was higher than that from 0.35% and 1.05%. The 0.70% ammonia concentration
yielded more methane than 1.05% ammonia concentration becagge@hcentration of

ammonia can lead to ammonia inhibition during fajagopal et al., 2013Moreover, an

increase in temperature can improve methane yield through the combination of heat and
ammonia. A maximum biogas yield 863.8mL g VS was obtaind at 0.70% ammonia
concentration and 105°C, which was 29.6% higher than of the yield from untreated wheat straw.
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Figure 2.9: Methane content and methane yield after ammonia pretreatment at two temperatures
(55°C and 105°C) at three different concentrations of ammonia (0.35%, 0.70%, and 1.05%)
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2.4.3.4 Changes to lignocellulose during ammonia pretreatment and AD

To clarify the mechanism of lignocellulose degradation during ammonia pretreatment, the VS,
cellulose, and hemicellulose contents were determined, and recovery rates (percent converted to
biogas) of these components were calculatedble2.4). The VS, cellulose, and hemicellulose
contents of pretreated wheat straw were greater than those of untreated wheat straw. This was
due to the removal of soluble components, lignin, and ash in the pretreétinert al., 2008)
Pretreatment at an ammartoncentration of 0.70% resulted in a relatively high VS and a low
cellulose content at 55°C and 105°C. Hemicellulose content increased at 55°C with increasing
ammonia concentration, but decreased at 105°C with increasing of ammonia concentration. This
difference was the result of interaction between temperature and ammonia concentration. In
terms of recovery rate, the VS, cellulose, and hemicellulose recovery rates were remarkably
high, with 97.31% and 93.40% of cellulose recovered for 0.70% ammoniantoaton at 55°C

and 105°C, respectively. The hemicellulose recovery rate at 105°C was slightly lower than at
55°C. The hemicellulose recovery rate was 76.35% at conditions of 105°C and 0.70% ammonia
concentration.

Table 2.4: Changes in volatile solids (VS), cellulose, and hemicellulose after ammonia

pretreatment

Pretreatment VS  Cellulose Hemicellulose Recovery rate (%)
conditions (%) (%) (%) VS Cellulose Hemicellulose
Untreated 90.75 36.21 21.95 - - -
0.35%, 55°C 91.43 44.31 22.78 81.61 90.68 87.40
0.70%, 55°C 97.14 40.54 25.84 86.06 97.31 92.54
1.05%, 55°C 96.88 43.82 27.57 84.76  95.92 92.83
0.35%, 105°C  92.31 43.74 28.00 79.14  92.50 88.41
0.70%, 105°C  93.55 43.05 27.22 7422  93.40 76.35
1.05%,105°C 93.10 46.97 25.40 74.69  89.26 76.45

In addition, the total lignin, AIL, ASL, and ash removal were calculaftegu(e2.10). After
pretreatment, AlL and ASL were removed due to the delignification efféeheaimmonia

(Wyman et al., 2005)Lignin and ash removal during pretreatment increased with increasing
ammaia concentration and temperatuéglre2.10). Acid-soluble lignin removal was higher

than AIL removabecause ASL content was low and ASL is masilg degraded than AIL. The
pretreatment at 105°C and 0.70% ammonia concentration achieved the greatest total lignin
removal of 33.3%. Therefore, pretreatment at 105°C and 0.70% ammonia concentration resulted
in the greatest lignin removal and biogasdiél et al. (2015)lso found that lignin removal

was positively related to biogas yielthe anmonia pretreatment used in this study also showed

a strong ability to remove ash, though there was no significant difference between pretreatment
temperaturesr ammonia concentrations.
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Figure 2.10: Lignin, ASL, AIL, and ash removal during ammonia pretreatment

Volatile solids, cellulose, and hemicellulose degradation rates after AD were also measured
(Table2.5). The VS degradation rate was greater than the control only for the 0.70% and 1.05%
ammonia concentrations at 105°C. This was because most VS in wheat straw were converted to
volatile fatty aids. At 55°C, the cellulose degradation rate was greatest at 0.70% ammonia
concentration, whereas at 105°C, the highest rate was obtained at 1.05% ammonia concentration.
This indicated that there were synergistic effects between temperature and ammonia
concentration. The hemicellulose degradation rate showed a similar tendency. The rate of
hemicellulose degradation was greater than the cellulose degradation rate. Therefore, most
cellulose and hemicellulose were successfully recovered during ammoniatpretrieand

utilized for biogas production.

Table 2.5: Changes in volatile solids, cellulose, and hemicellulose after anaerobic digestion

Pretreatment VS Cellulose Hemicellulose Degradaton rate (%)
conditions (%) (%) (%) VS Cellulose Hemicellulose
Untreated 78,50 19.37 10.83 75,50 75.61 79.35
0.35%, 55°C 80.39 19.83 10.75 69.59 71.98 77.10
0.70%, 55°C 78,57 17.31 9.54 70.09 75.70 79.77
1.05%, 55°C 85.37 19.01 9.81 64.29 72.15 78.52
0.35%, 105°C  82.22  17.76 8.12 70.22  76.32 84.27
0.70%, 105°C  81.25 18.26 5.67 76.91 78.97 91.70
1.05%, 105°C  76.09 15.49 4.58 78.60 82.21 93.73

2.4.3.5 Overall mass balance

The changes in composition of 100 g dry wheat straw during pretreatment and AD are shown in
Figure2.11. The dilute ammonia pretreatment has many advantages over conventional acid and
alkali pretreatment. Lignin in the wheat straw was selelstitemoved, decreasing its content by
33.0%. Most of the cellulose and hemicellulose was recovered from the wheat straw. Thus, the
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amounts of glucose and xylose in the liquid after pretreatment were very low, only 2.7 g and 4.3
g, respectively. The treatevheat straw was rich in carbohydrates, including 47.0% cellulose

and 25.4% hemicellulose. These results were similar to those of a study involving the
pretreatment of rice straw with 15% ammonia at 130°C (48.0% cellulose and 23.6%
hemicellulose]Kim etal., 2011) The wheat straw pretreated using ammonia was further
converted to biogas via AD. 47.87 g (39.3 L) of biogas was obtained per 100 g dry wheat straw.
It can be assumed that the 0.70% ammonia pretreatment at 105°C greatly increased the porous
surface and accessible surface area, which made cellulose and hemicellulose more accessible to
anaerobic microorganisms. After AD, most cellulose and hemicellulose were degraded. This
indicated that low concentration ammonia pretreatment of wheat strawffective strategy to
enhance the bioenergy conversion of agriculturgbtmducts such as wheat strandrice straw.
Moreover, the low concentration ammonia pretreatment did not require the use of large amounts
of water to wash the pretreated straw omaizals to adjust the initial pH for AD, which keeps
energy requirements and costs low. For these reasons, commercialization of this pretreatment is
promising.

0.70% ammonia, Sludge 1.6 g Cellulose
105°C and 24 h 36.35¢ 0.9 g Hemicellulose

7.8 g Acid insoluble lignin
Treated wheat straw 25 g Acid sgluble lignin
733 ¢ 10.3 g Total lignin
47.0% Cellulose 5.9 g Ash
25.4% Hemicellulose
18.4% Total lignin

Wheat straw

Ammonia > Anaerobic > Biogas

pretreatment ‘ digestion 47.87g(394 L)

Liquid l

Solid digestate

100 g
(Dry wt.)

36.9 g Cellulose

22.4 g Hemicellulose 2.7 g Glucose 51.1
. . . . d 32 r J b " g
18.0 ¢ Acid insoluble lignin 4.3 & Xylose o 9.3 g Cellulose
2.3 g Acid soluble lignin 338 AC],d msoluh]; ]|5n||1 2.9 g Hemicellulose
22‘3 g Toltal lignin g“; z /T\gt‘gl ﬁl‘l’;ﬁie lignin 15.0 g Acid insoluble lignin
.6 g Ash B > r Acid s igni
5.8 g Ash 1.7 g Acid soluble lignin

16.7 g Total lignin
4.4 g Ash

Figure 2.11: Mass balance of overall process including ammonia pretreatment and anaerobic
digestion

2.4.3.6 Physical analysis of ammonipretreated wheat straw

To reveal the structural changes during low concentration ammonia pretredimerdy

transform infraredFTIR) spectroscopy of untreatadd ammonidreated wheat straw was
compared for the wavelength region from 750,@08 cm! (Table2.6). The attributions of

FTIR absorption were na@ according to previous literatui®ao et al., 2012)The untreated
wheat straw had a strong hydrogen boneH)Gstretching at 354.21 cmt and GH stretching
vibrations at 220.22/2850.79 cmt, whereas the same characteristics in the amnrtoeaded
sample were noted af352.28 and 224.08/2854.64 crml, respectively. The peak af784.00

cmit was ester linkage absorbance, which decreased slightly after treatment. The absorption
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bands at 502.84 crt and 1506.40 cmt of untreated wheat straw cosponadto the aromatic
skeleton of lignin. They decreased after ammonia pretreatment. Furthermore, the absorbance at
1,462.04/1421.53 crit and 1454.32/1423.46 cmt wereattributed to aromatic ring vibrations of
lignin. The absorbance af371.38/1367.53 cmt became weaker after ammonia pretreatment,
indicating the GH bonds in cellulose and hemicellulose were changed. Absorban&4 31
cm! wasdue to GO vibration of Srings, and was strengthened in ammeprietreated wheat
straw. The intensy of absorption at,236.37 crit in untreated wheat straw was stronger than in
pretreated wheat straw, suggesting a high guaiacyl content in raw wheg{GiztaandLee,
2010) It disappeared after ammonia pretreatment, inidigéhe removal of guaigyl lignin. The
peaks at £01.65 and 1159.21 cm' demonstrateéthe stretching and vibration o£QG-C in
cellulose and hemicellulose. For untreated and amntoeaded samples, the peaks at
1,053.12/898.82 cthwerec h a r a c t eglydosidic linkagesb&twelen the glucose units, such
as GO stretch and & deformation.

Table 2.6: FTIR absorption peaks of untreated and ammonia-treated wheat straw

& (‘rofpeaks

Attribution of FTIR absorption

Untreated Ammonia-treated
3,354.21 3,352.28 O-H stretching vibration of polymer
2,920.22/2850.79 2,924.08/2854.64 C-H stretching vibration (Ckl CHy)
1,732.07 1,734.00 C=0 stretching vibration
1,602.84 1,604.77 C=0 stretching and aromatic vibrations
1,506.40 1,506.40 Aromatic skeletal vibrations
1,462.04/1421.53 1,454.32/1423.46 Aromatic ring vibrations of lignin
1,371.38 1,367.53 C-H deformation of cellulose and hemicellulose
1,317.38 1,319.31 C-O vibration of S ring
1,236.37 none Methoxyl, GC and C=GCstretching vibrations
1,201.65 1,201.65 Symmetric stretching {©-C glycoside
1,159.21 1,159.21 C-O-C vibrations in cellulose and hemicellulose
1,053.12 1,053.12 C-O stretch in cellulose
898.82 898.82 C-H deformation in cellulose

Physical characteristicsf wheat straw pretreated at®&and 108C with 0.70% ammonia
concentration were also analyzed using Bruridtiemeti Teller (BET). The isotherm plot

showed that adsorption was not limited at high relative presBigeré2.12), an attribute of

type H3 hysteresidoop, which indicated that the pore structure was very irregular. Moreover,
there were morenicropores in pretreated wheat straw. The surface area of untreated wheat straw
was 2.41m2 g1. Ammonia pretreatment at 6 and 108C increased the surface aredative to

the untreated wheat straw (342 g* and 4.14m? g2, respectively). The increase in

pretreatment temperature led to further increases in BET surface area. The increase in internal
surface area could be related to removal of the hemicellafubégnin.Imman et al. (2014)

reported the diminished shielding effects of hemicellulose and lignin and the formation of
additional poresifter acid and alkaline pretreatmelntthis study, both cumulative and

maximum pore volumes were increased aftem@nia pretreatmenT@ble2.7). Based on the
previous biogas production and lignocellulose compositions results, this study it thedtbe
increase of cellulose accessibility is more important than lignin removal during pretreatment
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(Rollin et al., 2011)Therefore, the overall increase in the accessibility of cellulose and
hemicellulose to anaerobic microorganisms reslift greater biogs yield from AD.
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Figure 2.12: The Nz adsorption isotherms of untreated and ammonia-treated wheat straw

Table 2.7: BET surface area and pore characteristics of wheat straw

Untreated 0.70%, 55°C 0.70%, 105°C
BET surface area (m2%) 2.41 3.42 4.14
Cumulative pore volume (cm3hy 0.004386 0.005531 0.009778
Maximum pore volume (cm3Y 0.000598 0.000734 0.001079
Average pore diameter (nm) 7.79 6.74 8.74

2.4.4 Part 47 Economic assessment

Based on the pretreatment methods described in the previous sectemimeeconomic

analysis was conducted to evaluate the WSU TAD technology for wheat straw. Washington State
is one of the major wheat producisgtes in the U.Sn 2016, Washington wheat growers

harvested 2.2 million acres of wheat which had an average yield of 71.5 bushels per acre. Total
wheat production in Washington for 2016 was 157,290 million bushels (WGC, 2016). Wheat
straw could providsufficient potential feedstock to build largeale AD plants.

In this study, we compardbe TAD technology with current mesophilic anaerobic digestion

(MAD) technology to demonstrate the advantagesthlermophilidechnology. Anaerobic
digestion ocurring in mesophilic (2810°C) and thermophilic (460°C) temperature ranges has
different characteristics. Thermophilic fermentation is characterized by rapid digestion, high gas
yield, and short retention time. This process is frequently used for displosnimal waste

because it achieves better levels of disinfection. Fermentation in the mesophilic range has the
advantage of lower energy consumption as the decomposition of the feedstock is slower.
Digestion in the mesophilic temperature range alsdheadvantage of greater stability of waste

in the digester, due to a slower death rate for specific microbes. Mesophilic AD has been widely
adopted throughout the world. Thermophilic AD has been the fodhesdresearch efforts
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because, as detailedibw, it has the advantage of reducing the reactor volume and, thus,
reducing capital investment.

2.4.4.1 Design parameters and assumptions

The process simulation software ASPENSAspen Technology, IndBedford, Massachusetts)
was used in this stud$everal conditions were assumed: (1) the anaerobic digesters (TAD and
MAD) were the same size (10,008)rand the price of each was $640,000; (2) the feedstock
price was $0.061 per kg; (3) the solid digestate fertilizer had a value of $0.046 per kg. The
design parameters were based on the literdidoagyan et al., 2014nd the above

experiments. The dry wheat straw TS were diluted to 15% and sent to the digesters. The solid
and liquid digestasewereseparated after discharge from the digesters. Thekdigestate had

TS of 50% and was used as organic fertilizer. The liquid digestate, also called effluent, was
recycled back to the digesters as a dilution agent to reduce water consumption. Design
parameters and results for WSU TAD technology and therukMAD technology are shown in
Table2.8.

Table 2.8: Design parameters and results

Design Parameters | MAD | WSU-TAD
Handling capacity (ton day 344 602
Biogas yield (Mton! TS) 370 486
Temperature°C) 35 55
Retention time (days) 35 20
Results

Biomethane productivity (Aday?) 10,330 25,310
Solid digestate (ton day 76 118

2.4.4.2 Block flow diagram

A block flow diagram for the WSU TAD technology, including two separate processes, is shown
in Figure2.13. The first process, pretreatment, uses Ighperature dilute ammonia to treat

wheat straw. The second process is TAD that converts pretreated wheat straw to produce
biomethane at 5%.

Lignocellulosic High temperature dilute o
materials M ammonia pretreatment Liquid
(55 °C, 0.7% NH4OH)

Solid
material

Thermophilic AD
(55 °C)

Figure 2.13: Block flow diagram for WSU TAD technology
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2.4.43 Techneeconomic analysis

Biogas, which has a methane content of approximately 60%, can be upgraded to biogas
compressed natural geBNG), which has a methane content greater than 96% and is stored at a
high pressureBiogasCNG can be used in place gésoline, diesel fuel, and liquefied petroleum
gas. For this studyhebiogas CNG price was set at $0.33 pé(see NREL methodology for
estimating minimum selling price for profitability, below). Since the WSU TAD technolody ha

a larger handling capacity than MAD technology, the total capital cost, total operating cost, total
raw materials cost, and total utility cageérecorrespondingly increaseddble2.9). However,
because of its larger handling capacity, the WSU TAD technology can bring greater revenues
from products including biogas CNG and organic fertilizer. The payout period (time required to
recover costvas9.19 years for WSU TAD technology. In contrastwiasnot possible to

recover the cost of MAD technology with a biogas CNG price of $0.33 pieFhma profitability

index (PI) also provides this informatioh.PI > 1 indicates a profitable project whdél < 1
indicates an unprofitable project.

Table 2.9: Techno-economic analysis of WSU TAD technology and MAD technology

Biogas CNG ($0.33 md) Unit MAD WSU-TAD
Total Project Capital Cog $ 8,740,742.67 10,012,881.71
Total Operating Cost $yeart |1,647,598.94 2,840,996.17
Total Raw Materials Co§ $yeart |1,056,297.74 1,848,521.12
Total Utilities Cost $ year 235,256.79| 538,430.89
Total Product Sales $yeart |2,308,481.6] 4,495,978.95
Desired Rat®f Return % year 10 10
Payout Period year - 9.19

Pl (Profitability Index) 0.79 1.03

TheNational Renewable Energy LaboratdorgNREL) methodology was used to estimate the
minimum selling price of biogas CNG for profitability ttfe WSU TAD technology anthe

MAD technology(Humbird et al., 2011)Once the total capital investment, variable operating
costs, and fixed operating costs had been determined, a discounted cash flow rate of return
analysis was used to determine the minimeiting price per cubic meter of biogas CNG
produced. This analysis was completed by iterating the selling cost of biogas CNG until the net
present value of the projestaszero, and requires that the discount rate, depreciation method,
income tax rates, ght life, and construction staup duration be specified. Because this
hypothetical plantvasequity-financed, some assumptions about the loan terms are also required.
These parameters and assumptions were obtained from the NREL(Hpuolird et al., 201).

The minimum selling price of biogas CNG required for the WSU TAD technology to break even
was $0.33 per fawhile the MAD technology required a minimum selling price of $0.54 per m

to break even.

The factors affecting the manufacturing cost ofjb® CNG for the WSU TAD technology are
shown inTable2.10. This table provides information on cost distributithat is,which costs
affeciedthe minimum selling price for biogas CNG. Organic fertilized hananufacturing cost
of -9.4 cents per Aof biomethane, indicating that it providealue, ratherttan cost. Thus,
developing highvalue organic fertilizer can enhance profitability of the AD process.
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Furthermore, feedstock purchase, transportation, storage and havnellexgery important

factars affecting the manufacturing cost of biogas CNG. In the WSU TAD technology, ammonia
can be recycled and reused as a pretreatment agent. Thisdrbrsuoeanufacturing cost of

biogas CNG, but not by a significant amount.

Table 2.10: Factors affecting manufacturing cost of biogas CNG for WSU TAD technology

Manufacturing Costs | Manufacturing C osts ($yr)

(centsm3 biomethane)
Feedstock + Handling 21.0 $1,800,000
Ammonia 3.1 $300,000
Electricity andprocess utility 6.1 $500,000
Waste Disposal 0.0 $0
Organic Fertilizer -9.4 -$800,000
Fixed Costs 3.3 $300,000
Capital Depreciation 2.3 $200,000
Average Income Tax 0.3 $0
Average Return on Investmer 5.9 $500,000

2.4.4.4 Sensitivity analysis

To understand how parameter changes can affect the minimum selling price of biogas CNG, a
sensitivity analysis was conducted using the teezenomic model described above. In the

base case (in which biogas CN@s $0.33 per H), the biogas CNG productioate was 8.79

million m? per year, the feedstock cost was $61.35 per ton, the organic fertilizer cost was $46.01
per ton, the fixed capital investment was $5.27 million, and the fixed operating cost was
$290,000 per year. These parameters were increadetdeareased by 20% to analyze their
effects on minimum selling price of biogas CNG. The results sbtivat biogas CNG

production rate is the most sensitive parameter (as indicated by the width of theFigusan

2.14). If the biogas CNG production rate could be increased by 20%, the minimum selling price
of biogas CNG would be reduced to $0.27 pérAs with the effects on the manufacturing cost

of biogas CNG Table2.10), the cost of feedstock and the selling price of organic fertilizer also
had a strong effect on the minimum selling price aidas CNG.

Based on the sensitivity analysis of the minimum selling price of biogas CNG, we recommend
thatresearctbeaimed at improving profitability of AD projects. If biogas CNG production rate
could be increasdaly 20% (10.55 million rfiper year) andhe organic fertilizer selling price

would increasdy 320% ($147.23 per ton), the minimum selling price of biogas CNG would be
reduced to $0.10 per3riThe market price of natural gas is about $3.00/MMBtu ($0.11 pgt m
m? natural gas = 0.035315 MMBtUJEIA, 2017) Based on a search of the Amazon website,
organic fertilizer prices are at least $2.31 per Ib ($5,100 pefAomyzon, 2017)though this

price may include other investments. However, this indicates that ibenpgssible to develop
high-value organic fertilizer to offset the low price of natural gas. Further improvement to the
biogas CNG production rate is also a major focus for ongoing research.
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Minimum Selling Price for Biomethar®/r3)
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Production rate (-20%:8.79:+20%) |
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Fertilizer (-20%:46.01:+20%) [ [
Fixed Capital Investment (-20%:5.27:+20%) [ | ]
Fixed operating cost (-20%:0.29:+20%) [ | |
H Low mHigh

Figure 2.14: Sensitivity analysis of minimum selling price of biogas CNG for WSU TAD technology

2.5 Conclusions and recommendations
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39



feedstock cost is one of the major issues to affect the econ@hitity of an AD project.

Organic fertilizer has great potential to improve the profitability of an AD project and redooe
minimum selling price of biogas CNG. Further research to enhance biogas production rate is also
crucial for the development afprofitable AD project.
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3. We t Oxi1 dati on f or Wast e
Removal

Alex Dunsmoor anManuel GarciaPérez

3.1 Background

As part of their manure management plans, dairy prodotens apply manure and parlor
washwater to fields. Aerial irrigation is a growing trend for field application of wastewater, as it
is easier and more economical than conventional spreading meSesdyg, 2013). However,

this type of application aerosolizes some of the liquid, leaving it subject to movement by wind
and raising concerns over uncontrolled nutrient addition, public health risks, and constraints on
use and enjoyment of neighboring prdfeer Genskow and Larson, 20L& hese concerns have

led to conflict between the public and farmers in many areas over the practice of aerial
application of wastewateBgérgquist 2016).

Over the last few decades, anaerobic digestion (AD) and nutreaveny (NR) have been used

to mitigate these concerns by treating waste prior to land application. Pathogens and odor are
greatly reduced by AD, while NR recovers phosphorus and ammonia using dissolved air
flotation (DAF) and aeratigmespectively. Thougthese processes significantly alter some
characteristics of the original waste (Ma et al., 2013), they do not address other physiochemical
characteristics, such as color, odor, and chemical oxygen demand (COD). For this reason,
aesthetic and biologicadsues remain concerning application of the effluent.

Advanced oxidation processes (AOPs) have been used to treat livestock manure and have proven
successful in abating odor and color, and improvement of other physiochemical characteristics
(e.g., COD redction;Riafio et al., 2014 Advanced oxidation processare attractive treatment
methods because they do not increase the volumetloé salt content of wastewatewr do

theyleave any residue#\¢hwal, 1996. Among three of the most popular AOPspoebased

AOP have been shown to be the cheapest and least energy intensive for treating micropollutants
(Rosenfeldt et al., 2006While various treatments are available in the wastewater industry

(Johnson et al., 2004), these technologie notdesigned for use with wastewater from

confined animal feeding operatigrikeyhave not been implemented in conjunction with AD or

NR, andtheyrequire research to tailor these systems for use as a manure management strategy.

3.2 Objectives

The conventionaNR scheme recovers phosphorus and ammonia by treating AD effluent with
DAF, followed by aerationKigure3.1) (Zhao et al 2014).
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Figure 3.1: Conventional nutrient recovery scheme

For this study, an ozoAgased AOP was incorporated into this NR scheme, and its effects on the
remaining physiochemical concemssociatedvith the applied liquid (color, odor, COD) were
evaluated. Two system configurations were triedpld¢ing an AOP aftethe DAF system
(Figure3.2), and (2)placing an AOP aftethe DAF systemand aerationKigure3.3). These are
referred tothroughout this chaptexrs system configurations 1 and 2, respectively. In addition to
color, odorand COD, dissolved carbon was evaluated through measurement of dissolved
organic carbon (DOC), dissolved inorganic carbon (DIC), and total dissoarbon (TDC).

These types of dissolved carbon have been shownltemntie AOP treatment (Peytonadt

1997).
Phosphorus
AD Effluent T isch
uen y / A Discharge
DAF AOP
Figure 3.2: System configuration 1
Phosphorus
T Disch
Ischarge
AD Effluent ) % g
DAF Aeration AOP

Figure 3.3: System configuration 2



3.3 Methods

An ozone/ oxygen mixture was generated using a
99.8% oxygen. The ozone/oxygen mixture was sparged througmisd effluent sample using

a Pyre® ASTM 40-60 12C sintered glass gas diffuser, at a rate ofrB0(@er minute. A 200

mesh stainless steel (316L grade) screen was secured above the liquid to act as a sieve plate for
mechanically knocking down foam while spamiimhe ozone reactor was &adbt long, 1 5/8

inch inner diameter borosilicate tube containing the AD effluent, glass diffuser, and mesh.
Jacketing the glass tube was-togt section of 4nch schedule 80 clear P\{@olyvinyl chloride)

pipe, the annulusfavhich contained water to maintain the reactor temperature°&t &€ng a

water bath.

The df-gas from the reactor was conditioned to reduce moisture for downstream analysis. This
was accomplished by flowing the effs through a 4ihch long section oi/16-inch I.D.

Nafi onE membrane, to which 2 L peaurremitorthet e o f
off-gas stream. The conditioned gas was analyzed for ozone using an ultraviolet photometer
(INUSA H1-X V6.0 Single Channel Gaseous Ozone AnalyZEmgse measurements were

validated by the standard iodometric weeemistry methoderwin et al, 1996). The

experimental setup in its entirety is illustratedrigure3.4.
Fumehoodj

TN
O, Regulator 02 Flowmeter
O;Generator N Gas Senso OsDestroyer
0, N2 B
ubble Column Gas Dryer
Cylinder Cylinder i
[: :] o
Nz Regulator N, Flowmete
1 Computer
Water Bath

Figure 3.4: Experimental setup used in AD effluent ozonation studies

Six contact times (5, 10, 15, 20, 25, afdn3inutes) were investigated at four different ozone
dosages (2, 4,,@and 8 wt. %). These trials were performed in triplicate for each of the two
system configuration€olor was measured in terms of absorption units using a Spectronic 20
Genesys where ¢hisible light absorption at 475 nm was measured through 1.5 cm path length
cells Chemical oxygen demand was measimeatcordance with USEPA Standard Method

5220 D (ASTM, 1995)Total dissolved carbgidDOC, and DIC was measured with a Shimadzu
TOC-500A analyzer.
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3.4 Results and discussion

The physiochemical characteristics of the effluent in conventional NR prior to ozonation are
detailed inTable3.1. The DAFplusaeration effluent contained significantly less TDC as a result
of lower DIC. This is expected as per patent US 2014/03146%ZAdo et al 2014) because
aeration removes carbon dioxide, which is responsible for DIC contentftissulution.

Table 3.1: Physiochemical characteristics of AD effluent after nutrient recovery stages

Color
Effluent* (AU*) COD (ppm) TDC (ppm) DIC (ppm) DOC (ppm)
DAF 0.895+0.002 2,900+56 2,160+18 1,060+2 1,100+20
DAF plusaeration 0.916+0.003  3,030+32 1,570+2 4109 1,160+10

* DAF effluent is the liquid between DAF and aeration, while DpNks aeration is the liquid
after DAF and aeration (see steps in Figure 3.1).
** AU = absorption units

Color removal for each effluent treatment is showRigure3.5. For both configurations,
increasing ozone dosage and sparging time increased eoloval, as demonstrated in other
experimentsRiafno et al., 2014 Color removal occurred more quickly for configuration 2.

Color removal stabilized at approximately 85% and 90% for configuration 1 and 2, respectively.
This trend may be the result of dinghing concentration of readily oxidizable chromophores as
treatment progressed. Oxidation rates of organic solutions are known to be rapid during early
stages of ozonation, but slow considerably with increased treatment time as more refractory
carbon compunds are formed (Ri@nd Browning,1980). The difference in color removal
between system configurations may be due to differences in DIC colpigumte3.8). At the
temperature (50°C) and pH (8%0) conditions presenluringthese tests, ozone is not stabilized
in solution and decomposes to the hydroxyl radi8ahfitag et al., 20)2which is scavenged by
carbonate ions, forming the carboneddical Beltran, 2003.

While subtle differences between colors of effluents from the two different configurations were
picked up easily with the spectrometer, effluents that received similar sparge time and ozone
dosage were indistinguishable to the eddye. For example, the color resulting from a 25
minute, 4 wt. % ozone dosage under configuration 1 appeared identical to the color resulting
from a 25 minute, 4 wt. % ozone dosage under configuratidmire qualitative representation
of color removals show inFigure3.6. The sample in the upper left corner is identical to the
effluent color prior to ozonation, and should be used as a refe@noenfiparing treatments.
Sparge time increases from left to right, while ozone dosage increases from top to bottom.

Samples to the right of the red Iline did not
handling themKigure3.6). Rather, ammonia was the predominant olfactory signature with a

slight fruit/citrus hue. This latter smell is best described as simithetsmell of the orange

variety of WindeX.

46



(o}
o

&0 T Ee R
70
S
< 60
S
850
€ .0 : [/EECOOACETT 4
- T —--a---#11 EAECOOAOEIT T ¢
8 20 L e #11 FECOOAOGETT
—-a---#1 1 EECOOAOGET T
20 i #11 EECOOAOGEI T ¢
—»—#11 FECOOAOGEI T (
10 —— #1171 EECOOAGEI T ¢
. —s—#1 1 EECOOAOQEI T ¢

0 5 10 25 30

15 _ .20
O; Sparge Time (min)
Figure 3.5: Color removal from ozonated effluents

Total dissolved carbon for both effluents after ozonation are shofxigume3.7. Total dissolved
carbon is the sum of DIC and DOC, both of which are discussed later in this chapter. Both
configurations initially showeahcreases in TDC, then tended to decrease as sparge time
increased, regardless of ozone dosage. A carbon balance of dissolved carbon showed that at 5
minutes, additional carbon was introduced to the aqueous phase in both system configurations in
the form d DIC. This additional carbon likely resulted from suspended solids solubilizing into
the aqueous phase. Suspended solid measurements were not performed to verify this because
particulates would adhere to the stainlsteel mesh in the bubble column, fésg in

inaccurate measurements. The greater DIC during the first 5 minutes of sparging suggests
complete mineralization during initial oxidation. This effect was more profound in system
configuration 1, possibly due to its higher DIC cont&igigre3.8).

Higher DIC could cause a greater degree of mineralization if the DOC consists largely of small
organic molecules that are almost mineralized. Thilsiesto carbonate radicals predominating in
the solution, which selectively oxidize these compounds, while not reacting with larger organic
molecules (Peyton et al., 1997). For system configuration 2, DIC was initially very low, so the
non-selective hydroyl radical predominated in solution, reacting with both large and small
organic molecules. Reacting with large organic molecules would oxidize these molecules to
higher states, but further oxidation would be required for complete mineralization. For this
reason, less mineralization occurred in system configuration 2 than in system configuration 1.
Molecular weight distribution and testing for functional groups would be n¢ededify this
mechanism, which was beyond the scope of this study. Followinggteeof this mechanism,

we would expect more DOC consumed in system configuration 1 as the greater DIC
concentration leads to more scavenging by hydroxyl radicals, creating carbonate radicals, and
selectively oxidizing smaller, nearly mineralized orgamicsompletionFigure3.9).
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Figure 3.6: Actual color after treatment using different sparge times and ozone dosages. Samples
to the right of the red line did not have a bile odor
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Figure 3.8: Dissolved inorganic carbon (DIC) of ozonated effluents
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Figure 3.9: Dissolved organic carbon (DOC) of ozonated effluents

After five minutes, system configuration 1 varied greatly, with higher ozone dosages increasing
DOC removal. After 10 minutes, the DOC level resulting from all ozone dosagept the 8

wt. %in system configuration 1 increased to roughly the same [Elisl.increasenay have

been due to organics solubilizing into solution, because at 10 minutes DIC dropped for all ozone
dosages except 8 wt. %. A lower DIC content scavenges fewer hydroxyl radicals, allowing the
oxidation of larger organic molecules, whilggh DIC in the 8 wt. % scavenged hydroxyl

radicals and converted them to carbonate radicals, inhibiting the oxidation potential. By 15
minutes, all ozone dosages had roughly the same DOC and DIC and the oxidation driving forces
were roughly equivalent amng ozone dosages.

Regardless of ozone dosage, DOC levels in system configuration 2 declined and remained
relatively constant after five minutéghis may have occurred because the original DOC was
progressively oxidized to higher states and remaineduiao, or DOC may have been
mineralized and offjassed as C{at the same rate suspended solids were solubilized to the
aqueous phase.

Effluents from both system configurations showed greater COD removal with increasing ozone
dosage and sparge tirffeigure3.10). The moderate COD removal relative to color removal may
be attributed to more recalcitrant organiegopducts after treatment; carboxylic acids are the
secom most oxidized form of carbon prior to complete oxidation, and are known to react slowly
with ozone compared to other oxidation states of carBtsuget al., 1983)System

configuration 1 may have leveled off earlier and had greater COD reductiom¢hsystem
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configuration 2 because the initial DOC was so much lower, hence less theoretical COD from

non-mineralized carbon.
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Figure 3.10: Chemical oxygen demand (COD) removal of ozonated effluents

3.5 Conclusions

Depending on the desired characteristic of the final effluent, one can use ozonation in either

system configuration.

1 Both color and odor significantly improved with ozone treatment in as little as five minutes
regardless of the system configtion. However, color removal walightly faster when
ozonationoccurredafter DAF and ammonia stripping (system configuration 2).

1 If greater ammonia recovery is desired, it may be optimal to perform ozonation for five
minutes orthe DAF effluent (sysem configuratiorl). Under these conditions DIC wa
greatest, resulting in a higher pH during the aeration process, faaosimfj in equilibrium
from dissolved ammonia tihe gaseous phase. Further research is needed to determine
recovery benefits frorthis treatment.
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1 Removal of COD was faster for system configuration 1, where approximately 40% was
removed in 15 minutes with an 8 wt. % ozone dosage.

While ozonation within an NR system was shown to abate color, adiCOD, detailed capital

and operaing costs for implementing this unit process are needed for each system configuration
and treatment conditiotp determine the most viable operation scheme. Further research is also
necessary to evaluate ozonation on a continuous basis, for integraticherdescribed NR
technology.
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SECTION 2

TECHNOLOGIES TO ENABLE THE ADOPTION
OF ANAEROBIC DIGESTION IN SMALL DAIRY
OPERATIONS
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4.Di gester Technol ogy for
Sized Dairy Far ms

Yiging Yao andhulin Chen

4.1 Background

Environmental and economic concerns faced by government agencies and farmers have created
considerable interest the utilization of livestock manure as a renewable energy source
(DemirerandChen, 200k Animal manure is typicallgisposed of through land application near
confined feeding operations in order to minimize cost. This can have severe environmental
effects: contamination of surface and groundwater with pathogens skshtesichiacoli, odor
emissions, buildup of exceplosphate in the soil, and deterioration of soil biology. In addition,
disposing of manure through land application means losing the potential for a source of
renewable energy. Alternatively, technoldgyproducebiomethane through anaerobic digestion
(AD) may provide an environmentally acceptable approach with potential financial benefits and
fertilizer by-products. This commercially proven technology is widely used for treating livestock
manure(Krishania et al., 2013b

Over the past decade, AD on U.S. dairy farms has been promoted as a technology with both

S

environmental and economic benefes WashingtArsis one o
considered a prime market for dairy digest@&vgh each cow producing 27 tons of manure per
yearWas hi ngtonds commerci al dairies produce mor

Based on 2010 registration data from the Washingtate Department of Agricultuses

(WSDA) Dairy Nutrient Management Program, Washington has 443 commercial dairy farms

with more than 250,000 mature dairy cows. Of these, 175 dairies, or 40%, are classified as small,
with 1-199 mature cows; 165 dairies,3#%, are classified as medium size, with-3080

mature cows; and 103 dairies, or 23%, are classified as large, with 700 or more mature animals,
including 16 dairies that have 2,500 or more cows

On an annual basi s, Was h,b0o0 mpris ofmétisanedesuivalenttal i ge st

more than 50,000 tons of carbon dioxide that would otherwise be released through conventional
manure management. The greatest economic issue facing antathediurrscale AD isthe
uncertaintyin non-market factorsandthe availability of AD in small and medium dairy fasims

low due to the low profit margind.ansingandKlavon, 2012. In other words, the low efficiency

of digesters prevents the further development and applicatitwsadgproach. For this reason, it

is necessary to develop a new and efficient sraall mediurrscale AD approach for manure
treatment to enhance its applicability in these settings.

Anaerobic digestion of dairy manure typically takes place under thermophilic conditiore with
high percentage of total solids (TS). This approach is taken to ensure a high efficiency of energy
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recovery. However, serious accumulation of ammonia usuallysemder these conditions,

which lead to instabilityn the AD process and even the cessation of methane production.
Therefore, in addition to the traditional digester configuration as previously described, ammonia
stripping coupled with thermophilic ADX &igh TS is suggested as an alternative approach for
efficient treatment of dairy manure. This approach removes the accumulated ammonia, and
enhances substrate utilization, thereby improvintharee production.

4.2 Objectives

The objectives of this studyere: (1) to assess the suitability of existing small AD technologies
for small and medium dairies, (2) to identify the major technical challenges and opportunities for
cost reduction in AD technologies for small and medium dairies(3rd devise antest

technical solutions to these challenges.

4.3 Methods

The methods described below are thosélgjective 3, above, which involved testing technical
solutions to the challenges of AD technology. In this case, the technical solution being tested was
thermophilic AD coupled with simultaneous ammonia stripping to overcome the issue of
ammonia inhibition in AD of manure with a high TS content.

4.3.1 Feedstock and inoculum

Dairy manure was collected from the Washington State University (WSU) Dairy Center in
Pullman, Washington and stored &C4orior to use. The inoculum was obtained from an
anaerobic digester at a wastewater treatment facility in Pullman, Washington. Characteristics of
the dairy manure and the inoculum are showhahle4.1.

Table 4.1: Characteristics of dairy manure and inoculum

Parameter Dairy Inoculum
manure
Total solids (%) 125+04 1.9+0.0
Volatile solids (% of total solids) 80.9+0.1 74401
pH 8.4+0.0 76+0.0
Total carbon (%) 40.7+0.1 355+0.0
Total nitrogen (%) 1.8+0.0 55%+0.0
Total hydrogen (%) 57+0.0 53+0.0
Total ammonia nitrogen (g N'1) 1.4+0.0 0.6+0.0
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4.3.2 Anaerobic digester design

4.32.1 Thermophilic anaerobic digestion of dairy manure at differenttotal solids
concentrations

To better understand ammonia accumulation of dairy manure, we first conducted digestion
experiments toneasure ammonia accumulation in samples with different levels of TS. The
amount of dairy manure and inoculum required for each digester were 400 g and 100 g,
respectively, based on wet weight. The total solids (TS) and volatile solids (VS) for eachrdigeste
were 2 g and 42 g, respectively. Deionized water was added to bring the mixture to 6, 8, and
10% TS. This test was conducted in batch modleedaiboratory scale. The volume of each
digester was 1 L. The headspace of digesters was flushed with nigragéi) for about 5

minutes to obtain anaerobic conditions, after which they were capped tightly with rubber
stoppers, incubated at 55°C, and shaken at a speed of 12Dimpshal., 2011Zheng et al.,

2009. Digestion experiments were conducted in triplicate for each condition.

4.3.2.2Simultaneous ammonia stripping for thermophilic AD of dairy manure at the
bottleneck solids concentration

The next experiment involved simaifteous ammonia stripping in a 3.0 L reactor. The selection
of TS content (%Y¥or stripping was the bottleneck TEe(,the TScontentthat led to serious
ammonia accumulation and thereby the cessation of methane production)dfstaméhe
previous expement.

Nitrogen gasvas introduced into the liquid phase from the bottom of the reactor via an aquatic
air stoneNitrogenwas used as the stripping gas and was also used to stir the mixeadlitpe
reactor. The Wflow rate was controlletly a flowmeterat 1.0 L mint, 3.0 L mint, and 5.0 L

mint, respectively. The pH value for all experiments before AD was 8.1 without adjustment. An
experiment with no simultaneous stripping was run as a control. The exhaust gas was passed
through solutions of 50%w/w) sulfuric acid (HSQy) and 20% (w/w) sodium hydroxide

(NaOH) to prevent the release of ammonia and other volatile compounds into the atmosphere
(Zhang et al 2019 (Figure4.1). The headspace tifiereactors was flushed withyfor about 5
minutes to obtain anaerobic conditions, after which they wagpped tightly with rubber caps

and incubated at 8&. Experiments were conducted in triplicate for each condition.

4.3.3 Analytical methods

4.33.1 Chemical analyses

Total solids, VS, soluble chemical oxygen demand (COD; a measure of soluble substrate), and
pH were determined according to standard metGtscerj 1999. Total ammonia nitrogen

(TAN) was measured by using a Tecator 2300 Kjeltec Analyzer (Eden Prairie, MN, USA; 4500
NorgB; 4500NH3BC). An elenmgal analyzer (LECO) was used to measure total carbon (TC),
total nitrogen (TN), and total hydrogen (H).

4.3.32 Biogas analyses

Biogas production was measured by water displacement every two days, while the total volume
of biogas was calculated after ABas samples were collected every two days and stored in 12
mL vacuumed borosilicate vials (Extainer, Labco Limited, Wycombe, England). A gas
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chromatograph (GC, GB800, Varian Inc., Palo Alto, California, USA) equipped with a thermal
conductivity detectowas used to analyze the methane content of each biogas ¢&rageal.,
2013.

H,S04
. Nutrient Biogas - o
(NH,),SO, fertilizer €—— rer:lol;l’z?y Electricity, heat
Dairy manure
(TS%: 12.5%) Aqaeroblc Solids (organic) .
y N cfhgesre:r > Crop growth, bedding, compost
(55C, 10% TS)

Simultaneous ammonia stripping

Liquid

Figure 4.1: Schematic diagram of thermophilic AD coupled with the simultaneous ammonia
stripping

4.4 Results and discussion

4.4.1 Part 17 Review of existing technologies

Anaerobic digestion is used worldwide for the treatment of industrial, agricultural, and municipal
wastes. It involves the degradation and stabilization of an organic material under anaerobic
conditions by microbial organisms and leads to the formationethiane and inorganic products
including carbon dioxideBacteria that function without oxygen degrade organic matter inherent
in poultry and livestock waste. These microorganianesiot only sensitive to oxygen, but also

to temperature, and thus desigiteria for systems utilizing anaerobic processes varies
regionally(Jones, 2003 It has been reported that the anaerobic treatment of complex organic
wastes involves two distinct stages, acid fermémaind methane fermentati@Relleher et al.,

2002.

Importartly, anaerobic treatment process configuratiaresmainly based on substrate

characterization and solid conter@attle manure generally has moisture content arour8076

and dairycattle manurdéas an even higher moisture content and is sometimeeeeferas

Acattle slurry.o When solid content is betwee
digestion, whereas when solid content is below 15%, it is referred to as wet digestion. Also,
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cattle manuréas a lower biodegradability than many ottypes of waste due to the high
content of inorganic compounds and fibers

Advances in the understanding of anaerobic system functions and reactor desigd bathe
evolution of a new generation of highte anaerobic procesggzhangrekaandKahalekar,

2003. Many highrate anaerobic treatment process configurations have been developed and
successfully applied, as described below.

4.4.1.1 Batch digester

Batch reactors are the simplest type of readtoey are filled with the feedstock and the reaction
is carried out with nothing eldeeingintroduced or withdrawn until the reaction is completed.
Kalia andSingh (200) tested the anaerobic batch digastof cattle manuré19.9% TS) under
ambient conditions (2@33 ). Their results showed a lower methane yield of 0.70@m VS

with 23.9% VS reduction. However, 10% mixing of digested slurry with fcasthe manurén

the batch digester achieved a higbas production and a shorter hydraulic retention time (HRT)
of 14 days with 36.1% VS destruction.

Amon et al. (2007) investigated the influence of feeding intensity on methane yield from dairy
cattle manur@perated for 60 days in a batch digester8at 3They reported the highest methane
and biogas yield of 0.166 and 0.248 kg* VS from the manure received from dairy cows with
medium milk yield that were fed with a wddhlanced diet. They concluded that the anaerobic
digestibility of dairycattle maureis clearly influenced by animal diet and performance.

Omar et al. (2008) studied the anaerobic treatmecattie manureseeded with the palm oil mill

effluentactivated sludge in a 10 L batch digester operating under thermophilic conditions for 17

days HRT. A VS reduction of 98% with a substantial methane yield of 0.3&4§hvS was
reported.

Dubrovskis et al. (2009) investigated the feasibility of digestatje manurend mink manure
inoculum in a batch digester at87 They obtained a higyield of biogag0.303 ni kg VS)
and a methane yield of 0.168 ky* VS, with amethane content of 56% from the substrate of

not

cattle manur@and 25% mink manure inoculum. They concluded that the fresh mink manure has a

higher potential for biogas production, but it should be mixed with agricultural waste rich in
carbon to increase the carbon nitrogen ratio for optimal AD.

Callaghan et al. (1999) operated two 1 L batch digesters for 14 days HRT for the mesophilic
digestion ofcattle manur@endcattle manurevith fish offal and brewery solids. They reported a
higher methane yield of 0.37%kg™ VS with VS reduction of 47.3%om thecattle manure

with fish offal, compared to 0.15 frkg? VS with VS destruction of 31.1% frooattle manure
alone. The study concluded thatdigesting the fish offal and brewery solids with cattle slurry
produced an increase in methane yield, garad with that of a control digestion using cattle
slurry alone. Mladenovska et al. (2003) studied the anaeroliiigestion ofcattle manurend

lipids in a continuous stirred tank reactor (CSTR) operated at mesophilic condition for 15 days
HRT. A highe methane yield of 0.224 kg VS and higher removal of VS was observed in the
reactor cedigesting manure and lipids thanthe reactor treating the manure alohleese
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results indicate that edigestion of other waste wittattle manurean increasehe methane
yield and the stability of the bioreactor.

Thermophilic AD ofcattle manurean quickly produce a large amount of biogas. laaure

itself provides the appropriate microbial community. The microbial diversity of a thermophilic
ecosystem (4603 ) is lower than that of a mesophilic one {2& ) (MladenovskaandAhring,
2000 and major bacterial and archaeal specieglase to thermophilic species. Thermophilic
microorganismsarepresent ircattle manuréa mesophilic ecosystem) at a subdominant Jevel
and quickly become dominant under thermophilic anaerobic conditions.

4.4.1.2 Semcontinuous reactors

Semtcontinuaisreactos are so named because theyfadesemicontinuously through an inlet
pipe, and displace an equal amount of slurry through an outlefTpipeAD ofcattle manure in a
pilot-scale bioreactor carried out ats3%svas investigate@Comino et al., 2009 The study
reported biogas production of 0.423 kg VS, equivalent to a methane yield of 0.213kg*

VS for a period of 56 days with a methane content of 51.4%. The authors concluded that the
cattle manurenix had good potential for biogas production when it wasdagested with other
types of biomass.

Li et al. (2009) investigated the effect ofadigestion on different mixtures gattle manurand
kitchen wasten bothbatch and sengontinuous modes under mesophilic conditions. They
reported a significant methane yield of 0.233kai VS with 71.9% VSdestruction in the semi
continuous operation. They concluded that the optimal mixing ratio fdigastingcattle
manureandkitchen wastavas 3:1. These results indicate thaidogestion ofcattle manurean
increase methane yield and the stabilityhaf bioreactor.

Alkaya et al. (2010) investigated the effect of temperature and HRT on anaeralijeston of
cattle manurand agricultural residues in a seaantinuously fed reactor operated ag2énd

353 (Alkaya et al., 201 The reactors were operated at an HRZ@and 30 daysith an

organic loading rate (OLR) of 3 kg M83day?. The authors observed a clear effect of
temperature on reactor performance for both HRTs of 20 and 30 days. They reported a biogas
yield in the range 0.299.324 ni kg! VS and 0.0870.138 ni kg* VS for the reactor run at

353 and 2@ , respectively. The study concluded that HRT as an operational parameter did not
affect AD significantly, as the methane yield with 30 days HRT (G.0382 ni kg VS) was

not significantlydifferentto the one achievedith 20 days HRT (0.042.182 ni kg? VS).

4.4.1.3 Continuous reactors

Continuous onstage

The continuous onstage system uses mechanical agitation or biogas recirculation to mix the
contents of the digester continuoushhring et al. (2001) conducted a study to investigate the
influence of temperature increéiséom 55 to 63 0 on the performance of two CSTRs
treatingcattle manurat 15 days HRT. They obtained a stable biogas output of OkgvS
day?in 10 days afir the starup at 53 , with a methane content of §3.%. However, they
observed a fast drop in the biogas production and methane content (less than 45%) after
increasing the temperature of the test reactor 0.685e study concluded that a temperature
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shift from 53 to 65 led to a lower methane yield and an increased amount of volatile fatty
acid (VFA) in the effluent.

In a similar study, the influence of temperature3(58nd 63 ) on the performance of CSTRs
digestingcattlemanurewas investigatedybEl-Mashad et al. (2004) at HR®f 10 and 20 days.
Methane production rate at®0was lower than that at 50at all the HRT levels employed

largely due to the effect of temperature on the hydrolysis stage. In another study, Rico et al.
(2011) evaluatethe influence of bioreactor content recirculation rate on biogas production
during the mesophilic (37) AD of screened dairy manure in a CSTR digester. They studied the
effect of continuous and intermittent operation of the recirculation pump as BiRIDand 20

days. The researchers obtained stable biogas production in the rangé bf3u 28 m3day? at

10 days HRTBiogas production at 20 days HRT reached a rather stable value of abodt 0.7 m
mday?, with no significant difference between the migiconditions. They concluded that AD

of screened dairy manure at 10 days HRT with 6% TS concentration was affected minimally by
recirculation rate. On the other hand, at 20 days HRT recirculation rate did not affect reactor
performance at all. Thereforey found thatontinuous recirculatiowas not a feasible means

to improve biogas production. Rojas et al. (2010) found that more dilute media in the reactor
allowed for a better contact and improved biogas production, hence making stirring not
necessary

Ahring et al.(2001) conducted a laboratory study to investigate the effect of a temperature
increase from 55 to 65°C dheperformance of an anaerobic reactor treati@iile manure

(Ahring et al., 200} They carried out investigations in two thermophieboratoryscale

CSTRs having a working volume 8fL at an organic loading rate of 3 g S day?. In the

study, the HRT was 15 days. One of the reactors was kept at 55°C for the whole period and the
other reactor served as the test reactor. The authors obtained stable biogas production with a
methanecontent of 6571% (at approximately 200 md:t VS day?) in 10 days after the staup

at 55°C. They observed an instant drop in the volumetric gas production and the methane content
of the biogas decreased to 45% wiltkincreasdo 65°Cof the temperate in the test reactor.

The study reported that the temperature increase had a negative effect on thédsgester
performance andn themicrobial activity and caused changes in the structure of the microbial
community of the biogas reactor. The study a&isgphasized that conversion of propionate
successfuat 55°C was completely inhibited by an increase of the temperature to 65°C. They
showed thathetemperature shift from 55 to 65°C resulted in a lower methane yield and an
increased amount of VFA in¢teffluent. The study concluded that the \(Biégrading and
methanogenic consortia were severely affected by the increase in temperature and that these
populations were unable to balance the activity of fermenting populations. Mladeebtatka
(2003)useda laboratory scale CSTR operated at 37°C to investigatmas reactor performance
and the microbial community durirdD of cattle manur@and a mixture omanurewith lipids
(Mladenovska et al., 2003They concluded that the reactordigesting manure and lipids
exhibited a signifiantly higher specific methane yield and a higher removal of VS than the
reactor treating manure alone.

A phylogenetically and metabolically rich methanogenic community that stably digedtied

manurerapidly adapted tachange in feed toattle manur@lustwo-phase olive mill wastes
both at 37°C and 55°@®ut did notadaptto the digestion of twghase olive mill wastes alone
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(Goberna et al., 20)0The thermophilic caligestion of the residues was the most productive
and had tB most diverse methanogenic communities. This is consistent with the theoretical
expectation of a more efficient exploitation of resources due to better occupation of available
niches.Methanosarcinalominated in the startingattle manuré>96% of total S rRNA
[ribosomal ribonucleic acidjene copies; over 45 times more abundant than any other
methanogen) at high acetate (0.21) and ammonia N (1.3 lgl) concentrations. Gdigestion
at 37°C induced a sifold increase oMethanosarcinaumberswhich correlated with methane
production. At 55°C, the rise in temperature angéttial pressure induced a burst of
MethanobacteriunMethanoculleusMethanothermobacteand agroup of uncultured archaea.
The digestion otattle manuralone resulted itow but constant biogas production despite
certain oscillations in the methanogenic biomass. Higher temperatures (55°C) fostered
methanogenic diversity by promoting somgsdavengers while yielding the highest methane
production.

The effect of a tempature increase frof5 to 63 on process performance and microbial
population dynamics wel@soinvestigated in thermophilic, laboratory scale CSTRwing et
al., 200). The reactors had a working volume of 3 L and were fed caitthe manurat an
organic loading rate of 3 g ISt day?. The HRT in thaeactors was 15 days. A stable reactor
performance was obtained for periods of three retention timo#s at 55 and 63 . At 653
methane yield stabilized at approximately 165 grilVS day?, compared to 200 mig? VS day
lat 53 . Simultaneously, the eV of total VFA increased from being below 0.8¢4to 1.82.4

g acetatd1. The specific methanogenic activities of biomass from the reactors were measured
with acetate, propionate, butyrate, hydrogen, formate, and glucoses Atlésreased activity
was found for glucose acetate butyrate, and formateutilizers and no significant activity was
measured with propionate. Only the hydrogemsuming methanogens showed enhanced
activity at 63 . Numbers of cultivable methanogens were significantly loweglocose,
acetate, and butyrate at the increased operational temperature, while the numbers of
hydrogenotrophic methanogens remained unchanged.

Continuous twestage reactors

The continuous ofistage system uses mechanical agitation or biogas recirculation the
contents of the digester continuously and processes occur in one reactor. In contrast, the
continuous twibstage system employs independent reactors to separate the
hydrolysis/acidification and acetogenesis/methanogenesis pro¢astes, 2005.

Harikishan and Sung (2003) evaluated the performanaéd-stage continuous reactor

treating dairy manure. The first reactor was operatetuthermophilic condition at four days
HRT and the second reactor was operated under mesophilic condition at 10 days HRT. They
reported an overall methane yield of 0.23kgi* VS including a high OLR of 5.82 kg Vi&™3

day?, achieved for the second reactor with 41% VS reduction.

Nozhevnikoveet al (1999) conducted a study to investigate anaerobic manure treatment under
extreme temperature conditions. They carried out laboratory scale experiments on the digestion
of cattleand pig manure under psychrophilic condition2(BC) and extreme thermophilic (65
82°C) conditions. In the study, a tvetep anaerobic manure treatment process was proposed to
achieve acidogenic fermentation at high temperatuth,separation for solidnd liquid

fractions and treatment of the liquid manure fraction under low temperature conditions. The
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authors reported that losigrm adaptation of active psychrophilic microbial communities was
essential to perform sufficient manure treatment at lovpézatures.

Comparison betweethetwo-stage system and the conventional-etege system

Nielsen et al. (2004) operated a laboratecgile reactor to compare the performance of a two
stage system and the conventional-stage system for the treatmentattle manureln the
study, the OLR of 3 kg VS 1fday* was used for all systems. The tstage system was
connected with a first reactor operated & 68ith an HRT of 3 days and the second reactor
operating at 5% with 12 days HRT, while the convent@onestage reactor was operated at
553 with an HRT of 15 days. They found that the tstage system has 886 higher methane
yield and a 9% more VS removal than the conventionalstange system. They concluded that
increased methane yield and VS renlavare achieved whethe pretreatment reactor operated
at 6& with an HRT of 3 days, connected to a58actor with an HRT of 12 daysompared
with a conventional onstage reactor operated at5%vith an HRT of 15 days The 6&

reactor generated 7% 986 of the total amount of methane of the tstage system and
maintained a VFA concentration of 4.0 to 4.4 g acdtdtePopulation size and activity of
aceticlastic methanogens, syntrophic bacteria, and hydrolytic/fermentative bacteria were
significantlylower in the 68 reactor than in the 35 reactors. The density levels of
methanogens utilizing #CO, or formate were, however, in the same range for all reactors,
although the degradation of these substrates was significantly lower imsthee&8&tor than in
the 53 reactors. Temporal temperature gradient electrophoresis profiles (TTGE) oBthe 68
reactor demonstrated a stable bacterial community along with a less divergent community of
archaeal species.

Demirer and Chen (2005) compared tkeefprmance otheonephase conventional

configuration withthe twoi phase continuous reactors treating unscreened dairy manure under
mesophilic conditions. In the study, the tpbase configuration was operated at an HRT of two
days for the first acidogemreactor and an HRT of eight days for the second methanogenic
reactor, while the onphase conventional reactor was operated at an HRT of 20 days. The results
indicated that the OLRs between 1 and 6.3 kgiw&lay* were found to be sufficient to

represat the conventional orghase anaerobic digester treating the dairy manure. On the other
hand, thewo-phaseconfiguration made an elevated OLR of 12.6 kgniwSday* that was not
possiblewith theonephase reactor. In addition, the tybase reactor raked in a 50% and

67% higher biogas production at an OLR of 5 and 6 kgriW?3lay?, respectively. They

concluded that the use of the tpbase configuration lead to significant cost savings due to both
high performance and reduced volume.

4.4.1.4 Plugflow reactor (PFR)

The PFR is an unmixed system where waste flows-sentinuously as a plug through a

horizontal reactofWilkie, 2005. The mixed plugflow loop reactor (MPFLR) is an AD system
designed and implemented by DVO (Chiltd¥iisconsin U.S.). According to a 2013 survey by

the U.S. Environmental Protection Agency, nearly 40% of the AD systems operated on U.S.

dairy farms used the MPFLRedign. The popularity of MPFLR digesters sgdrom their

simplicity in construction and maintenanedéong withtheir operational reliability. A MPFLR

system is essentially a horizontally orienteghéaped tank. The waste influent enters an MPFLR
digestemat one end, fl ows forward and | oops back
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end. The digester content is continuously mixed by biogas in the direction perpendicular to the
plug-flow of the reactor. A portion of the effluent is typically recytte inoculate the influent
and improve AD.

In Li et al. (2014), the microbiome in a MPFLR digester operated on a-dagyafarm was

examined three timesver a 2month period. Withirthe 23 days of etention time, 550% of

total manure solid was digest. Metagenomic analysis showed tdath some temporal

variations, the bacterial community was rather stable spatially in the digester. The methanogenic
community was also stable both spatially and temporally in the digester. Among methanogens,
thegenusMethanosaetaominated in the digester. Quantitative polymerase chain reaction
(gPCR) analysis and metagenomic analysis yielded different relative abundhresfor

individual genera of methanogens, especiallyMethanobacteriugnwhich was predominan

based on gPCR analysis.

Hills and Mechlschau (1984}udied the biogas yield frooattle manurén a PFR,obtaining a
high yield of 1.31 rim3day! with conditions of 15 days of HRT, 35and 15.2 TS.
Performance data shaathat various reactor caglration® such as fixedilm reactor,
anaerobic filter, fixed dome plant, dlow anaerobic sequencing batch (UASB), CSTRow
anaerobic filter JAF), temperaturgohased anaerobic digestioF(AD), anaerobic hybrid
reactor and twestage anaerobiystemd are used in anaerobic processing of cattle manure.
Most ofthe studies were conducted in laboratasgale reactors varying between 0.1 and 9.0 L
attachedfilm bioreactor, anaerobic rotating biological reactor, batch regendsdown flow
reactor(Sakar et al., 200Q9In thosestudies, different temperature rangesrying from
psychrophilc conditions (520°C)to extreme thermophilic (582°C)Y wereevaluated

Retentia or operation times used in thagadies ranged from 0.5 days to 140 days. Organic
loading rateginfluent VS introduced in a unit volume of the reagtanged from 0.117 t8.3 g
VS L1dayt.

In recent years, a number of novel reactors designs have been adapted and developed, allowing a
significantly higher rate of reaction per unit volume of reafBauallagui et al., 2005 Among

such novel reactors atiee up-flow anaerobic sequencing batch (UASB) readtwfilm reactor,

and thdeaching bed reactofhe UASBandanaerobic fluidized bed reactaran accumulate

high biomass concentration and can permit long solid retention time even with low HRT,

allowing for wider application in treating different types of wg&azi et al., 2008

4.4.1.5 Upflow anaerobic sequencing batch (UASB) reactor

Amongthe highrate reactors, the UASB process is the most commercially successful. Hundreds
of full-scale treatment plants have been installed over the past decade for the treatment of various
types of wastewatdFangandChung, 1999 Marafiénet al. (2001) conducted a study to

investigate the effect of HRT on the treatmentattle manurén a UASB reactor. They found

that the maximunCOD removal of 75.5% for an HRT of 22.5 days at an OLR of 2.35 kg COD
m=3day’. In thatstudy,the biogas production values varied between 0.20 and GR$'GOD.

Castrillon et al. (2002) conducted a study on the anaerobic thermophilic treatroattieof

manurein a UASB reactor with an HRT rangé7.3-22.5 days. They observed the highest COD
removal of 79.7% for an HRT of 22.5 days. The authors found that the COD removal was
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somewhat greater under the mesophilic condition obtained in a prewdygMarafionet al.,
20069. Anotherstudy investigated the influence of HRT on the treatmenatife manurén

UASB reactorgMarafion et al., 2001 The authors found that the highest percentage of COD
removal was 75.5% for a HR3f 22.5 days. In thagtudy, gas production varied between values
of 0.20 and 0.39 Akg* COD, with a methane content of up to 64%.

Castrillonet al (2002) also carried out studies on anaerobic thermog&BieC) treatmenbof

cattle manure in 9 UASB reactors made of transparent P{Glyvinyl chloride) In that study,

a HRT range of 7-22.5 days was employed. They found that the highest percentage of COD
removal obtained was 79.7% for an HRT of 22.5 days. The authorsacedne results

obtained at a thermophilic temperature with those obtained at a mesophilic temperature obtained
in a previousstudy Although the main advantage of thermophilic anaerobic treatment was
reported to be the faster inactivation of viruseslaanteria, the reduction in COD was found to
be slightly greater under mesophilic conditions maintained in the study. In the case of cattle
manure, the authors of this article had previously studied its anaerobic treatment in the
mesophilic range using UASpe reactors ahelaboratory scale with good results, obtaining
high organic matter removal rat@darafion et al., 2001 Different HRTs (22.5, 16, 10.6, 8.9,

and 7.3 days) were employed and organic matter, total solids, metals, and biogas production
were determined for anaerobic thermophilic tmezt ofcattle manurén UASB reactors. The

level of COD removal achieved in the thermophilic range is generally slightly lower than those
obtained in the mesophilic range. The highest percentage of COD removal obtained on
thermophilic condition was 79.7%r an HRT of 22.5 days.

4.4.1.6 Fixed film reactor and suspending contact reactor

High-rate anaerobic systems can be divided into suspended growth and agfiasitbd

processes (including expanded/fluidized bed reactors andfflregrocessesjvan Lier, 2008.

In suspended growth systems, bacterial sludge is present as flocs or granules, whereas in attached
growth sysems microorganisms are adhered to a moving or fixed media. In an

expanded/fluidized bed reactor, suspended carrier media (such as sand or porous inorganic
particles) are used to develop an attached film. Fidedprocesses rely on the bacteria

attachingo a fixed media, such as rocks, plastic rirggsnodular crosglow media. Some

systems, such as the anaerobic hybrid process, combine suspended andgtathed

processes in a single reactor to utilize the advantages of both types of biomass.

Fixedfilm reactor

The microbial consortium in AD reactors consist of three types: fermentative bacteria,
acetogenic bacteriand methanogenic bacteria. Methanogenic bacteria grow at a slower rate
than fermentative and acetogenic bacteria, which makes themv&etaschanges in

environmental conditions. Since the species composition and density of methanogenic bacteria
most significantly affects the performance of an AD reactor, it is important to develop and
maintain a large density, stabénd viable populzon of methangroducing bacteria in an AD
reactor(Vartak et al., 1997

The selectin of a highkefficiency bidilm carrier is important for the enrichment of hidgansity
methanogens and to prevent the biomass being washed out ifidlkeatePreviously reported
studies have shown the retention of microorganisms in AD reactors hithi lan carrier can
potentially increase their productivity by increasing the amount of methanogens in AD reactors
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(Hill andBolte, 1992. Biofilms have improved in their paclg material properties and several
biofilm carriers have been evaluated for microbial immobilizati®ong et al., 2011 Based on

the characteristics afie materials used, traditional carriers can be mainly dlaskinto two
categories: granular arfibrous carriers. One noticeable drawback of using a granular carrier is
that the pores of granule media are susckptthclogging resulting from bidm growth. In
comparison, th@brous carriers are capable of overcoming this disadvantage when the space
between carriers is kept smooth enough. It is still not well understood what the most suitable
biofilm carrier is br AD systems. The use of a bim carrier requires the materials to be
biocompatible with the predominant microorganism in its application.

To maintain a high methanogen concentration in a digester, the immobilization of microbial cells

on various biofilm carriers has been studieitanco et al. (20Qinvestigated the performance

of AD reactors using three types fibrous bidilm carriers, including activated carbon fiber,

polyvinyl alcoholfiber, and glass fiber. The activated carbon fiber carrier performed better than

the other two types of carriers in achieving higher amount of bioghsathane production and

poll utantsd removal. The experimental results
carrier could sustain greater biogas and methane groddican the control during the duration

of the experiment.

Lo et al (1984)performed a laboratorgcale comparison of two anaerobic digesters

(conventional and fixedilm) for methane production from screened dairy manure. They carried

out studies in a 4 L reactor at 30°C with intermittent mixing. In the study, they obtained a
maximum methane productivity of 6.33day* from the fixedfilm reactor at a loading rate of

672 g VS [*day! for onehourHRT. The authors concluded that a high gas production rate was
not sustained in the conventional digester because of bacterial biomass washout at a HRT of less
than 6 days.

Vartaket al (1997) conducted a study to investigate the effectiveness diiedtiim

bioreactors on psychrophilic AD of dairy manure. They operated eight digesters having a
nominal working volume of 5 L (internal diameter, 15.2 cm; height, 30.5 cm) with the
temperature vaing between 10 and 37°C. In the study, they comptredverage performance

of bioreactors having different support medium types such as polyester and limestone material.
The study concluded that the polyester medium with its high porosity and starfacieme

ratio had the best performance in terms of biogadyction, methane production, methane

yield, and specific methane productivity at 37°C.

Lo et al. (1986b) studied AD of screened dairy manuregusire and twephase laboratory
scale AD systems. They reported that separation of acidogenic and metheapbgses of
digestion resulted in a significant increase in methane productiodvraxénum methane
production rate of 2.32 L't day? for a fixedfilm methane phase reactaeas obtained at-tlay
HRT.

Suspending contact reactor

Lo et al (1986a) carad out studies on mesophilic (35°C) digestion of screened dairy manure
usingananaerobic rotating biological contact reactor. In the study, 5.5 L reactors were fed with
3.0% VS at a HRT range of1ll days. The maximum biogas produittiwas found to be .89

L day! at1-dayHRT and the maximum methane yield obtaime$0.093 Lg? VS at 11 days
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HRT. The authors reported that the anaerobic rotating biological contact reactor performed better
than the fixedfilm reactorfor methane production.

Comparison bthe fxed-ilm reactor and the suspending contact reactor

The efficiency of the removal of organic matter in fixaetl reactors is directly related to the
characteristics of the support material used for the immobilization of anaerobes, and isrgreater
a fixedilm reactor than in a fluidized bed reac{®icanco et al., 20Q1After immobilization of
anaerobes on polyurethane foam in a thermophilic, fbexti anaerobic digester supplied with
acetate, the results of re@the polymerase chain reaction (PCR) analysis indicated that the
major immobilized methanogenic archaea wdethanosarcinapp., and that the major free

living methanogenic archaea wéviethanosarcinapp. andMethanobacteriunspp.

Immobilized methanogenic archaea could be present in concentrations 1000 times greater than
those in the original anaerobically dgged sludge from a completely mixed thermophilic

digester supplied withattle manureOn the other hand, immobilized bacteria could be present at
a concentration only 10 times greater. The cell densities of the immobilized methanogenic
archaea and bactarivere higher than those of the ffe@ng methanogenic archaea and bacteria
in the reactor.

4.4.1.7 Leaching bed reactors (LBR)

Leaching bed reactors (LBR) constitute a promising option for the dry anaerobic biogasification
of animal manure. The condegf aleaching bed reactd¢also known as percolating anaerobic or
dry anaerobic digestion) was developed to convert various organic waste materials containing
high levels of particulate matter into methane to serve as a readily usable energy souirge. This
basically a onestage column reactor operated in batch mode, in which leachate (or liquor)
collected at the bottom of the reactor is continuously recirculated to the top.

Promising results obtained in the AD of the organic fraction of municipal wakste led to
development of different modifications of this reactncluding a twephase
hydrolysis/acidification and methanogenesis pro¢€ssigh et al., 199%ieitez et al., 2000 In
this process, leachate that is passed over the waste extganig@cids formed from the initial
steps of hydrolysis and fermentation. The organic acids are then passed to a methanogenic
reactor that is optimized for methane production. By separating acid formation from
methanogenesis, the more sensitive methanoggatem can be operated as a higiie reactor.
The concept of a twetage leaching bed in a methanogenic reactor has been used effectively for
AD of the organic fraction ahunicipal solid wasteruit and vegetable wastégiturtia et al.,
1995, sorghum, food wast¢&hanem et al., 20Q0Han et al., 200 and poultry mortalities, as
well as for bidnydrogen production by anaerobic fermentation of food w#kta andShin,

20049).

One of the controlling parameters in the anaerobic fermentation procesgNkyipiHand
Nirmalakhandan, 20Q%ecause the acid production and congtiom phases demand different

pH levels for optimal performance. As such, the-plase configuration has been propgsed

where the acid production and consumption phases are physically separated from each other to
maintain appropriate pH levels in each gha-or example, improvement of cellulose hydrolysis
and conversion efficiency by separating the two phases has been demo(igyatednd
Nirmalakhamlan, 2009. Utilizing a leached reactor with leachate recirculation in the first phase
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enables the pH in the leached reactor to be controlled by adjusting the recirculation rate as it
increases the acidification rate and subsequently decitbases (Wang et al., 2002

Another parameter that can enhance the performance of the leached reactor is the porosity of the
bed. In anaerobic hydrolysis ofganic solid wastes that have high solid content and fibrous
material, mass transfer limitations may hinder the transport of enzymes and leachates within the
leached reactqiChynowethandPullanmanappallil, 1996 Mass transfer limitations may be

reduced by improving the hydraulic conductivity of the bed, which in turn can be controlled by

the particle size and volume fraction of solids in the bed. Following the above, it is hypothesized
in this study that mixing therganic solid wastewith inert fillers such as pistachidslf-shell

can increase the porosity of the leach bed and minimize mass transfer limitations.

Various digester configurations are employed using different approacheassoisbstage or
two-stage digesters, wet or dry/sedny digesters, batch or continuous digesf€tsowdhury
andFulford, 1992, attached or neattached biomass digestengyh-rate digestersand digesters
with combination of different approach@3e BaereandMattheeuws, 2008 Gas production
varies considerably with time, and several units musipleeabed simultaneously to maintain a
constant gas supp(fRaoandBaral, 201). The fermentatiothat takes place with TS content of
6-10% is known as wet fermentatiand with a TS content of more than 20% is known as dry
fermentation. It is reported that the fermentation can proceed at TS sapeaat32%(Jewell et
al., 198). Choice of reactor type is driven by waste characteristics, particularly TS content. High
TS subtrates are mainly treated in CSTRs, while soluble organic wabt&rateare treated
using high rate biofilm systems such as UASB readt¢aparaju et al., 2009

After comparing the most common types of anaerobic digesters based on technical performance,
bi ol ogical considerations, and rel i alileast ty, i
expensive type of anaerobic digester (Lissens et al., 2001; Steadman, 1975). Therefore, the batch
digester is the most feasible approach for small and medium sized dairy farms, in order to reduce
operating costs, and costs for equipment purchasidgnaintenance.

4.4.2 Part 21 Technological and economic challenges limiting
success

Temperature is an important factor affecting AD. Several previous studies have demonstrated
that the growth rate of microbes is higheand the AD process beconfaster and more

efficientd at thermophilic temperatureshencompared with mesophilic temperatures

(Krishania et al.20133. Forcattle manurgwhich has a high content of coarse fibers,
thermophilic AD can facilitate decompositi@Nasir et al., 2012 However, AD at thermophilic
temperatures can lead to high reidkammonia inhibition, as the temperature increase can result
in an increase in ammonia toxicifyeiland, 201). Total solids content is also a significant
factor affecting AD. While a high TS content can enhance the treatment capacity of AD, it can
also lead to ammonia inhibition of the AD process.

High TS AD is popular fooptimizing the treatment capacity of livestock waste and economizing

water resources. From the perspective of liquid effluent recycling, high TS can lead to little or no
effluent emission, which is environmentally beneficial. Previous work has mainigddmn the
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effects of TS or temperature on ADa#ttle manureAnaerobic digestion afattle manuret
thermophilic temperatures and high TS content is significant and practical from the perspective
of environmental protection and energy recovery. Sépeeaious studies have focused on
chicken manure for methane recovery through AD. However, few studies exist oncablef
manureat thermophilic temperature with high TS due to the ammonia inhibition that occurs
under these conditions. Overcoming tissue will be important for the widespread adoption of

AD technology.

There have been several attempts to avoid the accumula@omnednia during methane
fermentation. Cattle manure diluted with watan be treated anaerobically either in a ssohid
form containingl0-11.5% TS(Bujoczek et al., 20000or in a wet form containg0.5-3% TS
(Rao et al., 2008retilmezsoyandSakar, 2008 A few studies have demonstratédt the
acclimation of the methanogenic consortia of microorganisms to high ammoniawesels
effective in raising ammonia toleranag fmethane production. Although the spontaneous
acclimation of methanogentonsortia to high levels of ammonia is well demonstrated, the
procesof acclimation takes quite a long time and the methane gfe8d mLg?! VS in the
treatment otattle manurevas low(Abouelenien et al., 200Ra

Physiochemical or biological removal of ammonia fromethanogenic sludge is another
approach to reducing ammondibition. Physicochemical methods include chemical
precipitation processes such as the magnesium ammonium phosphate process, and the zeolite
and day procesgTada et al., 2005 Nitrification/denitrification processes aadaerobic
ammonia oxidization (NAMMOX) process constitutiae biological methods for ammonia
removal(DongandTollner, 2003. Effectiveness oéll the methods mentioned above, however,
relies on dilution othe manure to a TS level of 8380% (Chen et al., 2008Stripping of
ammonia from wastes in a liquid form has been useful for the removal of ammonia from AD
effluent as well as from poultry litter leachate. A few other studies have also reported the
applcation ofammonia stripping from dehydrated waativated sludgandcattle manur¢hat
hada high TS content. However, previous studies used amratiipping only for the removal

of the ammonia produced, aseparate step. Further improvements wexessary to redudke
cost and the time consumed by the msiiéip process @mmonia stripping during dry
fermentation otattle manure

4.4.3 Part 31 Evaluation of strategies to overcome challenges

Theabove challenge can be addressed thramgmonia stripping coupled with AD for methane
production. To the best of our knowledge, at present there are no reports of previous studies on
ammonia fermentation coupled to ammonia stripping in a single reactor system.

4.4.3.1. Thermophilic AD of dairymanure at different high solids concentrations

Process performance

The daily methane production for 6%, 8&d 10% TS are shown kigure4.2. Each @ the

three treatments had clear peaks appear during&ddition, for 6%, 8%and 10% TS, the
peaksn daily methane production appeared on tldyday 16, and dayl8, respectivelyand

were 13.8 Lkg? VS, 24.3 Lkg! VS, and 14.7 Lkg! VS, respectiely. For 8% TS, the process of
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methane production was not stafstem days 16 to 20.The level ofdaily methane production
was highefor 8% TSthanfor 10% TS.In addition, AD for 8% TS continued until d49. Low
organic matter content for 6% TS isnajor reasoithat methane production dropped. &t a
result, ddy methane productiowas greater for 8% TS than for 6% or 10%.TS

In terms ofmethane content, the values for the three treatments were generally $tiguae (

4.3). For 6%, 8% and 10% TS, the methane content yeeater thab0% on dayl0, dayl0 and
day14, respectivelyBrown and Li, 2013Zhu et al., 201p Values for 8% and 10% T8ere
51.863.5%, 55.769.2% and 57.464.8%, respectivelyTherefore, for 10% TS, stable status was
reached! days latethanfor 6% and 8% TS.
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Figure 4.2: Daily methane production from anaerobic digestion of dairy manure at different levels
of total solids
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Figure 4.3: Methane content from anaerobic digestion of dairy manure at different levels of total
solids

Soluble chemical oxygen demand (CQiDjal ammonia nitrogen (TAN), and pH changes
Levels ofsoluble COD were associated with TBigure4.4). Levek of soluble COD for 6% TS
werethe lowestwhile the highest level ofduble COD wasfor 10% TS.This can be attributed
to thevariation of organic matter content witte TS contentSoluble chemical oxygen demand
for 10% TS fluctuate during theAD process due to higbrganic mattecontent.The soluble
COD for 6% and 8% T®llowed a similar trend, increasimyiringthe initial period of ADand
followed byaslow decreasé his was generallin accordance with their corresponding trends
of daily methane productioihe initial slow increase in methane production was due to the
limited number of microbes and thatelimiting hydrolysis steffYao et al., 2018 As

particulate matter or complex particulate compoumeseconverted into soluble substrate
(soluble COD) and the population of hydrolytic bacteria increased and acclimatrd, was in
increase irdaily methaneroduction After most of the aluble COD was utilizedby microbes,
daily methaneproductions decreased.

Like solubleCOD, TAN levelswere associated with T&iure4.5). As reported previouslyhe
acidification and methanogesis stages can be negatively affected by the concentration of free
ammonia(Nasir et al., 201Q It wasreported that ammonia inhibiti@ctcurredat anammonia
content of 1.2 ¢ * atthe pilot scale(Mata-Alvarez et al., 2000 For 6% TS thelevel of TAN
wasthelowest,and remainethelow 1.2 g L* through the whol&D processmeaning that no
ammonia inhibition occurredVhen TS was increased from 6% to 8% and 10%, TAN content
increased substantially améismuch highethan1.2 g L.
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Figure 4.5: Total ammonia nitrogen (TAN) concentrations during anaerobic digestion of dairy

manure for different levels of total solids

Some studiediave foundhat ammonia inhibition occurred in the range of3.Gg L.
Ammonia is claimed to be toxic irrespective of pH wpegsenat concentrationgreater thard
gLt (Calli et al., 2005 Total ammonia nitrogelevelsfor 8% and 10% TS increasddringthe
AD process andtabilizedat about 1.8 4%, indicating that ammonia inhibition was occurring.
This is likely the reason théte peaks of dailynethangoroduction for 8% and 10% TS appeer
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later tharfor 6% TS.Levek for 10% TSwerethe highes(1.8-2.0 gL after 8 days of A} so
the AD process was inhibited mugtoreseriouslythanwith 8% TS and ceased on d2§.In
thepH range of 6.8.5, methanogenic activity decreased with the incree$AN content, and
dropped to 0 at.B8-6.6 gL of TAN. In other studiegthe effect olammonia inhibition can be
intensifiedwith a TS contenthigherthan5%, when chicken manure was usedhesubstratdor
AD (Bujoczek et al., 2000The inhibitory effect occurred at a lower TS content with chicken
manure because it has a higher initial TAN content than cattle manure.

Trendsfor pH weresimilar for different TS valued-{gure4.6). First, they decreasethen
increased slowly and maintained a stable lepdlranged fron6.458.55, similar tothe wide pH
range of 6.88.5for AD noted byMataAlvarez et al. 000. For the initial period of AD, the
decreasé pH could be attributed to the acidification of the coarse fibers not digegtad
cow. After that, pH increased along wisimincreasen therelease of ammonidhis
phenomenoilso occurreavith chickenmanureas substrate for methane production at
thermophilic temperature and high Abouelenien et al., 20}0
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Figure 4.6: pH values during anaerobic digestion of dairy manure at different levels of total solids

Cumulative methane production

Cumulative methane production for 6%, 8&d 10% TSvas89.5 Lkg! VS, 161.7 Lkg! VS,
and 80.4 Lkg! VS, respectivelyFigure4.7). The cumulative methane productiobtainedwith
8% TS was 1.8old and 2.6fold more respectivelythan methane productianth 6% and 10%
TS. Despite the fact thahere was no ammoniahibition at 8% TS, the cumulative methane
productionwas the lowestAlthough there was some ammonia inhibition that occuive8%
TS, theinhibitory effect was nosevere
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Figure 4.7: Cumulative methane production during anaerobic digestion of dairy manure at
different levels of total solids

In summary, severe ammonia inhibition during thermophilic AD of dairy manure occurred at
10% TS, and the total methane production was the lowest for taiseret. For this reason, 10%

TS was established as the threshold for conducting simultaneous ammonia stripping experiments.

4.4.3.2. Simultaneous ammonia stripping for thermophilic AD of dairy manure at the
threshold solids concentration (10%TS)

Process prformance

Simultaneous ammonia stripping at 1 L rhinas beneficial for the enhancement of process
performanceKigure4.8). Levels of daily methangroduction at different gas flow rates can be
ranked as 1 L mih> 3 L min! > control> 5 L mint, with the highest level of daily methane
production obtained at 1 L minDistinct peaks were observed at 1 L thand 3 L min', with
methane productioaf 23.6 Lkg!VS day! and 21.3 Lkg! VS day?, respectively. For the
control, the highest peak (5.0kig VS day?) appeared on day 14, which was 2 days later than
those at 1 L mir and 3 L mint. These results indicate that simultaneous amnirijgping was
beneficial for thermophilic AD at the threshold TS content. However, at 5 &, rthie level of
daily methane production was even lower than the control and the lowest of any of the
treatments. The stripping rate is important for thermopAilicof substrates with a high nitrogen
content. High stripping rate has some disadvantages such as water evaporation, &aming,
cooling of the substrai@®e la Rubia et al., 201Qiao et al., 1996 Loss of organic materials
due to high stripping rate may also contribute to a reduction in daily methane proddbtog

et al., 2012 Another possible cause of the low level of daily methane production resulting from
the high stripping rate may be that the high stripping rate disturbs energy and nutrient transfer

between microbes in the AD system.
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Figure 4.8: Daily methane production at different stripping rates

Trends for methane content of the treatments were similar except for that of 5 [Figjure
4.9). For the control, 1 L mif, 3 L mint, and 5 L min® treatments, methane content reached
50% on day 10, day 6, day 6, and day 8, respectively. Therefore, at I*lanar8 L mir,
duratian of the starup period and time required to reach stable status were the shortest, which
was four days shorter than for the control. Similar to results for daily methane production,
methane content at 1 L minwas the highest (56-85.5%). The methanentent of the 5 L min
treatment had great fluctuation throughout the AD process and the lowest leve 1%).5
Methane content fahe control andhe 3 L min were 55.965.1% and 61.$8.5%,
respectively. As with the daily methane production resmoiethane content ranked as: 1 L rhin
> 3 L mint> control> 5 L mint. These results indicate that stripping rate at 1 L''méauced
the time used for reaching stable status and improved methane content.
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Figure 4.9: Methane contents at different stripping rates

Soluble chemical oxygen demand, total ammonia nitrogen, and pH changes

Simultaneous ammonia stripping at 1 L rhimas beneficial for the utilization of available
substrate antbr the removabf ammonia inhibition. 8luble chemical oxygen demamas used

as an indicator of the level of available substrate for microorganisms in the AD system. For all
the experiments,oduble COD content experienced initial increagallowed by a slow decrease
(Figure4.10). This was in general accordance with their corresponding trends for daily methane
production. The reason was simitarthatmentioned peviously. This result is in agreement with
previous studie§Zhenget al., 2009 When most of theadduble COD was utilized by microbes,

daily methane production decreased accordingly. For control, the peak appeared on day 8, which
was later thathe peaks ithe othetreatmentsAccording to Abouelenien et al. (2d8)9the
microbes responsible for decomposing substrate were inhibited by highdéaeimonia
(Figure4.11) (Abouelenien et al., 2009bHowever, after a long period of microbial acclimation

to the high leved of ammonia, an increase ajlgble COD release occurred. The level ofuble

COD forthecontrol was the highest. This candt&ibuted to ammonia inhibition of
methanogenesis, which led to the accumulation of available substrate that could not be utilized
by methanogens for methane production. However, the leveluflse COD at 1 L min' was

the lowest among all treatmenssiggesting that microbial activity at 1 L riiconsumed the
available substrate throughout the AD process.
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Figure 4.10: Soluble chemical oxygen demand (soluble COD) at different stripping rates
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Figure 4.11: Total ammonia nitrogen concentrations at different stripping rates

Changes in pH for the control, 1 L rmin3 L mirt}, and 5 L mirt treatments were similar: an
initial decrease in pH followed by aosV increase (concurrent with an increase in ammonia
release), and then maintenance of a stable |Bigalife4.12). The pH values were 6.45855,
whichwere within the suitable pH range of @% for AD (Mata-Alvarez et al., 2000 In
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general animal manure has higher moisture, nutrient, salt conmishigher pH buffer

capacity than foodcrays, which is beneficial for maintaining pH stability in an anaerobic
digester(AngelidakiandEllegaard, 2008 The pH of a digester is usually used to indicate the
process stability. pH level is associated with the level of VFAs in an AD syktem et al.,

201% Yao et al., 2013Yao et al., 2014arao et al., 2014 An acidc environment is caused by
theaccumulation of VFA, which leads to a dease in pHLiew et al., 2011 Therefore, low pH

is associated with a high level of VFAs and vice versa. Fanitia period of AD, the decrease
in pH can be attributed to {Nasgretal¢d0IRzTHer om t
accumulation of acidic products, such as acetate, usually occurs in the initial period of AD
(Abouelenien et al., 20)0The accumulation of acidic products leads to a decrease in pH, which
reduces the effiency of ammonia fermentatiq@dbouelenien et al., 20)0

9.0 5

=— Control
e 1L min’
8.5 1 A— 3L min’
v 5L min’ i . L
8.0 - e _ ‘
‘_ - s g
T 7.5 - e 4 L“"
a L /7 ¥y ‘
[ o/ X
o 4
704 i & . A
~ /
4 p S
| . ‘
6.5 [
6.0 T T T T ¥ T T T d T v 1
0 4 8 12 16 20 24 28

Time (day)
Figure 4.12: pH at different stripping rates

The level of TAN in the initial period of AD increased slowly and maintainesdagively stable
state Figure4.11). After a period of adaptation and breeding of methanogens, acidic products
were further utilized for methane ghaction, in agreement with a previous stif#go et al.,

2013, and the pH increased accordingiygure4.12). The increase in pH leads to an increase in
TAN (Chen et al., 2008 As a result, TAN level for the control increased relatively quickly
starting aroundlay 10 (Figure 4.6B). During days-24, the level of TAN was the highest,
which was in line with low pH values (Figure 4.6@glues of TAN for the control were A1

g L't within the range of 1:8.0 gL that leads to ammonia inhibition in AMcCarty, 1963.
However, for the experiments with simultaneous ammonia stripping, the levels of TAN were
lower than the 18.0 gL™* (McCarty, 1963, thus it was unlikelghatammonia inhibition
occurred.

Efficiency of ammonia removal was 53.5%, 44.4% and 64.4% at 1 &,/Bihmin™, and 5 L
min, respectively. Efficiency of methane production at 1 L'tniras the highest among alll
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treatments. The highest stripping rate (5 L #iled to the loss of organic matter as mentioned
above, and the resulting mass loss may explaihigteefficiency of ammonia removal.
Ammonia removal at 3 L mihwas the lowest. Comparatively, efficiency of ammonia removal
for previous studiewashigher,where88.2% ammonia removal was obtained at fermentation
conditions involving ammonia strippirfigr 12 hours and higher pH (9.0, 9.5, 10.0, and 11.0)
(Zhang et al., 2002 Ammonia removal of 78% was obtained at pH 12 by Lei et al.7)2®o
applied ammonia stripping to AD effluefitei et al., 200y. Ammonia removal of 785% was
reached by applying ammonia stripping for poultry leachate286 T'S.

There are some reasons for the lower efficiency of ammonia removal obtained in this study
(44.464.4%) compared to traditional ammonia strippifgst, higher pH is usually used for a
separate ammonia stripping process in systems withoy®sbuelenien et al., 2009Zhang et

al., 2012. Second, TS is usually lower during ammonia stripping, which allows bettdiogias
association térap more ammonia due to higher fluididbouelenien et al., 201®ao et al.,

2008. And third, a higher temperature is used for the separate ammonia stripping process
(Nakashimada et al200§. However, these parameters (high 1838.0), high temperature (>

60°C), and low TS are not economically feasible in this situation because of energy requirements
and cost. For these reasons, creating these parameters to improve ammonia istopiymng
feasible when the ammonia stripping is a separate stage, not when AD is coupled with ammonia
stripping.

Cumulative methane production

The maximum cumulative methane production was obtained at 1'L. @irmulative methane
production for the conttpl L min?, 3 L min, and 5 L mint treatments were 84.7kg! VS,

192.3 LkgVs, 168.8 Lkg! VS, and 68.5 Ikg! VS, respectively. The maximum cumulative
methane production was obtained at 1 L-fiwvhich was 127.0%, 13.9%, and 180.7% higher
thanthose of the control, 3 L mih and 5 L min' treatments, respectivelFigure4.13), so the
improvement in cumulative methapeoduction was significanp(< 0.05). The value obtained at

5 L mintwas the lowest. The reasons behind the highest stripping rate affectingttiamen

yield include mass transfer and the loss of organic matter. The low methane production of the
control can be attributed to ammonia inhibition, as mentioned above. Decreases in methane
production in thermophilic AD of nitrogench manure has beentdbuted to the accumulation

of ammoniaLei et al., 2007 Nakashimada et al., 200Rao et al., 2008 Simultaneous

ammonia stripping at 58, instead of a higher temperature and without pH adjustment, is cost
efficient. Thereforedairy manure could be used for efficient methane production via
simultaneous ammonia stripping at a flow rate equivalent to 1 t:.min

Substrate degradation

The highest level of substrate utilization was obtained at 1 I*.feductions in TS and VS

were calculated to evaluate the biodegradability of the substrate and the efficiency of methane
production at different stripping rates. The greatest reductions of TS and VS (34.4% and 41.3%,
respectively) were obtained at 1 L mi(Table4.2), and were in line with the maximum

cumulative methane production. Compared to the control, TS and VS reduction were enhanced
by the ammonia stripping procdsg 251% and 250%, respectively. In general, greater
degradation is associated with greater methane production. However, in this study, cumulative
methane production of the control was greater ttrat of the 5 L mif treatment, while TS and

VS reductions fothe control were lower than those of the 5 L ¥ireatment. This may be due

to the high stripping rate of 5 L mirleading to the loss of organic substréthang et al., 2072
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The optimal stripping rate of 1 L mirwas beneficial for the prevention of ammonia inhibition
and led to a high efficiency of feedstock degradation. Higher strippirgledtéo the loss of

volatile matter, whié the control with no ammonia stripping led to the accumulation of ammonia
and subsequent ammonia inhibition. These results indicate that a stripping rate of iviasin

the most effective for the utilization of dairy manure for methane production.
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Figure 4.13: Cumulative methane production at different stripping rates

Table 4.2: Total solids and volatile solids before and after anaerobic digestion and degradation

Control 1L mint 3Lmint 5L min?

Before AD (g) Total solids 52.1 52.1 52.1 52.1
Volatile solids 42.0 42.0 42.0 42.0

After AD (g) Total solids 469+1.1 341+25 369+11 46.2+6.3
Volatile solids 37.0+5.7 24.7+1.8 27.3+4.7 36.5%4.2

Degradation (%) Total solids 98+42 344+11 29.1+39 11.1+7.3

Volatile solids 11.8+2.8 41.3+19 349+47 131+24

4.5 Conclusions and recommendations

It is necessary to improve the efficienmfyenergy recoverin digesters for smaland medium
sized dairies in order to make adoption of this technology economically feasible. Inhibition of
thermophilic AD due to ammonia accumulation is a major challenge in these systems. Inhibition
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of AD occurred at a thresholdvel of 10% TS. The results show that simultaneous ammonia
stripping helped to overcome ammonia inhibition that occurred in thermophilic AD at the
threshold TS. The optimum stripping rate was identified as 1 rhiand a maximum methane
production of 1928 L kg VS was achieved. Overall, this approach has the potential to improve
the efficiency of dairy manure utilization for methane production. The proposed approach
simplifies the system by combining ammonia stripping and thermophilic AD within the same
digester, making this process simpler and more cost effective than other reported options.
Therefore, for smalland mediurnsscale dairy digesters that are not economically sustainable,
this approach makes it possible to digest manure with a high TS tamtprove methane
production, and reduce wastewater discharge while recovering nutrients. Because this approach
demonstrated satisfactory efficiency in this study, the simultaneous ammonium stripping
technique coupled with smatind mediunrscale thermoghc AD and high TS can be applied to
other nitrogerrich materials like food scraps, though the technique needs to be optimized for
thosespecific conditions. As a result, the developed techniquéhkg@®tentialto enhane the
availability of smal andmediumscale AD in Washington State.
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5.1 Background

The useof biochar for the recovery of nitrogen (N) and phosphorus (P) from anaerobic digestion
(AD) processes has the potential to mitigate environmental issues such as greenhouse gas
emissions and nutrient runoff leaching in salserious and persistent preiol in agriculture.
Washington State Universityos (WSU) biochar
biochar to adsorb and retain nutrients from AD effluent. This research shows promise for
addressing environmental concerns due to nutrient runoffraading a valuable market for
engineered biochar, as well as for improving the hydrological and microbial transport properties
of marginal soils.

Spectroscopic methods currently used to characterize the biochar adsorbents were originally
developed forhe characterization of graphitic carbons and, hence, are inaccurate for the analysis
of the amorphous biochar produced from AD fibers. To better understand the chemicalpmake

of biochar and to better understahdadsorption mechanism of pollutants tadsbiochar,

there is a need to compared spectroscopic data collected from Raman, nuclear magnetic
resonance (NMR) and-Kay photoelectron spectroscopy (XPS) with simulated spectra and
examine for a wide variety of ordered and defective polyaromatic stesct

This biennium the research teasimed to develop biochar adsorbents as one of several
alternative technologies thateacurrently proposed for largeeale AD biorefineries andrall-

scale anaerobic digesters. Specificalbgearchertargeted thelevelopment of carbonaceous
adsorbents for the removal of hydrogen sulfideSHn mixture with methane (Gifor biogas
purification, ammonia, phosphandEscherichiacoli from aqueous effluentas well aghe
development of new analytical techniques for biochar characterization using density functional
theory (DFT) calculation.

5.2 Objectives

The objective of this project was to develop an engineered biochar from AD fiber and Douglas
fir to perform the folloving tasks: (1) adsorption of2H from biogas, (2) removal of phosphorus
from the liquid effluent ohnanaerobic digester, (3) adsorption of ammonia gas, and (4)
retention ofE. coliusing biochar with nitrogen functional groups.
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To accomplish thesmsks, the research teadeveloped the biochar surface through physical
(carbon dioxide) and chemical (phosphoric acid) activafitkeyalso produced biochar with
nitrogen functional groupsvhichtheyhypothesizedvould be suitable foE. coliretention.The
team alsaleveloped new analytical techniques for the analysis of biochar desinsity
functional theorycalculation and therebgharacterized the resulting activated biochar.

5.3 Methods

5.3.1 Development of novel spectroscopic methods for biochar
characterization

Spectroscopic methods currently used to characterize biochar adsorbents inclade iReshear
magnetic resonancand Xray photoelectron spectroscogyhese methods, however, were
developed for the characterization of graphitic carbons enshaccurate when applied to the
amorphous biochar produced from AD fiber. To better understand the spectroscopic data
collected from Raman, NMR, and XPS, simulated spectra were generated and examined for a
wide variety of ordered and defective polyaroimatructures. These structures were simulated
usingdensity functional theorlevel calculations on the higherformance cluster at WSU. A

Becke 3 Lee Yang Parr exchange correlation function was used with an augmented double
(Raman) or triple (NMR and XP&eta basis set;81G(d) and 6311G(d,p), respectively.

Raman and NMR spectra were determined directly from the calculated polarizability and
shielding tensors, respectively. The Raman response was corrected by an empirical linear factor
proposed byalls et al.(2001), while the NMR data shifted relative to tetramethyl silane. The

XPS signals were determined by calculating the binding energy of 1s electrons for each atom and
assumingheinitial state approximation first proposed byn et al.(2015.

To ensure that accurate reproduction of real spectra was achieved, several reference compounds
were examined for each method, including: naphthgleaean), pyrene (XPS and Raman),
benzo[a]pyrene (Raman), benzo[g,h,ijperylene (Raman), perylene (Raman), coronene (Raman),
tetracarboxylic perylene (Raman, XPS, and NMR), and cellobiose (XPS). The theoretical carbon
structures examined were formed fromieas regular polyaromatic structures such as coronene,
circumpyrene, and circumcoronene. These structures were modified by the inclusion of single
and double point defects (one or two carbons removed), with hydrogen or oxygenaaadiide
structure reaenged to maintain a neutral charge. These defects resulted in several non
hexagonal ring systems, including pentagonaltemhgonal rings, as well as large irregular

gaps within the aromatic structure. To examine the isolated effect of pentagonal g haip

rings in larger systems, these rings were placed in the cergénadretical molecule and

surrounded by hexagonal rings. In addition to these defects the edge of coronene stvastures
modified with various oxygenated groups, including: hydiexgarbonyls, lactones, and

carboxyls. Each of the theoretical spectra were examined for trends, which were used to
construct a series of modified deconvolution parameters and interpretations for peak fitting of
realbiochar spectra.

The new methods deloped were tested by examining the Raman, XPS, and NMR spectra of a
thermoseries of celluloddochars produced at 300 to 700°C using a spoon reactor at WSU.
Treatment times were 30 minutes with a nitrogen sweep gas used to minimizéieapar
interaction. Following treatment, samples were allowed to tw@5°Cunder nitrogento
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minimize reaction with atmospherigygen. Biodar samples were mixed with spectroscopic
grade potassium bromide (KBaj a 1:20 w/w (weight to weightatio for Raman angsis.

Raman spectra were collected using a Horiba LabRAM Raman microscope equipped with a 50
mW 532 nm laser. Signals were collected usi®§®filter to minimize potential heating. Final
spectra are the average of three to five spots each based ocaimsiaad smoothed using a five
point boxcar averag&he XPS spectra were collected using a Kratos Axis 165 XPS system with
a MgKU source operated at a pass enepPrgsgnt of 40
charging was corrected using a floguh. TheNMR spectra were collected using a Bruker

Avance 400 NMR. A multiplgoass crosspolarization sequence adapted from Johnson and
Schmidt Roh(2014)was used for polarization with signals recorded on a Hahn Echo.
Dephasing was achieved using eitbmndard gated dephasing for times less than one rotor
period, or a long range REDGigpe methodMao andSchmidtRohr, 2003 for longer periods.

5.3.2 Production of carbonaceous adsorbents for H>S adsorption

The adsorption tests were carriaat in vertically-oriented glass tubes. In each experiment, 300
mg of activated biochar were packed in tiige. The tests were conducted at atmospheric
pressure and at room temperaturee simulated gas used contained 2000 ppmp8f B5%

CHs, and the balance was carbon dioxide fC8ydrogen sulfidevas then passed through the
column of adsorbent at a raie10mL per minute. The flow rate of gas was controlled by a
volumetric flow meter. A 0.01 Mydrochloric acid KICI) solution (500 mL, using tap water) was
employed to moisturize the biogas before reaching the column. The concentrati@vedsi
monitored using a gas chromatography analyzer (GC; Varian GC3800, equipped with a CP
Silica PLOT 50m x 0.53mm x 4um column) with a computer data acquisition program. The
breakthrough concentration was set to be 10% of the initial concentratio of ke test wa
allowed to reach the saturation point of the activated biochar before it was stbped5.1 is

a schematic representatiandFigure5.2 is a photoof the HS adsorption set)p

5.3.3 Integration of fiber pretreatment with existing AD technologies

Anaerobic digestion fiber was received from Regenis and Andgar Company. Preliminary studies
indicated that deposition of calcium on the fiber surface prior to pyrolysis can strongly improve
phosphate retention of the resulting biochars. This depositiobecaohieved through pH

elevation in a calciunnich solution. In this study, the biochars resulting from the fibers activated
with CO; were investigated. A sodium phosphate solution buffered to pH 7 was used to test these
biochars for phosphate removal.
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Figure 5.1: Schematic of the experimental setup designed to carry out the hydrogen sulfide
breakthrough experiments

5.3.4 Biochar surface area development (Physical Activation)

A series of biocharsctivated physically with C&were produced at temperatures between
350°C and 800°C from AD fiber in a tube furnace reactor. Briefly, the sample was introduced
into the furnace under nitrogen flow for a period of 30 minutes &.25kter, the temperature
began to increase from 25%0 the expected final temperature at a heating rate & Aér

minute. After the final temperature was reached, the sample underwenstbgegrocess
(carbonization and activation) for a total residence time of two hobesfiit stage involved
carbonization of the sample to biochar under nitrogen flow, while the second stage consisted of
switching from nitrogen gas to G@r activation of the biochar for one hour. A flow rate of
500mL per minutevas employed in the retac zone to minimize vapesiochar interactions.
Samples were then cooled to temperatures below 25°C under nitrogeefgeas exposure to

air. The activated carbon obtained was characterized and used for the adsorption studies.
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Figure 5.2: Experimental apparatus used for the hydrogen sulfide breakthrough experiments

5.3.5 Biochar surface area development (Chemical Activation)

Anaerobic digestion fiber was passed throughad3@ 32mesh screens to obtain a uniform

particle size distribution. The AD fiber was next impregnated with phosphoric agtD{H

solution in a 2:1 ratio of POy to AD fiber. The impregnated samples welievaed to stand

under room conditions for one hour. Next, the samples were dried for 24 hours in an oven set to
105°C. Prior to carbonization, 4.0 g of impregnated samples were placed in a stiedebsat,

and then later introduced into a tube furnageipped with automated time and temperature
control. Samples were placed in the middle of the tube to ensure a uniform distribution of heat.
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The carbonization was carried out at temperatures between 350°C and 600°C. The heating rate
was 10°C per minuteith a nitrogen flowof 500 mL per minuteThe isothermal carbonization

time was one hour. Finally, the resulting biochar was characterized and udezbfigorption

studies.

5.3.6 Phosphate adsorption studies

To evaluate the effectiveness of activabeathar produced from AD fiber in removing nutrients
from effluents, we conducted adsorption experiments using phosphafd.(RQolution of
phosphate was prepared with sodium phosphate monobasieR8gtnd sodium phosphate
dibasic (NaHPQ), to guaantee a buffer solution of pH 7. The concentration range (@010

50, and 100 mg 1) was chosen to represent the range of phosphate concentrations commonly
observed in dairy manure AD effluent.

The activated carbon produced was added to the phosuhatien at the rate of 200 mg per 25

mL solution (8 g [). The mixture was then placed on a horizontal mechanical shaker and left
for 24 hours with two replicates for each concentration. After shaking, the suspension was
allowed to stand for at leastdvhours for the particles to settle at the bottom of the tube, and was
later filtered through 0.45 pum filters.

The equilibrium concentrations of filtrates from the adsorption studies were measured by the
molybdovanadate with acid persulfate digestion ma{ic0 to 100 mg ). The experimental

results obtained were later fitted to the Freundlich and Langmuir models. The amount of PO
uptake at equilibrium,mg g'), was calculated using the mass balance equation, as follows:

6 0 w 1
a

whereC, (mg L?) is the initial PQ* concentrationCe (mg L?) is the concentration of R®at
equilibrium,m (g) is the mass of biochar useahdV (L) is the volume of Pg¥ solution. All
chemicals used in this study were analytical reagent grade.

5.3.7 Adsorption of ammonia from the gas phase

In this study, highly acidibiochars activated with #Qs were produced. Douglas fir was the
feedstock and it was impregnated wititopphoric acid at a 2:1 ratio of phosphoric acid:Douglas
fir. The activation was done using 85%Pd, at a temperature range of 3600°C. The

resulting biochar was characterized by elemental analysis, proximate graalgsssirface area
analysis.

Ammoniaadsorption was tested in a packed bed filteupetand the breakthrough
curves were obtained. This experiment entailed passing ammantiagen gas stream
(200 ppm) through the sample of activalbeéachar, and measuring the ammonia in the
off-gas wer time. Ammonia was measured using a tin oidsed solid-state gas sensor
(MQ-135). The analog output was registered by-®il@esolution analogo-digital
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converter (ATmega 328) with a 1.1 voltage reference input. ThelBEJs designed to
operaten air, requiring the presence of oxygen atatmospheric concentration (3by
volume); pure oxygen was introduced to the gas stream after the ammonia gas passed
through thebiochar where it flowed through a static mixture to ensure homogeneity by
the ime it reached the sensor. The output from the sensor was recorded every 10 seconds
and saved to a text file. The complete experimental setup is illustrated in

Figure5.3.

Computer

Static
H Mixer
02 Regulator 02 Flowmeter Fume Hood
Oz
Cylinder 200ppm <
NHain Ny Gas Sensor
Cylinder A
NH3 Regulator Char Sample

NHs Flowmeter

Figure 5.3: Experimental setup for gas phase ammonia adsorption

5.3.8 Production of biochar with surface amine groups for E. coli
retention

In thisstudy, high protein materialvhite mushroons from Walmart was mixed with a non
protein feedstock (Douglas fir) at a ratio of 1:1. This biochar was produced at the same
conditions described elsewhere in the previous sections. The aim was to introchgsnnitr
functional groups onto the resulting biochar. Previous studies demonstrate that biochar has
negative charges due to oxygen functional groups. Introducing nitrogen functional groups to
biochar may result in a positively charged surface wttiehresearthershypothesized woulte
effective forE. coliretention by electrostatic forces. The materials were physically activated
with CO, to enhance the surface area.

TheE. colibacterial strains were prepared by growing for twelve hours°&t Bi7a media of

tryptic soy broth on a shaker rotating at 150 rpm. Following incubation, 1% of the volume of the
activated cliure was transferred into 10 ndf tryptic soy broth medium and grown at the
conditions described above until the late stationary phase of gfosuthlly four to five hours of
growth). After growth, bacterial suspensions were centrifuged at 5,100 rpm for 10 minutes, and
were then collected and washed three times with deionized water. Bacterial pellets were then
suspended in deionized water toameentration of 0.1 optical density at 600 nm (equivalent to

93



2.4x10° colony forming units¢fu) mL™, theinitial concentration for analysigbuliman et al.,
2017).

5.4 Results and discussion

5.4.1 Development of novel spectroscopic methods for biochar
characterization

Analysis of theoretical Raman, XP&d NMR spectra yielded new information
regarding the deconvolution and assignment of various spectral features. The
interpretation of Raman signals (
Table5.1) for deconvolution parameters and assignments stistkong separation of
pentagonal, hexagonand heptagonal (and octagonal) breathing modes that can be used in peak
assignments. For this, pentagonal rings skatweathing modes neap4D0-1,460 cmt,
hexagonatingsnear 1350 cm*and heptagonalngsshoweda doublet structure neaj0D0 and
1,200 cm®. In addition, distributions within thg350-1,600 cm! werealso strongly influenced
by the degeneracy of the structure, allowing interpretation of system ordering. Out of plane
deformations have been observed to shift intensity within thismeigivard 1500 cm.

Table 5.1: Summary of peak assignments
Position (cm') Peak  Shape  Assignment

Breathing modes for small aromatic regions, secon:

9751075 S Gaussian breathing mode for 7+ memberedg
Breathing mode for rings containing 7+ carbons v
1,150-1,200 S Gaussian Kekulé modes in adjacent benzene rings, benzene
breathing modes adjacent to heteroatom defects
1,250-1,300 Ds  Gaussian Assortedoreathing modes for most PAMs

Combined breathing/Kekulé vibrations for PAF
Larger more symmetric systems show peaks ng&0l

1,340-1,380 D Gaussian Ry . -
cm+, while peaks for smaller systems move towe
1,400 cm!
Breathing mode for -Bnembered rings with Kekul
1,400-1,460 A1 Gaussian vibrations in adjacent-Ghembered rings and near pt

Kekulé in small ring systems and moieties
Mixed breathing and asymmetric stretch vibratio
modes for spcarbons near defects causing out of pl

1,480-1,550 Az Gaussian deformation. Heteroatom defs tend to cause great
red shift

1570-1,600 Ge  Gaussian Distributed asymmetric vibrations for distribution
small PAHs

1,570-1,600 GL Lorentzian Standard & mode for large PAHS

Double resonance activated breathing mode

16051650 Do Gaussian *weak: By mode near ether inclusions
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1,750-1,800

C

Gaussian Carbonyl stretching mode, very weak

* New peak observed in this study, interpretation from figures presented previously.
aPAH = polycyclic aromatic hydrocarbon

These deconvolution strategies were applied to a thermoseries of cdlioidsa's. The

development of spectral intensity associated with pentagonal structures as temperature increase
and a sharp increase in out of plane deformations 4Cr@@re obsemd Figure5.4). The
thermoseries showed an increasingly ordered structure based on analysis-batiteré€gion
(1,570-1,600 cm?b). The increased tansity near B50 cm! and the slight shift in maximum peak
intensity indicated increasing aromatic condensation as temperature increased.
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Figure 5.4: (A) Deconvolution of Raman spectrum of a cellulose biochar produced at 400°C using
the newly proposed method, (B) Peak position, (C) Peak intensity of breathing modes, and (D)
peak intensity of asymmetric stretch modes.
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Analysis of the XPS signals pralad strong evidence of the existence of-@ @eaks near
283.6, 284.4and 285 eV, respectively. These peaks and interpretations have been added to the
deconvolution parameters given in

Table5.2. Carbons contained within pentagonal rings have been linked to spectral intensity near
283.6 eV, while those in heptagonal and octagonal rings show intensity near 285 eV. Simulations
also suggestthat the presnce of carbonyl groups can cause weak shifts iracigacent

carbons, resulting in additional intensity near 285 eV. To more accurately fit these regions, a new
deconvolution algorithm has also been propos#glife5.5) which utilizes the deconvolved O1s
spectrum as a constraint in the C1s deconvolution. This prevents over or under expression of
carbonoxygen groups during analysis.

Table 5.2: Peak assignments and parameters for the interpretation of Ols and C1s spectra of

biochars

Peak Assignment BE (eV) FWHM (eV) G:L (0-1)

0O-C(1) Ether and hydroxyl groups bondec 533.0533.4 1.82.2 0-0.1
to aromatics

0-C(2) Ether and hydroxyl groups bondec 532.5532.9 1.82.2 0-0.1
to aliphatics and carbonyl shake

Oo=C In carbonyl, lactone, and carboxyli 531.2531.6 1.82.2 0-0.1
groups

(H20) Absorbed water/oxygen, sub 534.8535.2 1.82.2 0-0.1
monolayer

C-Clow  Cyclopentane ring atoms within 283.4284 1.2-2 0-0.3
cluster

Cc-C Primary GC/C-H peak 284.2284.6 1.2-2 0-0.3

Primary

C-C High Cin cycloheptane or larger rings  284.8285.4 1.2-2 0-0.3

within clusters, C in small clusters
containing C=0 bonds, sp3 bonde
carbons
C-0 Ether and hydroxyl bonded C,C  285.9286.6 1.82.2 0-0.1
associated with ether bond in
lactone/esters
Cc=0 Carbonyl groups and carbons 286.%287.5 1.82.2 0-0.1
attached to two ether/hydroxyl
groups
COO Carboxyl, lactone, anéster groups 288.3288.9 1.82.2 0-0.1

Pi-Pi* HOMO-LUMO transition for 291-292 2-3 0-0.1
primary GC peak
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Figure 5.5: Basic algorithm for the combined O1s/Cls deconvolution of XPS spectra of biochars
and amorphous carbons
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Analysis of the cellulose thermoseri&sror! Not a valid bookmark self -reference) indicated

that pentagonal ring systems likely decreased with temperaturegoef®6°C and 700°C, as did

the heptagonal and octagonal ring systems and all other defect types. While this result contrasted
with the intensity increase observed near 1,400 ionthe Raman spectra, such changes may be
the result of resonant enhancemeithin larger structures. The XPS results also indicated
preferential stability of ether and lactone type groups over hydroxyl and carboxyl groups as
temperature increased, consistent with results reported for temperature programmed desorption
from activaed carbons. The XPS results also indicated increasing aromatic condensation at
600°C and 700°C due to lack of charging effects (increased electron conduction within the
sample) and the development of an asymmetric peak shape associated with the primeiy aro
C-C peak. This peak shape is highly prevalent in activated carbons and graphitic materials, and
has been previously linked to polyaromatic clusters larger than 1 nm.

Table 5.3: Peak distribution and C:O ratios determined using proposed deconvolution scheme

Cellulose Pyrolysis Temperature (°C)

Deconvolution peaks feedstock 300 400 500 600 700
C-C low (%) 5 4 11 6 5 4
C-C Primary (%) 6 14 36 52 67 75
TS (asym. factor) 0 0 0 0 A1 .16
C-C High (%) 1 5 27 16 14 9
C-0 (%) 66 60 18 16 5 4
O-C-0O/C=0 (%) 20 15 0 2 0 0
O-C-0O estimated 20 15 0 1 0 0
COO (%) 1 2 5 4 3 3
Pi-Pi? (%) 1 0 3 4 4 4
c.o? 1.26 1.54 4.63 5.11 11.40 10.86
O-C 98 98 80 69 61 62
C=0 2 2 20 31 39 38
Dre” 0.57 0.70 0.64 0.84 0.91 0.52
DcL® 0.55 0.64 0.64 0.58 0.66 0.42

aResults from comparison of C1s and O1s fine scans
b Dye = distribution of hydroxyl and ether groups
¢ DcL = distribution of carboxyl and lactonic groups

Examining the NMR shielding tensors associated with various defects indicated that both
pentagonal and heptagonal and octagonal type defects shifted signal intensity from
approximately 130 to 140 ppm. Oxygenated inclusions were also found to shift seeoest n
neighbor carbons to between 110 and 120 ppm. All other results were found to be consistent with
previously reported chemical shifts. The assigned deconvolution regions are ghadieb.4.
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Table 5.4:

Peak assignment table

Chemical Shift Assignment
5-50 ppm Aliphatic CH
20-60 ppm (slow dephasing) Aliphatic CR4

4590 ppm (110 for double)

Aliphatic ether

100-120 ppm Aromatic C near oxygen defects
120-140 ppm Aromatic 5 ands-memberings and olefins
140-150 ppm Contribution for ether bonded carbon in furan
and

~ 1% of carbons in larger nesxygenated rings
150-160 ppm Aromatic linkedethers
160-180 ppm Carboxylic/lactone/ester
185210 ppm Carbonyl

Analysis of the NMR spectra for the cellulose thermoseries provided quantifiable data regarding
the regular aromatic structure, defective structures, and oxygenated structudepfdmng

behavior of these spectra provided information on the overall size and special distribution of

these structures. Based on these results, a series of representative structures have been proposed
(Figure5.6). It must be noted that these are not absolute structures but only one of many possible
forms that provide a reasonable fit to the NMR data obtained. These results detailed the

increasing anmatic condensation of the biochars. As pyrolysis temperature increased, the

fraction of defective structures and oxygenated decreased, in agreement with previous XPS data.
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Cellulose (C12H2[}O1[}) C300 (C12H1809) C400 (szHmOs)

C500 (C4Hs03) C600 (C32H1205) C700 (CH1p03)

R
R

Figure 5.6: Example biochar structures based on composition shown in Analysis of the cellulose
thermoseries (Error! Not a valid bookmark self-reference.) indicated that pentagonal ring systems
likely decreased with temperature between 400°C and 700°C, as did the heptagonal and octagonal
ring systems and all other defect types. While this result contrasted with the intensity increase
observed near 1,400 cm-1in the Raman spectra, such changes may be the result of resonant
enhancement within larger structures. The XPS results also indicated preferential stability of ether
and lactone type groups over hydroxyl and carboxyl groups as temperature increased, consistent
with results reported for temperature programmed desorption from activated carbons. The XPS
results also indicated increasing aromatic condensation at 600°C and 700°C due to lack of
charging effects (increased electron conduction within the sample) and the development of an
asymmetric peak shape associated with the primary aromatic C-C peak. This peak shape is highly
prevalent in activated carbons and graphitic materials, and has been previously linked to
polyaromatic clusters larger than 1 nm.

Table 5.3, and C-H distance and quantity from Table 5.4 for C300-C700

5.4.2 Integration of fiber pretreatment with existing AD technologies
and testing for phosphorus removal

5.4.2.1 Surface area development
The bulk properties of the bibar activated at different temperatures are showrabie5.5 and

Tableb.6.
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Table 5.5: Bulk properties associated with activated biochar (CO. activation)

Temperature (°C) 500 550 600 650
Moisture (wt. %) 1.97 (0.38) 2.53(0.13) 2.90 (0.25) 3.23 (0.25)
SA%coz(m? g?) 209.96 240.74 246.46 285.02
Vmicre (cm® gt 0.0842 0.0965 0.0988 0.1142
Vmess (Cm3 g'l) - - - 0.0294

C (wt. %) 52.82 (0.027) 54.19(0.33) 53.21(0.12)  49.53(0.00)
H (wt. %) 1.68 (0.058)  1.34(0.001)  0.95 (0.003) 0.62 (0.00)
N (wt. %) 2.49 (0.007)  2.41 (0.008) 2.38 (0.018 2.26 (0.00)
O? (wt. %) 10.42 7.61 7.41 5.99
Ash (wt. %) 32.59 (0.17)  34.45(1.97) 35.82 (1.57)  41.60 (1.42)

acalculated by difference
b standard deviation
¢ SA = surface area

4V micro = Volume of micropores
€ Vmeso= Volume of mesopores

Table 5.6: Bulk properties associated with activated biochar from AD fiber (CO; activation)

Temperature (°C) 700 750 800 Raw AD Fiber
Moisture (wt. %) 2.18 (0.15) 3.01 (0.30) 0.46(0.14) 7.02 (0.66)
SA%coz(m? g?) 304.97 305.31 31.07 -

Vmicro? (cm® g'%) 0.1222 0.1224 0.01245 -

Vmesé (cm® g't) 0.0592 0.117 - -

C (wt. %) 45.21 (0.00) 36.08 (0.00)  9.48 (0.039)  43.37 (0.039)
H (wt. %) 0.52 (0.011) 0.38 (0.00)  0.13 (0.006) 4.98 (0.006
N (wt. %) 2.26 (0.028) 1.96 (0.00) 0.21 (0.029) 2.07 (0.03)
O? (Wt. %) 8.6 5.26 0.4 34.08
Ash (wt. %) 43.32 (1.84) 56.31(2.32)  90.47 (0.14) 15.49 (0.33)

acalculated by difference
b standard deviation
¢ SA = surface area

4V micro = Volume of micropores
€ Vmeso= VOlume of mesopores
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5.4.2.2 Phosphate adsorption studies
Adsorption isotherms were used to describe the relationship betwe&r@®@entration and the
activated biochar at a constant temperatbgure5.7).

The results obtained were fitted to Langmuir and Freundlich models. The parameters of these
models were estimated using equations reported elseyHigret al., 201p

Langmuir-700
Exp-700
Langmuir-650
20 4 *  Exp-650
—TLangmuir-600
® Exp-600
——Langmuir-550
*  Exp-550
> ——Langmuir-500
Exp-500
——Langmuir-450
Exp-450

25 H

Qe{mg/g)

—_
(=}
1

o — — ——Langmuir-400
"‘//,..:—-—:"—-:— e Exp-400

0 M , , , , , ——Langmuir-350
0 20 40 60 80 100 120 & Exp-350

Ce(mg/L)

Figure 5.7: Adsorption isotherms of PO4* on activated biochar produced at different temperatures

Table 5.7: Isotherm parameter of PO,*> adsorption and deduced parameter from Langmuir and
Freundlich models

Langmuir Par ameters Freundlich Parameters
BIOCHAR Qmax KL R? G? Ke 1/n R? G? R.
(mg g*) (L mg™)

BC-700-60min 37.5 0.13 0.918 1.86 4.96 0.66 0.945 0.79 0.0 0.4
BC-650-60min 13.1 0.24 0.993 0.38 3.45 0.36 0.976 0.36 0.0 0.3
BC-600-60min 5.9 0.16 0.988 0.07 1.68 0.29 0.929 0.25 0.0% 0.3
BC-550-60min 4.9 0.20 0.924 0.18 1.03 0.37 0.887 0.34 0.04 0.3
BC-500-60min 5.8 0.05 0.940 0.28 0.81 0.41 0.834 0.63 0.14 0.6
BC-450-60min 4.9 0.08 0.996 0.02 0.95 0.35 0.948 0.13 0.1 0.5
BC-400-60min 6.6 0.02 0.906 0.58 0.22 0.64 0.858 0.75 0.40 0.9
BC-350-60min 5.8 0.01 0.987 0.03 0.14 0.67 0.986 0.05 0.50 0.9
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The constant, correlation coefficientjRand chis g u a? value$ af both Langmuir and
Freundlich models are presentedable5.7. The R values of the Langmuir model (0.918 to
0.996) were higher than those of the Freundlich model (0.834 to 0.986). In contrast, the chi
square values of the Langmuir model were sigaiftly lower than those of the Freundlich
model. Therefore, considering these adsorption parameteasfRd), researchers focused on
describing the data with the Langmuir model.

Hall et al. (1966)dentified that the adsorption characteristics ofltaergmuir model can also be
interpreted in terms of a dimensionless factor called the separation fagtoft§iR factor is

used to determine whether the adsorption is favorable KHRr unfavorable (R>1). An R=

0 means adsorption is irreversible, wdaes R=1 means there islmear relationshigTran et al.,
2016.

Theseparation factor (B ranged from 0.034 to 0.8884ble5.7), indicating that the adsorption
of PO was favorable. As can be seerTable5.7, as the carbonization temperature increased,
the adsorption capacity of the biochar also increased. Statistically, the maximum adsorption
capacity of the etivated biochar varied significantlp € 0.05) from 650C upward, and the
maximum adsorption was reported at 700°C (37.5 MgThus, we demonstrated that activated
biochar produced from AD fiber is effective for phosphate removal.

5.4.3 Testing adsorption of H>S from the gas phase

The breakthrough results obtained with a thermoseries of activated carbon from ABifjoee (
5.8)indicatedtlat t he bi o c h aSadssrptionavasshighlytinfluerfced by thé
carbonization temperature. The studies demonstrated that physically activated carbon produced
at lower temperatures (350°C, 400°C, and 450°C) had very poor adsorptig® @fdd shavn).

Another key point to notice is that the adsorption ¢f Mas influenced not only by the surface

area and pore size, but also by the surface chemistry of the activated biochar. Based on the curve,
researchers noticed that two mechanisms of adsonpiggrbe occurring: (1) filling of the

micropores and (2) oxidation of the$ito elemental sulfur due to the high ash content present in

the activated carbon (see ash conteftahle5.5 andTable5.6). Activated carbon produced at

500°C and above performed as well as commercial activated carbon.
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Figure 5.8: Adsorption isotherms of H»S on activated biochar produced at different temperatures

Biochar treated chemically performed poorly in terms g8 lHdsorption, with practically no
adsorptioroccurring Figure5.9). This was attributed to the high ash content of the raw
feedstock. The phosphoric acid was insufficient to neutralize the rhawernt, which led to
poor surface area development. The sulfur content before and after adsorptiSnoof H
produced activated biochar is presented@able5.8.

Activated Carbon

—+—BC- H3PO4 1:1-600

—e—BC-H3P0O4 1:2-600

—e—BC-H3PO4 1:3-600

BC-KOH 1:1-600

2 4 6 8
Time(h)

Figure 5.9: Adsorption isotherms of H.S on chemically activated biochar produced at different

temperatures
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Table 5.8: Sulfur content in activated biochar before and after adsorption of H,S

% Sulfur

Samples Before H2S After H 2S

adsorption adsorption
BC-800-60min 0.46 9.24
BC-750-60min 0.72 10.95
BC-700-60min 0.59 6.44
BC-650-60min 0.4 5.58
BC-600-60min 0.24 4.77
BC-550-60min 0.23 5.755
BC-500-60min 0.013 4.395

From a technological perspective, focusing on the production and physical activation (@ith CO
of biochar from AD fiber is a viable approach.

5.4.4 Testing adsorption of ammonia from the gas phase

5.4.4.1 Surface developmenbf biochar for ammonia gas adsorption

The characteristics of the biochar used for ammonia gas adsorption are preséalses9.
These biochar saples were chemically activated with 85% phosphoric acid. The resulting
biochar was used for the adsorption study witlveaghing offphosphoric acigbrior to
carbonization(Table5.9).

Table 5.9: Bulk properties associated with activated biochar from Douglas fir (phosphoric acid

activation)
Temperature (°C) 600 550 500 450 400 350
C (wt. %) 33.91 25.95 21.06 21.61 20.65 20.12
H (wt. %) 1.26 1.35 1.9 1.58 1.97 2.08
N (wt. %) 0.08 0.03 0.02 0.03 0.01 0.05
O? (wt. %) 50.43 59.43 67.64 67.61 70.67 71.6
Ash (wt. %) 14.32 13.24 9.38 9.17 6.69 6.15

2 calculated by difference

5.4.4.2 Ammonia adsorptionstudies

Activating biochar with phosphoric acid greatly increased ammonia adsorption capacity. This
increase in adsorption capacity may be attributed to changes in biochar surface functionalities
and to the decrease in pH resulting from activation. Thakbineough curvesHgure5.10)

indicate the time required for the concentration of ammonia at the outlet of the biochar to reach
10% of the initial conentration (200 ppm). Biochar produced at 550°C took eight hours to break
through, which meant that it was more effective than commercial activated carbon, which only
took 30 minutes to break throudghigure5.10).
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Figure 5.10: Ammonia adsorption breakthrough curves for biochar produced at different
temperatures and for DARCO commercial activated carbon

5.4.5 Production of biochar for the retention of E. coli

5.4.5.1 Surface development of biochar foE. coli retention

Characteristics of the biochar used Eorcoliretention are presentedTiable5.10. The high
nitrogen feedstock was carbonized and activated with carbon dioxide. The resulting biochar was

tested for retention d&. coli.

Table 5.10: Bulk properties associated with CO; activated biochar

Temperature (°C) 400 500 600 700 750
SA%coz) (M? gt 55.55 223.33 223.34 296.21 343.45
Vmicre® (Cm® g'%) 0.0223 0.0895 0.0895 0.118 0.138
C (wt. %) 65.95 63.5135 66.98 67.37 64.12
H (wt. %) 3.12 2.01 1.14 0.54 0.17
N (wt. %) 4.41 4.08 4.11 4.29 4.21
O? (wt. %) 10.32 12.05 8.83 9.23 2.89
Ash (wt %) 15.48 16.37 18.94 18.57 28.6

¢ SA = surface area
®Vmicro = Volume of micropores
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5.4.52 E. coli adsorption studies

The breakthrough curveBigure5.11) represent the adsorptionBf colion the biochar

produced with high nitrogen contefitable5.10). The capacity of biochar to adsdgbcoliwas
dependent on its surface functionalities and the temperature at which it was produced. Biochar
produced at 750°C demonstrated an excelleswdion ofE. coli, followed by biochar

produced at 700°C. There was an increase in bacterial attachment when biochar was used instead
of sand, which may be due to the overall increase in active attachment sites in the biochar.
Another possible explanahdor the effectiveness of biochar for retentioriEotoliis the

enhanced positive charge on the surface of high nitrogen biochar. This enhanced charge may
result in an overall increase in electrostatic forces between biochar with high nitrogen content
and the negatively charged surfaceofcoli (Hermansson, 1999
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Figure 5.11: E. coli (strain O157:H7) adsorption breakthrough curves for biochar produced at
different temperatures

5.5 Conclusions and recommendations

New spectroscopic methods (Raman, XPS, and NMR) for biochar characterization were
developed as a result of this study. Thesethods allowed the researchers to quantify the
presence of defects in the biochar structure which could have a major impact on its capacity to
adsorb pollutants.

Several samples of biochar derived from AD fibers were prepared and tested for théiy tapac
retain BS. Some of the biochars produced had a capacity to adsSrbdrhparable to that of
commercial activated carbon. The AD biochar engineered for phosphate retention achieved
97.62% removal, demonstrating a very high capacity for phosphatdiogt due to the high ash
content of this biochar. Also, biochar activated with phosphoric acid effectively retained
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ammonia, producing 170.1 mg of NBer g of biochar, compared to the commercial activated
carbon, which produced 16.2 mg of Biper g of ativated carbon. The researchers suspect that

the phosphoric acid bound to the aartivated biochar contributed to the exceptionally high
ammonia adsorption capacity. Surface area is a key factor in adsorption, but in this case surface
acidic functionalgroups were the most important factor for ammonia adsorption. Engineered
biochar with nitrogen functional groups demonstrated a high capacity for the rem&valodif
removing up to 82.2% d&. colifrom effluent and reducing the transport of a pathagstnain

of E. coli (0157:H7) due the electrostatic interaction between the positive surface charge of the
biochar and the negative surface chargg.afoli.

The researchersod recommendations for further

1 To continue investigating the value of the biochar that has adsorbed nutrients as a soil
amendment.

1 To focus on how to develop general design rules that can be applied for the selection of
feedstock and carbonization conditions leading to the formatibioofar with desired
pollutant removal characteristics and for land application.

1 To continue the research &n coliretention by using engineered biochar with high ash
content.
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SECTION 3

TESTING OF BIO PRODUCTS FROM ANAEROBIC
DIGESTION SYSTEMS
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6.Producing BiofePtodueteroft
Anaerobic Digestion

Rishikesh JGhogare, Allan H. Gao, Jose Martinend Shulin Chen

6.1 Background

Anaerobic digestion (AD) is pidly emerging technology, mainly elto its ability to process

large amounts of wastancluding agricultural wastesustainably. In th&nited States250

million tons of animal manure are generated annually by concentrated animal feeding operations
alone(Jiang et al., 2009Animal manure has a high nutrient content, but transporting it is cost
prohibitive The waste ishereforegenerally applied to nearby land as fertiliggalminen et al.,

2001) However, oveiapplication of manure can result in eutrophication of waterwaysjzedal
nutrient accumulation leading to degradation of soil quality, and methane rtlatsmtribues

to air pollution and greenhouse gases emisgid8OA, 2004) These issues have driven the
development of AD technology for handling large quantitiedanafy waste. More than 200
dairy-based anaerobic digesters are in operation in the(BP#, 2016)and this number is

expected to increase over the coming years, mainly due to governmental regulations and policies
related to waste management. The Udydndustry has set a goal to reduce greenhouse gas
emissions by 25% by 2020. Meeting this goal will require more widespread adoption of AD
technology(USDA, 2014)

Adoption of AD technology reduces air pollution by the entrapment of methane, presiénts s

and water quality issues caused by direct land application of manure, and reduces pathogen count
in manurg(/Abbasi et al., 2012; Power et al., 200Akhough AD improves the management of

large quantities of waste, it also results in large volumegastewatersince the influent

requires dilution before treatment. The wastewater pratliscech in nitrogen, phosphas,

volatile acids, and solidd.ei et al., 2007)and requires treatment using processes such as

nutrient recovery to meet environmdntegulations. National Pollutant Discharge Elimination

System licenses are required for any feeding operation that discharges or proposes to discharge
waste to reducis environmental impact, maintain appropriate nutrient levels, and show
compliance witithe Clean Water AdqZeb et al., 2017)

Recently, several physical and chemical processes have been developed for the treatment of AD
effluent to remove solids and phospbhs(BowersandWesterman, 2005; Braguglia et al., 2006;
Chen et al., 2008; Le @ et al., 2007; Zhang et al., 2018Jong with phosphorus, AD effluent

is also rich in nitrogen, most of which is in the form of ammonia or inorganic nitrogen.

Ammonia from AD effluent is commonly recovered using the process of ammonia stijpping

etal., 2007) However, ammonia stripping poses several challenges such as pH adjustment,
clogging of stripping towers, high gas flow rate, and the requirement of external heating for
recovery of free ammoni@onmagandFlotats, 2003; SaracandGenon, 994) Recent

111



developments and improvements in ammonia stripping, such as direct aanatrania
stripping, have been shown to be feasible for recovering ammonia with high effidrarak

et al., 2013)With the application of sequential screening didsseparation in combination with
ammonia stripping methods, 75% of phosphorus ar80P@ of nitrogen can be recovered from
the AD effluent(Jiang, 201Q)

Despite these technological developments, the resulting waste stream still requires wastewater
treatment and regulation by government agencies to address environmental concerns resulting
from disposal of the large volume of waste generated. The AD effluent is both a potential
pollutant and an underutilized resource. Application of the effluent tsfledd few advantages

due to its low nutrient content, and heavy application may result in contamination of drinking
water, eutrophication of waterways, or salting of cropland. The cost of transportation of liquid
waste isalsocostprohibitive. One poterai method to alleviate this concern is to utilize the
nutrientrecovered stream for production of am@duct, such as biofertilizer, which would have

an economic benefit on the overall AD process.

Biofertilizers (also called microbial fertilizers) are array of organisms that fix nitrogen or

solubilize phosphate. Some microbial strains provide additional benefits, such as suppressing the
growth of harmful microorganisms or releasing micronutrié¢gisgh et al., 2007)There are

many organisms which naact as biofertilizers, including bacteria in the gedaraspirillum,
AzotobacterandRhizobia(Hayat et al., 2010)n the past, the production of microbial

biofertilizers has used suggderived from sources such as sugar ranérom starchy wastes,
including cassava and potdtdayat et al., 2010; Ogbo, 2010)

Such biofertilizers have the capacity to release nutrients ove(\Mifnest al., 2005)reduce
leachingfrom the soi] and suppress the growth of harmful microorgani&en, 2006)On the
other hand, some drawbacks of biofertilizers are that they have a lower nutrient content than
conventionalchemicallyderived fertilizers, and require ideal soil conditions to achiev
maximum effectivenegdMohammadi and Sohrabi, 201D)espite these disadvantages, the
supplementation of chemical fertilizers with small amounts of microbial biofertilizers has the
potential to reduce the amount of fertilizer that farmers must purchdsapaly to their fields.

In this reportAzotobacter vinelandivas used as the biofertilizer speci&gotobacter vinelandii
andAzospirillum brasilensare freeliving soil bacteria which are capable of fixing nitrogen.
Both of these species of nitrogéring bacteria have been extensively studied for their nitrogen
fixing ability and improvement of crop yield (Mohammadi andhi@bi, 2012). However, a
previous studyhis research teaconducted showed thAt vinelandiihad higher specific

growth rate hanA. brasilensetesulting in greater amount of biomass (Gao et al., 2015). Also,
vinelandiidemonstrated appreciable growaih cellulosic sugarsithout affectingits nitrogen

fixing ability (Gao et al., 2015). Henca, vinelandiiwas chosen as a femtial biofertilizer
candidate to be tested for growth using AD effluent.

6.2 Objectives

This project was focused on developing biofertilizer as-product of AD technology. The
main goal was to develop a technology which complemented the nutrienemgpoocess
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developed atVashington State UniversitY(SU), which involves the production of organic
fertilizer. Development of biofertilizers from the waste stream after nutrient recdiatyy,

from thenutrientrecovered AD effluent) would add mdiextilizer options to the existing suite

of products. The further reduction of nutrients in nutr@tovered AD effluent through
biofertilizer production would minimize the adverse effects to soil and water quality caused by
overapplication of this efflent to fields.

The major objectives of this project wer#) {o optimize the growth of the microbial
biofertilizer Azotobacter vinelandin a laboratory setting using nutriemrgcovered AD effluent,
and (2) to conduct a techiezonomic assessment Bmodified a biorefinery that includes the
production of biofertilizer. The optimization of growth objective was achi&yetsting growth

in different dilutions of AD effluent and measuring utilization of glucose and nitrogen. As the
high nitrogen contdrof the nutrientrecovered effluent may inhibit the optimal growth of
biofertilizer, the effluent was diluted. The measurement of residual nitrogen and glucose
utilization was conducted to determine the nutrient levii@effluentthat remainedfter he
production otthe biofertilizer. The major performance parameters were biomass productivity and
titer of A. vinelandii.The techneeconomic assessment producecsiimate of the cost of
biofertilizer production a&ilocal scaleproviding an evaluatiorof its economic feasibility for

use in organic farms in Washington State.

6.3 Methods

6.3.1 Optimizing biofertilizer growth

In this study, we developed a methodology for the production of biofertilizers arsing
underutilized resourcautrientrecoveredAD effluent.

6.3.1.1Azotobacterculture

Azotobactewinelandii(ATCC 478 type strain) was obtained from the American Type Culture
Collection and established on ATCC mediund 1&zotobactesupplement agar plates. Cultures

were then replfarnredad mediou B veekdeddg\is besdilsed by

Stella and Suhaimi (2003 nd mai nt ai ned at 30AC (Ashbyds an
nitrogenfree media for culturing\zotobactespecies).

6.3.1.2Azotobacterculture on non-nutrient -recovered AD effluent

Solid-separated AD effluenbbtainedrom the step prior to nutrient recovewyas collected

from Dr . Pi wmatorpatdVeSy wraesidaal sblidsbwere separated from the effluent by
centrifugation at 14,000 rpm for 10 minutés.vinelandiiwas grown on AD effluent

supplemented with20gilof gl ucose and ot her Tahleét)fforent s of
testing effectongowt h. Ashbydés media and AD effluent w
control s. Her e, Ashby inapreveuwsiudy(Gaceesal.,2E5),ect ed be
Ashbyods medbieat tseurp pgorrotwt h ,réstlteaquin géeater bidnmassme d i a
accumulatn of A. vinelandii.

113



6.3.1.3Azotobacterculture on nutrient-recovered AD effluent

Nutrientrecovered AD effluent was obtained from a commercial dairy digesteaged by

Regenign Ferndale, Washington. Culture &f vinelandiifor sample measurements aoed in

250 mL shake flasks with 50 mL of culture med
standard nitrogefree medium for the growth &zotobacter and A Contr ol 20 was
Ashbyo6s medi a clglupse, ang 0.5 gstammdrim gcetdte A Comtag ol 20
used to mimic conditiagin the AD effluent, as nutrientrecovered AD effluent contains

inorganic nitrogen and is supplemented with glucose. Growth whelandiiwas tested on

different concentrations of nutrierécovered ADeffluent (10%, 20%, 50%, and 100%ach
supplementedith20gLlgl ucose and AshbyTasle6Medi a componen

Table 6.1: Components of media and effluent supplement used

Control 1 (A Control 2 Effluent supplement
Components (g LY) | Components (g LY) | Components (gL?
Mannitol 20 | Glucose 20 | Glucose 20

Potassium phospha] 0.20 | Potassium phosphat¢ 0.20 | Potassium phosphat{ 0.20

Magnesium sulfate | 0.20 | Magnesium sulfate 0.20 | Magnesium sulfate 0.20

Sodium chloride 0.20 | Sodiumchloride 0.20 | Sodium chloride 0.20

Potassium sulfate 0.10 | Potassium sulfate 0.10 | Potassium sulfate 0.10

Calcium carbonate 5.0 | Calcium carbonate 5.0 | Calcium carbonate 5.0

Ammonium acetate 0.5

Starter cultures were inoculated from single coloniestaaked plates and allowed to grow for

48 hours (180 rpm, 30°C). Triplicate flasks were then inoculated to an optical density of 0.1 and
allowed to incubate for 120 hours (180 rpm, 30°C). Samples were collected at different time
intervalsfor analysis.

6.3.1.4 Measurement of glucose

Initial glucose concentration in all cultures was maintained at 28and the final concentration
of residual sugarwas measured using a Dionex IG3B00 witha Dionex Pac PA20 column and
aCarboPac PA20 guard column. Glseaconcentration was quantified using an external
standard methofizao et al., 2012)

6.3.1.5 Sampling, total nitrogen, and dry cell weight

Samples of 2 mL were taken at different time intervals. Due to the formation of alginate (salt of
alginic acid mainly comprised of polysacchariddas)the culture, centrifugation did not serve to
adequately separate cell mass from the solution media. Samples were boiled at 100°C for 5
minutesto facilitate separation, and were then centrifuged for 10 minutes at 183Bg

washed with deionized water, and centrifuged again. Dry cell mass was measured after 24 hours
of drying in a 105°C oven. Total nitrogen content was analyzed by a total nitrogen reagent kit
(Hatch method 10071, Product # 2672245/2672145), using 2amiples of cell culture taken

directly from the flask. In the case Af vinelandiigrown on effluent, the culture was centrifuged

and a2-mL sample of supernatant was usedtf@nitrogen measurement.

114



6.3.2 Techno-economic analysis and assumptions for a modified
biorefinery for biofertilizer production

6.3.2.1 Software used fothe model

To analyze the impact of a biofertilizer-pooduct on large scale production, a model was
developed using Aspen Plus software (Aspen Technology Inc., Belfassachusetts). The

analysis was carried out using the Aspen ONE technology suite 8.6. The software module Aspen
Plus 8.6 was used to design the unit operations and the Aspen Economic Analyzer was used to
predict capital cost Operating costs were derivéom the literature and market values for
chemicals and energy. Three fAdepartmentso of
base case: ozone and aqueous ammonia SOEBWA) pretreatment, biofertilizer culture and
separation, and lignin prgxtation. The biofertilizer production was carried out using cellulosic
sugars from the OSAA process, the feasibility of which was previously demonstrated at a
laboratory scal¢Gao et al., 2015)

6.3.2.2 Base case

The base case used for comparison was fa National Renewable Energy Laboratory technical
report titled AProcess Design and Economics f
Bi omass t(dumhkrd étal.n2011)3his report details the economics of a lignocellulose
biorefinery compising the following operations:

Dilute acid pretreatment of corn stover

Neutralization of pretreated biomass for enzymatic saccharification
Enzymatic saccharification and fermentation

On-site enzyme production

Distillation of ethanol and solids recovery

Wastewater treatment

Storage

Boiler/turbogenerator

Utilities

©CoNohrwNE

This analysis examined the replacement of threeapatations, as follows:

1. Dilute acid pretreatment of corn stoweasreplaced with O8A pretreatment of wheat
straw

2. Enzymatic saccharificatioand fermentatiowasmodified such that one quarter of the
available sugar after enzymatic saccharification will instead proceed toeatibixer
fermentation process

3. Boiler/turbogeneratowhere, rather than havirlge boiler burn lignin for energyhe base
case willrecoverthelignin for sale as a resin precursor. Thus, the turbogenerator will be
removed and the electricity will be purchased from the local grid.
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6.3.2.3 Assumptionsinderlying the techno-economic analysis
The following assumptions were made:

1. The cost per ton of wheat straw was assumed based on the corn stover estimated cost.
The costs of transportation, handling, and milling of wheat straw were assumed to be the
same as those for corn stover.

2. Wastewater petreatment cost was assumed to be the same as for the base case and
modified pretreatment processes.

3. The enzyme production and saccharification operations were assumed to be the same as
in theNational Renewable Energy Laborat¢NREL) base case, due similar enzyme
loading for OSAA pretreated and dilute acid pretreated wheat éBale et al., 2013b;
Humbird et al., 2011).

4. The base case was downsized using an engineering factor of 0.6 for operations which
were smaller than needed for the modified &limery. For example, the base case
fermentation operation would be 25% smaller, since 25% of available sugar is utilized for
biofertilizer production. The calculated engineering factor was thu§9.350.841.
Operations that were scaled down were:

1 Fermentation to ethan@bart of the enzymatic saccharification and fermentation
operation)
1 Distillation of ethanoland solids recovery

5. The turbogenerator was removed frimacapital cost estimat&he modified biorefinery
will be purchasing electricityadely from the grid, and using residual material in a boiler
to meet steam requirements.

6.3.24 Modeling of the OSAA pretreatment process

The OSAA pretreatment process was modeled based on a mass balance established from
previous work on the pretreatmgmbcess (Bule et al., 2013a). Wheat straw is initially ozonated
for 10 minutes, followed by a thrd®ur treatment with soaking aqueous ammonia. The aqueous
ammonia solution is produced by bubbling gaseous ammonia through water to form saturated
ammoniumhydroxide. The ozonated biomass is then treatedtivtammonium hydroxide

solution in a stirred tank reactor for 3 hours. Following the soaking in agueous ammonia
pretreatment, ammonia is recovered through a flash tank at 90°C, and residual ammenia in th
agueous phase is steatnipped and raitilized for the generation of ammonium hydroxide

(Zeng et al., 2006). The biomass solids are run through a belt press, and are then subjected to
enzymatic saccharification. The soluble solids, which contain disami amount of lignin
(Table6.2), are utilized for ammonia recovery.
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Table 6.2: Initial mass components entering pretreatment and mass components entering lignin
recovery after pretreatment. The remaining biomass is routed to enzymatic hydrolysis and used
for production of sugar for ethanol fermentation and biofertilizer production

Into Pretreatment Into Lignin Recovery
Biomass Component] BDST* hr-! | Biomass Componentf BDST* hr-!
Glucan 33.76 Glucose 1.12
Galactan 0.40 Galactose 0.15
Xylan/Mannan 14.57 Xylose/Mannose 2.67
Arabinan 1.99 Arabinose 0.54
Lignin (Insoluble) 22.05 Lignin (Insoluble) n/a
Lignin (Soluble) 1.90 Lignin (Soluble) 13.23
Protein 1.43 Protein n/a
Ash 5.41 Ash n/a
Water 1.21 Water 132.88
Extractives 8.87 Extractives 4.23
Total Solids 91.60 Total Solids 14.26
BDST yr? 769414.8 | BDST yrt 119784

* BDST: Bone Dry Short Ton

6.3.2.5Modeling of microbial biofertilizer production on lignocellulose sugar

Microbial biofertilizer production was model&éa@sedn the methodology for cultivation of
biofertilizer strains reported in the literatfddohammadi and Swabi, 2012; Pena et al., 2008)
Briefly, microbes are brought up through a seed train and then inoculated intpdargéezd
fermenters. The media components used for culturing are shovabie6.3, and consist of
Ashbyds gr oAvidelamie di a f or

Table 6.3: Growth components of A. vinelandii based on initial wheat straw sugar input

Component Loading | Unit (Iblb-Y) | lb perton | $ton' | Ib perton
straw straw
Dipotassium phosphate 0.01 | per Ib sugar 6.48 1840 5.9616
Magnesium sulfate 0.01 | per Ib sugar 6.48 65 0.2106
Sodium chloride 0.01 | per Ib sugar 6.48 42 0.13608
Potassium sulfate 0.005 | perlb sugar 3.24 209 0.33858
Calcium carbonate 0.25 | per Ib sugar 162 50 4.05
pH adjustment (NaOH)| 0.005 | per Ib sugar 3.24 250 0.405
Water 10 per Ib sugar 20,000 0.40 4
Electricity 1.2 MWhr 1.2 77.5 0.0465

Twenty five percent of the available glucan frdme initial biomass was used for microbial
biofertilizer culture. Based on 33.76 syper hour glucan input, 8.44ns per houof glucan
wererouted to biofertilizer production. With a 90% sugar yield after enzymatic hydrolysis, this
was equivalent to 85tons per houof glucose. Prior work in culturing &. vinelandiishowed

that 1 ton of glucose could result in the production of 0.275 tons of biofer{iGzer et al.,

2015) As a result, the production of biofertilizer was calculated at 2.29 tort®ope
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The price of biofertilizer was set based on the potential chemical fertilizer it could displace.

Traditional ammonia fertilizer costs $714 per ton, or $0.357 per Ib. Prior work has found that
13.2 Ibs of biofertilizer can replace up to 40 kg ofaonia fertilizer per hectar@iari et al,
2008; Ozturk et al., 2003yjving biofertilizer an expected value of $2.38 per Ib, a7 6@ per
ton. Based on the fact that microbial biofertilizer is an untested technology and may not perform
as expected, aWwer price of $200 per ton was chosen. This price could enable entry into the
fertilizer market while maintaining the remue required for the process.

6.3.2.6Modeling of lignin recovery through acid precipitation and centrifugation
Lignin can be pregitated from ammonia effluent by adjusting the {@duxin et al., 2014)
Lignin is soluble in ammonia effluent due to the formation of a phenoxide anion in basic media.
Neutralization of the effluent results in lignin returning to a neutral charge andhimgcan
insoluble solid. Other soluble biomass components, asttte monomer sugars seenfiable
6.2, remain soluble under neutral conditions. Extractives also remain soluble for the most part
(Sluiter et al., 2005)llowing separation of a relatively clean lignin fraction.

6.4 Results and discussion

6.4.1 Optimizing production of biofertilizer
6.4.1.1 Culturing A. vinelandiion AD effluent

The ability ofA. vinelandiito grow on AD effluent (prior to nutrient recovery) was tested. The
growth ofA. vinelandiiwas significantly better on the AD effluent supplemented with glucose
comparedst medlsfmabydhe concentrat.i
five was 1.5 g I}, as compared to 7 gllin AD effluent with glucose supplementatidfigure
6.1). This resulted in a yield of 0.35 g of biomass per g of glucose. The rapid increase in biomass

d theADdffluent t o ass
(Strandberg and Wilson, 1968Jhere was noibmass production detected wh&nvinelandii

compared to Ashbybés medi

was grown on AD effluent alone.
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Figure 6.1: Comparison of A. vinelandii biomass produced on nitrogen-f r e e
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6.4.1.2 Analysis of total nitrogen ofA. vinelandiigrown on non-nutrient-recovered AD

effluent

Total nitrogen analysishowedhat whenA. virelandiiwas grown in nitrogefi r e e As hbyds
media, the fixation of atmospheric nitrogen resulted in 17 rhgflnitrogen in the media. The
total nitrogen concentration the AD effluent prior to fermentation was 121.6 mg, lwhich

was reduced wheA. virelandiiwas grown on AD effluent supplemented with glucose, resulting
in 58.6 mg L nitrogen in the media. This suggettatnitrogen from the mediaas utilizedby

A. vinelandiifor biomass productior{gure6.2). The nitrogerfixing ability of this bacterium is
suppressed when grown on media containing nitrogen, dhe leck of nitrogenase activity
(Strandberg and Wilson, 1968j}his result is a&o indicated by the reduced alginate formation
whenA. vinelandiiwas grown on AD effluent supplemented with sudgagyre6.1), as alginate
formation is positively correlated with nitrogen fixatifWosrati et al., 2012)

Total nitrogen (mg/L)
o]
o

: 1

Pre-culture AD effluent Asbhy's control AD effluent+Glucose

Figure 6.2: Comparison of total nitrogen content in solutions prior to culture: initial (or pre-
culture) AD effluent, Ashby's media (as a control), and AD effluent supplemented with glucose

6.4.1.3 Growth and nitrogen assimilation byA. vinelandii on nutrient-recovered AD

effluent

To test the feasibility of biofertilizer production using a combination oblegfulosic sugars

and nutrientrecovered AD effluent, we assessed the ability of nutriectvered AD effluent to

support the growth oA. vinelandii The growth ofA. vinelandiiwas tested in different effluent
concentrations supplemented with glucdseias observed that diluted effluent promoted a

significantly greater accumulation Af vinelandib i omass compared to Contr
media) and Contr ol 2 (Ashbybds media suppl emen

The cultures containing 10%@d 25% effluent showed no lag phase in growth and had rapid
increases in biomass in the first 48 hours, reaching 4.43amd 6 g L%, respectively, on the
sixth day Figure6.3). In a culture with 50% nutriefrecovered AD effluent, a prolonged lag
phase was observed fibrefirst 48 hours, followed bg rapid increase in growth and biomass
accumulation, with the fiial dry cell weight reaching 6.23 gtlon day 6. Complete inhibition of
growth was observed whéen vinelandiiwas grown on 100% AD effluent supplemented with
sugars Figure6.3). These results indicate the presence of potential growth inhibitors such as
excess ammonia, which affeétsvinelandiigrowth when AD effluent is used in high
concentration. The prolonged lag phase followed by rapid growlbi@mass accumulation are
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aresultofA.vinelandib s abi |l ity to acclimati ze or thevercon
AD effluent. Control 1 and Control 2 consistently accumulated less biomass compared to AD

effluent cultures, accumulating 2.69. and 2.82 g !, respectively. These results are

promising for biofertilizer production using nutriergcovered AD effluent and lignocellulosic

sugars, as eventually the effluent would be diluted to some degree, due to additen of

lignocellulost sugars.
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Figure 6.3: Cell mass of A. vinelandii grown on different concentrations of nutrient-recovered AD
effluent supplemented with glucose and Ashbyb6s media c
andControl 2 (Ashbyds media supplemented)with gl ucos

Analysis of total nitrogen content prior to and after growthA . ofinelandiishowed a significant
reduction in total nibgen content in nutrierecovered AD effluent, resulting anfinal effluent
stream with reduced nutrient content. The total nitrogen content in cultures with 10%, 25%, and
50% effluent prior téA. vinelandiiinoculation was 120.33 ppm, 288 ppm, and 479 ppm,
respectively Figure6.4). The final nitrogen contelfafter biofertilizer productionin cultures

with 10%, 25%, and 50% effluent concentration was 26.33 ppm, 66.67 ppm, and 142 ppm,
respectivelyi(e.,decreags of78%, 76.8%, and 70%, respectively). Similarly, over 90%

reduction in total nitrogen was observed in Control 2 (containing glucose and ammonium
acetate) after six days 8f vinelandiigrowth Figure6.4).

These results indicate that the growth of biofertilizers on nutressdvered AD effluent acts as a
second nutrient recovery process, resulting in a final effluent with a very low nittogéant
while producing a valuable biofertilizer product that can be marketed along with the organic
fertilizers produced from the AD process.

6.4.1.4 Sugar utilization byA. vinelandiigrown in nutrient -recovered AD effluent
Upon analysis of residuglucose, it was observed that most supplemented glucose was utilized
during biofertilizer growth. The initial glucose concentration for all cultures was maintained at
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20 g L. After six days ofA. vinelandiigrowth, cultures containing 10% and 25% effluen
contained 6.8 g tand 2 g [ of residual glucose. The glucose was completely utilized in the
culture containing 50% effluenEigure6.5). These esults indicate thak. vinelandiiwas able to
utilize the majority of the supplemented sugars.
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Figure 6.4: Total nitrogen concentration in nutrient-r e cover ed AD effluent and Cont
media supplemented with glucose and ammonium acetate) before and after growth of A.
vinelandii. Final samples were collected on day 6. Error bars represent standard deviation of
triplicate samples
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Figure 6.5: Concentration of residual glucose in different concentrations of nutrient-recovered AD
effluent and Control 2 (Ashbyds media supplemented wit
biofertilizer production. Final samples were collected on day 6. Error bars represent standard
deviation of triplicate samples
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6.4.1.5 Developing manure fiber as a microbe carrier

In preliminary experimentsesearcherebserved that the manure fiber conégihigh levels of
lignin and the pretreatment and hydrolysis yieldedugh lower sugar content than what would
be needed to support biofertilizer growth. The high lignin content would require an expensive
pretreatment process, resulting in an increase in the cost of biofertilizer prodGitiem these
results, the developemt of manure fiber as a carrier for biofertilizer was not carried out.

Researchers assumiggt direct application of biofertilizer using traditional methods (such as
spraying) would help save additional cost required for separation and mobilizatien of
biofertilizer. The immobilization of biofertilizers would require additional stegsich as

obtaining appropriate carrier material, neutralization, Istation, packing and transpértwhich
would result in additional cost Direct application of liquidertilizers also has advantagesch
aslower chancs of contamination, longer shelf life, ease of quality control checks, and ease of
use by farmers.

6.4.2 Techno-economic assessment of microbial biofertilizer
production

The pretreatment capital cost was significantly lower in the modified biorefinery than in the
NREL base case, with a predicted capital cost of $8.61 million compared to $29.9 ridlde (
6.4). This decrease in cost was due to the ability to use mild steel construction in the OSAA
pretreatment, and the lack of a need for a{pigssure screw extrusion system (which would be
required for the dilute aditreatment) to feed the pretreatment reactor.

The addition of two unit operations in the form of lignin recovery and biofertilizer culturing had
an added capital cost of $3.70 million and $11.50 million, respectively. A large proportion of the
cost forthe biofertilizer system was due to the need for a set of two stirred tank reactors with
volumes large enough to accommodate ali@r fermentation period.
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Table 6.4: Capital cost for base case and modified case

Base Case Modified Case
Capital Cost Capital Cost
(million USD¥) (million USD¥)

Pretreatment 29.90 8.61
Neutralization and 3.00 3.00
Conditioning
Saccharification & 31.20 26.25
Fermentation
On-site Enzyme Production 18.30 18.30
Distillation and Solids 22.30 18.76
Recovery
Wastewater Treatment 49.40 49.40
Storage 5.00 5.00
Boiler/Turbogenerator 66.00 29.01
Utilities 6.90 6.90
Biofertilizer production - 11.50
Lignin precipitation - 3.70
Total 232.00 180.43
45% Indirect cost added 421.82 328.05

*USD = U.S. dollars ($)

Finally, capital cost in the modified biorefinery was lowered due to the removal of the
turbogenerator. This resulted in a required purchase of electricity in the operating expenditure,
but repreented a significant savings of $37 million in capital expenditure. The reduction in
installed capital costs due to process improvements totaled $51.57 million. Accounting for
indirect costs, which the National Renewable Energy Laboratimnatedat 45%o0f total

invested capital, a reduction in installed cost of $51.57 million translates to $93.76 million in
total capital expenditure savings.

There was an increase in operating cost in the modified biorefaventhat of the base caske

$15.14 million(Table6.5). Three areas contributed to this increase in cost: biofertilizer
production, lignin precipitation, artie electricity cost.
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Table 6.5: Operating cost for base case and modified case

Base Case Modified Case
(million USD*) | (million USD¥*)
Feedstock 45.20 45.20
Pretreatment 5.46 12.06
Neutralization and Conditioning 2.83 2.83
SaccharificatiorandFermentation 2.15 1.81
On-site Enzyme Production 12.82 12.82
Distillation and Solids Recovery n/a n/a
Wastewater treatment n/a n/a
Storage n/a n/a
Boiler/Turbogenerator 1.51 n/a
Utilities 1.91 1.91
Fixed costs (labor, etc.) 10.70 10.70
Electricity - 4.56
Lignin recovery - 4.95
Biofertilizer production - 2.31
Capital Depreciation (5.7%eryea) 13.22 10.28
Total 95.80 110.94

*USD = U.S. dollars ($)

Biorefinery revenue was improved significantly throughabdition of biofertilizer and lignin
co-products, which added $38.58 million and $50.01 milpenyea in revenue, respectively
(Table6.6). A loss of electrical sales revenue of $6.60 milli@nyea occurred due to the
removal of the turbogenerator from the unit operations.
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Table 6.6: Revenue and profit for base case and modified case

Base Case USD* per unit million USD*
per year
Ethanol $2.15pergallon 131.15
Electricity n/a 6.60
Total 137.75
Revenue operating costs 41.95
Internal rate ofeturn 9.94
Modified Case USD* per unit Units per year million USD*
per year
Ethanol $2.15pergallon 45.74million 98.34
Lignin $500perton 100,018 50.01
Microbial biofertilizer $2,000 peton 19,288 38.58
Total 186.93
Revenue operatingcosts 75.99
Internal rate of return 23.16

*USD = U.S. dollars ($)

6.5 Conclusions and recommendations

Results fronthegrowth ofA. vinelandiiusing AD effluent prior to nutrient recovery and glucose
showed much higher biomass production than nitrdgeamediaGrowth ofA. vinelandiiwas

also tested on different concentrations of nutrrecbvered AD effluentA. vinelandiicould
accumulatehe greatest biomass (6.23 g)lwith complete utilization of supplemented sugars.

A. vinelandiicould overcome the growth inhibition and was able to utilize more than 70% of
residual nitrogen present fhe effluent, resulting in a cleaner waste stredimese results

suggest that AD effluent, when supplemented with cellulosic sugars, has potential for producing
biomass ofA. vinelandii.Based on the laborategcale experiments in this and a previstigly
(Gao et al., 2015), 1 tasf wheat straw could gentially yield 648 Ibs of C6 sugar, which could
then be converted into about 201 Ibs of biofertilizer using nutressdvered AD effluent. Prior
research on the use of biofertilizer has shown that 13.2 Ibs of dry cell mass was required for
effective inoalation of 1 hectar€Biari et al., 2008)Ozturk et al. (2003jound that wheat and
barley that had received an application of microbial biofertilizer supplemented with 40 kg of
chemical nitrogen fertilizer exceeded the growth of wheat and barley thegvwaern with 80 kg

of chemical nitrogeffertilizer alone. This suggest that use of relatively small quantities of
agricultural residue to generate biofertilizer has the potential to solve problems caused by the
direct application of nutrientecovered AD #luent without requiring large amounts of residue

to be removed from fields.

For cost effectivenessgsearchereecommend that application of biofertilizers should occur
through traditional methodsuch aspraying. Because manure fiber has a highrigontent,
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pretreatment of fiber for sugars is expensive and would offset the benefits of producing
biofertilizers. Immobilization othebiofertilizer on a carrier would also require additional steps
(with associated costs) the commercial processghis research suggedtsat another source of
lignocellulose (such as wheat strastipuldbe used to provide the sugar substrate for
biofertilizer production.

Modification of the base case by changihgpretreatment and adding a unit operation for
production of a biofertilizer cproduct decreased capital cost by $93.77 million and increased
the annual operating cost by $15.14 million per year. The reduction in capital cost combined
with revenue generatdtbm the co-products ($88.59 million per year), resulted in an increased
internal rate of return (10% to 23.16%)aple6.6). This model indicates tharoductionof
biofertilizer from cellulosic sugars has a positive effect on the overall economics of the
biorefinery. However, the biofertilizer enuntested technology. Further effottsdevelopand
optimizealow-costproassto producesugar as an energy source for growtimgbiofertilizer

using AD effluent would help in the commercialization of tieishnology
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7.1 Background

Dairy manure is rich in recalcitrant fibrous matter that survives the animal digestive process,
representing around 52.6% of total dry maf€nen et al., 2003)'radtional anaerobic

digestion (AD) does little to reduce this fibrous mass, resulting in a largedolyct of fibrous

solids. Traditionally, AD fiber is used directly as animal bedding or treated to produce compost
for soil amendment. Composted AD fiber d@used for topsoil bedding, nursery or greenhouse
bulk soil, turf top dressing, or peat replacem@®inandy and Cai2008; MacConnelét al.,

2010)

There is also interest in using AD fiber for producing other types of products, such as engineered
biocomposite produci®Vinandy and Cai, 2008 ome characteristics of AD fiber (e.qg., its

particle size and geometry) make it a suitable substitute fido engineered wood products

(Winandy and Cai, 2008&uch as wood plastic composites (WPCs). WPCs are engineered wood
products widely used for decking. The global market for WPCs has been growing (Eplieity

and Carus, 2013)ecause they provide better outdoor durability than wood if fungicides and
insecticides are added to the formulations for producing the comfdsiteell et al., 2010and
because thegio not contribute to deforestatigMarkets and Markets, 2014)

One problem thdtmitsthe use of WPCs ianvironments with high moisture content is water
affinity. Testscarried out undeaboratory(Cameron2009)and outdoo(Kiguchi et al, 2007)
conditionsshowthat weathering deteriora®/PC surfacs, and water penetration redsd&/PC
strength and stiffneg®ilarski and Matuan&005 Panhapulakkal et al2006) Moisture

sorption causes WPC swellinghich stresgsthe interfacial bond between fibers and plastic and
compronises thecomposité strength(Stark 2001) Becausehe properties of WPCs are

affected by the chemical composition of the fibsedin the compositenodifying the
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composition ofaw materialss a strategy for improving critical properties of WR€sch as
waterresistanc€PelaezSamaniego et al2013a b; Chen et al.2014.

Hot water extraction (HWE) can potentially be used to pretreat AD fiber, as no previous steps
(e.g., drying) are required. Previous studies with softwood have shown that HWE at 160°C for
90 minutes removes approximately 20% of the original miaske form of an aqueous solution
that is rich in sugars, acetic acid, and other compounds, mostly derived from hemicellulose
(Chaffee, 2011; Pelaggamaniego et al., 2015Based on these previous studies, HWE may be
an effective strategy for improving the properties of WPCs manufactured from AD fiber.

7.2 Objectives

The objectives of this work were to evaluate the impact of HWE on the compasi#ddh dairy
fiber and to assess how changes in AD fiber composition and structure affect the properties of
WPCs.

7.3 Methods

7.3.1 Production of composite material

Anaerobic digestion dairy fiber was obtained from George DeRuyter and Sons Dairy Farm in
Outlook, Washington, which is a 3000 watw equivalent dairy that uses a typical hggrergy

feed. The manure was collected using a flush manure handling system, where the dilute manure
wastewater is sent to a clarifier before entering a mesophilidagixed plugflow anaerobic
digester. After digestion, the effluent is sent to a slope screen attached to dewatering roller
presses for mechanical recovery of digested fibrous solids with a moisture content of
approximately 72%. A representative portionhdsd tligested fiber (approximately 30 kg) was
transferred to Washington State University (WSU), where it was patrtially dried at room
conditions for one week. The AD fiber was subsequently dried at 103°C for 24 hours and stored
prior toits characterizationrad the production of WPCs. Untreated AD fiber (i.e., not

t hermochemically treated and not ground) i s
Other materials used for WPC production w@gEastern white piné>{(nus strobuswood flour
(American Wood Fibers, passed through ar6@sh sieve)b) ground (passed through a 60

mesh sieve)not thermochemically treated AD fihend(c) ground (passed through a@@sh

sieve) thermochemically treated AD fiber, herein referred t¢aapine,(b) GUF,and(c) GTF,
respectively.

Other additives used for WPC production were virgin +tdghsity polyethylene (HDPE)
(Lyondell/Equistar LB010000) (Equistar Chemicals, LP, Mansfield, Texas, U.S.), zinc stearate
(former Crompton Corp, Middlebury, ConnecticutS.) as lubricant, zinc borate (U.S.
Borax/RioTinto,http://www.borax.coas a biocide, and talc (Nicron 403 from RioTinto,
http://www.imerystalc.com These formulations were chosen to obtain products comparable to
previously reported compositéRelaezSamaniego et al2013a)

130


http://www.borax.com/
http://www.imerystalc.com/

7.3.2 Hot water extraction

Anaerobic digestion fiber O0as recei-uRadd was s
4521 bench top reactor (Moline, lllirg U.S.) controlled by a 4842 Paontroller and coupled

with a water circulating cooling systefifelaezSamaniego et al2015) Five different

temperatures (120°C, 140°C, 160°C, 180°C, and 200°C) were tested for 60 minutes. The

proportion of Epurewater to fibeiwas 5:1(in mass) This relatively high water to fiber ratio

was used to keep the fiber moist because small particles absorbed water very quickly.

In HWE, some sugars are degraded during the heapimzhase, especially when this step is long
(Borrega et a).2011) For this reason, conwaon ofthe heatingup time into an equivalent

isothermal reaction time by adding a temperature time correction factaommended

(Borrega et a).2011; PelaeSamaniego et al2015) The activation energy of the fiber required

for this correction was determad using thermogravimetric analysis (TGA) (TGA/SDTA 851e
Mettl er Toledo, Columbus, Ohio, U.S.) of the
5, and 10°C per minute), following ASTM E164Y (2007) The computed activation energy of

the AD fiber was 190 kdnol?, which was used to calculate the titeenperature correction,

resulting in a total treatment time of 62 mies(instead of 60 miates)

After each treatment, a sample of the liquid phase was collected by wrapping the HWE material
with cotton tissue and squeezing it to filter the liquid and retain the solid particles. The collected
liquid sample was then stored at 4°C for further analysis of sugars. The pH of each liquid
fraction was measured.

7.3.3 Characterization of the liquid products

Approximately 5 mL of the liquid fraction of each HWE sample was filtered using a Rilex
HV 0.45 pm sterile filter with DurapofePVDF membrane. The filtrate was then diluted with E
pure water and used for sugars analysis using a Dione800®ion chromatograph (Waltham,
Massachusetts, U.S.), usitigemethod described HyelaezSamaniego et al. (2015)

7.3.4 Characterization of the solid products

Immediately after HWE, the solid phase of each sample was washed with tap water several
times, using a 20esh sieve to avoid loss tbfe product. The material was then dried at 103°C
until the mass change was negligible, and stored in glass containers. The mass loss during HWE
was calculated from the difference between the initial dry mass (i.e., before HWE) and the final
dry mass (a#ir HWE). The dried materials were used for chemical compogsfirorimate and
elemental analyses. The material treated at 160°C was chosen for WPC production, and was
analyzed for particle size distribution and bulk density, both before and after grinttirpass
througha6me s h si eve. Pine and AD fiber O0as receiyv
distribution and bulk density. Both untreated and treated fiber were additionally analyzed using a
FEI Quanta 20F scanning electron microscope (SHE#|sboro, Oregon, U.S.) to visualize the
structure of the fibers. Prior to microscopy, the fibers were coated with gold using Hummer V
sputtering equipment.
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7.3.4.1 Proximate analysis

The ash content of the fibers was determined by burning the maitesa0°C for 2 hours

(ASTM D110284, 2007). Volatiles were indirectly determined using TGA by heating the fiber
in a nitrogen environment from 25°C to 600°C at a heating rate of 10°C per minute (ASTM
E186804,2004). Fixed carbon was calculated by diffen

7.3.4.2 Elemental analysis

Carbon, hydrogen, and nitrogen content were determined usilBG@® TruSpec CHN
instrument 6t. Joseph, Michigan, U.Sdupled with a LEC® 628S S module, in duplicates, as
describedn PelaezSamaniego et a{2015)

7.3.4.3 Chemical composition

Cellulose, lemicellulose, and lignin in AD fiber were determined following the National
Renewable Energy Laboratory (NREL) metH{&dliter et al. 2010) Insoluble lignin was
considered as the mass lost after burning the hydrolysis solid fraction in a furnace at 550°C.
Soluble lignin was determined by analyzing the hydrolysis liquid fraction with a Shimadzu UV
2550PC UV/Vis spectrophotometer (Kyoto, Japdie total lignin is the sum of both soluble
and insoluble lignin. A Dionex IGS000 ion chromatograph (SunnyvaBsglifornia, U.S.) was

used to determine sugars in the hydrolysis liquid.

7.3.4.4 Particle size distribution and bulk density

The particlesize distribution of the pine wood floor anfithe fibers weranalyzed according to
ANSI/ASAE S319.4 (2013). The sieves used for pine, ground untreated AD fiber (GUF), and
ground treated AD fiber (GTF) ranged from 70 to 140 mesh, and those used for &iber

r ecei v e argedfobh W4td 45 mesh. Bulk density of the fibers was tested following
ASTM E87382 (2006).

7.3.5 Wood plastic composites production and testing

7.3.5.1 Wood plastic composites production

Prior to WPC manufacture, torque rheologys conducted for formulations of HDPE with pine,
UUF, GUF, and GTF. A mixture of 60% of each fiber and 40% HDPE (50 g total, to fill more
than 80% of the rheometer chamber) was used in a Haake Rheomix 600 torque rheometer
(Waltham, Massachusetts, U.S.ugaped with rollerblade rotors for 10 minutes at 20 rpm and
160°C.Composites were produced via extrusion, in which 2.5 kg of a mixture containing 58%
dry filler, 32% HDPE, 3% lubricant (zinc stearate), 2% zinc borate, and 5% talc were blended for
10 mindes in a Ross ribbon blender. This formulation was chfmglenving the oneused by
PelaezSamaniego et a{2013a) for comparison of results. Prior to extrusion, the blends were
left in the oven at 103°C for 24 hours. The extrusion process was carried outimm 35
intermeshing twirscrew extruder (Cincinnati Milacron Inc., Cincinnati, Ohio, U&g)iipped

with a 37 x 10 mm crossection die. The extruder operating conditions were set with a 160°C
barreltemperaturgscreen and die temperatsiod 155°C, and a screw rotation of 5 rpm.
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7.3.5.2 Wood plastic composites evaluation

Evaluation of the mperties of WPCs consisted flexural (modulus of rupturedOR] and

modulus of elasticityMOE]) and water sorption tests. For flexural, six specimens of each
formulation, randomly selected from the corresponding board, were sawn to the required length
outlined by ASTMD790-10 (2010) Each specimen of pine and UUF WPC had final dimensions
of 38.1 x 10.2 x 203.2 mm. For the GHPPE and the GUWHHDPE formulations, the

specimens were cut to remove part of the edges (due to surface imperfections) leadatg to fi
dimensions of 25.4 x 7.6 x 177.8 mm. The specimens were then conditioned at 25°C and 55%
relative humidity for 48 hours, and the composite densities were determined prior to flexural
tests. For the tests, a universal test frame equipped with a 96&dgdll, with a support span of
157.5 mm and a crosshead speed of 4.2mimt (ASTM D790-10, 2010) was used. The test
consisted of applying load to the specimens until the breaking point to determine MOR, MOE,
and strain at break.

For water sorption s, the thermoplastiich skin of the composites was removed using a knife
planer, following a previously described proced{ifelaeczSamaniego et al2013a) Three

randomly chosen specimens of UUF and pine formula(eita dimensions 25.4 x 6.3 x 127.0

mm) and GUF and GTF composités 25.4 x 7.6 x 127.0 mywere conditioned at 25°C and

50% relative humidity for 48 hours. The test consisted of immersing the specimens in distilled
water at room temperature. The specimen thickness and weight were measured before the test
started and periodically during the temtcording to ASTM D5798 (2010). The diffusion

constant is a parameter that is used to evaluate the rate of moisture sorption for a specific
material. The diffusion constant was calcul at
range (from zey percent moisture to the fiber saturation point) taking into account diffusion
through the material edgéRangaraj and Smitl2000; Stokke et gl2014)

Analysis of variance was carried out for mechanical properties and water sorption results using
SAS® statistical software (Cary, North Caired, U.S.). The same software was used for analysis
of covariance to evaluate the influence of density on other mechanical properties.

After flexural tests, cross sections of the GTF and UTF boards were analyzed by Scanning
Electron Microscopy (SEM) to sualize the composites and determine the possible effects of
HWE on fiber.

7.4 Results and discussion

7.4.1 Properties of liquid products

As expected, mass loss was greater with higher treatment temperatures oT &iW.().
During HWE, acetic acid is formed from the acetyl groups bound to hemicel(losega et
al,, 2011) Thus, it was expected that the pH of the aqueous phase would decrease with an
increase in the treatment temperature.
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Table 7.1: pH, mass loss, and sugar content for the aqueous phase of each hot water extraction

(HWE)
HWE Temperature (°C) pH Mass loss (%) Sugars (%)*
120 6.44 11.8 0.00
140 5.97 16.3 1.21
160 5.44 21.0 2.04
180 4.62 31.6 3.18
200 4.62 36.0 0.06

* Percentages refer to the correspondingfesstmaterial

7.4.2 Properties of solid products

7.4.2.1 Proximate analysis

The percentage of ash in the solid product decreased as the HWE temperature increased,
reaching a minimum at 180°@igure7.1). The amount of fixed carbon increased and, as

expected, the presence of volatiles decreased. A slight decrease in ash content was observed as
the temperaturef HWE increased, as observed in previous stu@ibsffee 2011; Pelaez

Samaniego et al2015)
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Figure 7.1: Percentage of volatiles, ash, and fixed carbon for each treated and untreated fiber
following hot water extraction (HWE)

The TGA curves shoedthat untreated fiber and fibers treated at 120°C, 140°C, and 160°C
started talegrade at lower temperatures than fibers treated at 180°C and Fafif@7.2). The
differential thermogravimetric curve of untreated matefa\re7.3) presereda perceptive
shoulder, whictwas less visible with increasen HWE temperature. After 160°C, the shoulder
in the differential thermogravimetric curweas no longer visible. This result is in agreement
with the expected reduction of hemicellulose content in the solid fraction, as this shoulder is
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associated with thegmicellulose content (Pela@amaniego et al2013a). The peak
corresponding to cellulose degradation shifted slightly to a higher temperature as the HWE
temperature increaseHigure7.3). This result suggests that inorganic salts in the AD fiber cause
cellulose decomposition to occur at a lower temperature. As HWE remassditiorganic salts,
cellulose thermal stability increas@darhegyi et al.1997; BeniezGuerrero et al2014)
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Figure 7.2: Thermogravimetric Analysis (TGA) curves of untreated and treated materials at
different conditions
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Figure 7.3: Derivative of thermogravimetric analysis (DTA) for untreated fiber and fiber treated at
each hot water extraction (HWE) temperature

7.4.2.2 Elemental analysis

The relative amount of carbon increased as the HWE temperature incieigsee/4). The
amount of oxygen, on the other hand, decreased with an increase in HWE temperature.
Hydrogen and nitrogen content remained approximately constant. Tkalie eze in agreement
with those found in the literatuf@elaezSamaniego et al2015)
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Figure 7.4: Elemental composition of fiber treated with hot water extraction (HWE) at different
treatment temperatures

7.4.2.3 Chemical composition

Thepercentages of cellulose, hemicellulose, and lignin were multiplied by the mass percent
remaining after each treatmefigure7.5). The content of &k component decreased when the
temperature of the treatment increased. As expected, hemicellulose content decreased faster than
other constituents, indicating that greater amounts of hemicellulose were removed as the
temperature of the HWE process wagéased. The mass balance of the untreated material (i.e.,

at 20°C)was approximately 100% if the ash content (asFgure7.1) is addedKigure7.5).

The hemicellulose content in the material pretreated at 160°C was approximately 10%, and
complete removal of hemicellulose was possible only by &sing the pretreatment temperature
above this temperature.
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Figure 7.5: Cellulose, hemicellulose, and lignin content of untreated (20°C) and hot water
extraction (HWE) treated fiber

7.4.2.4 Particle sizalistribution and bulk density

Pine, UUF, GUF, and GTF were analyzed for particle size distribUtignre7.6). Particle size

of pine was distributed around 0.149 mm. Fi be
size distribution with no pattern. For GTF and UTF, more than 90% of the panvelre 0.149

mm or less. According to previous studies, thermochemical treatments facilitate wood grinding
(Bridgeman et al., 2010; Pela8amaniego et al., 2013a)his can explain why treated fiber had

a smaller particle sizéan untreated fiber. The bulk density of pine, UUF, GUF, and GTF were

0.215 + 0.004, 0.175 + 0.005, 0.390 + 0.001, and 0.324 + 0.602 gespectively.
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Figure 7.6: Particle size distribution of a) pine fiber, ground untreated (GUF), and ground treated
(GTF) fibers, and b) fiber 6éas receivedd |

7.4.3 Wood plastic composites properties

7.4.3.1 Torque rheology

Torque rheology results showed that the torque required for compounding treated fiber was

higher than for the other fibers, which could result from the better adhesion between treated fiber
and HDPEHigh-density polyethylenbas nonpolar characteristics, and treated fiber presents
increased nonpolar characteristidohanty et al.2005) In the extrusion process, the extruder

motor current intensity (amperage) was also diffen¢micreased when switched from pine to

fiber d6éas received,® and from untreated to tr
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7.4.3.2 Color

As observed in other studies, the color of the WPC boards produced with treated AD fiber was
darker than those produced with untreated AD fiberd&tion of phenolic compounds, the
presence of reduced sugars and armarids, and the emanation of formaldehydes are some of

the factors affecting the color of the fiber during thermochemical treatrfiRgleezSamaniego

et al, 2013a, b)Thus, it was expected that the WPC produced with treated fiber would be darker
than that containing untreated fiber.

7.4.3.3 Surface irreglarities

The composite produced with ground treated fiber (GTF) had rough and irregular surface and
edges, with a snakekin appearance in some parts of the boards. Despite the irregularities, all
boards were adequate to prepare samples for mechanioa) gasd water immersion conditions.
Some published articles report the same extrusion defects with-p@ppropylene composites
(Slaughter2004) and wheat strawl DPE compositegSchirp et al.2006) It is possible that this
problem could be fixed by changjithe extrusion parametess changing the formulations.

7.4.3.4 $anning electron microscopy (SEM) analysis

The cell wall of the untreated material was more homogeneous and smoother than that of the
HWE-treated AD fiber Figure7.7). After treatment, fiber became rougher, with some coalesced
droplets on the surface, which could be a lignalm material that migrated from the cell walls to
the fiber surfacg€Selig et al, 2007; Sannigrahi et aR011; PelaeSamaniegetal. 2013a)

Lignin softens and coalesces in the aqueous phase at temperatures within thetrenge of
temperatures studied (120°C to 200{Sgliget al, 2007; Singh and Harvef010) thus

explaining the presence of droplate materials on the surface. This observation was confirmed
by thescanning electron microscopetures of the fibers in the WPEigure7.8).

20.00 K\ ) x| FMIC, ¥ niversity 3 FM

Figure 7.7: Scanning electron microscopy images of untreated anaerobic digester (AD) fiber (left)
and 160°C hot water extracted (HWE) AD fiber (right) (20,000x). The image on the right shows
rougher fiber with coalesced droplets of lignin-rich material, due to heat treatment
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Figure 7.8: Scanning electron microscopy images of wood plastic composite (WPC) produced
with ground treated AD fiber (GTF) at (a) 2,500x, (b) 10,000x%, and (c) 50,000x magnification

7.4.3.5Mechanical and physical properties

The calculated density of each matewals measured at 25°C and 50% relative humidity. The
density of the composites produced with pine and UUF were not statistically diffEadae (

7.2). The composites produced with GUF and GTF had a greater density than pine and UUF, but
were not statistically different from each other. In all cases, the densities were close to those
reported by Pelae8amaniego et al. (2013a). Timedulus ofelasticity and the modulus of

rupture of WPCs produced with HWE AD fiber were better than those of composites produced
from AD fiber without HWE pretreatment&ble7.2). Analysis of covariance showed that

density affected the MOR and MOE, but not the strain at break. The composite produced with
HWE fiber showed increasé the MOR and the MOBf 36% and 30%, respectively, over the
composite produced without HWietreatment. Strain at break was also reduced by 15.4%
when the treated fiber material was used. These results suggest that treating the Hi3E via
prior to extrusion produced a composite with improved mechanical properties.

Table 7.2: Mechanical properties of each material compared with results from Pelaez-Samaniego
et al. (2013a)

Filler Density (g/cnf) MOR (MPa) MOE (GPa) Strain at Break
Pine 1.15+0.03 A 19.08 £ 1.15 2.94 +£0.23 0.008 + 0.000
UUF 1.12+0.03 A 17.24 +0.83 2.09+0.15 0.012 £ 0.000 C

GUF |1.20+0.01B 1.18*| 15.85+0.96| 27.59* | 2.16 £0.07| 3.77* | 0.013 +0.001 G
GTF |1.23+0.01B 1.18*| 21.59 +0.58 31.70*| 2.81+0.11| 3.75*| 0.011 +0.001

*PelaezSamaniego et a{20133) values for wood plastic composites (WPC) using ponderosa
untreated and treateth hot water extractioat 160°C for 90 minutes

Both the water sorptiorF{gure7.9) and the thickness swellingigure7.10) of the composite
produced with pine were the highest among the four tested formulations. Both composites
produced with untreated fiber behaved very similarly. The ground treated fiber (GTF)
composites showed the best performance.
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Figure7.9: Water sorption as a function of time comparing
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Figure7.10: Thickness swelling as a function of time compa

ground untreated fiber (GUF), and ground treated fiber (GTF) composites

Water sorption in the GUF composite was significantly different from that of GTF, showing that
treating the fiber improved this property. The thickness swelling of both untreated AD fiber
materials (UUF and GUF) was not significantly different. However cttmposite produced

with treatediber (GTF) absorbed less water and swelled less than all other WPCs. Hot water
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extraction reduced moisture uptake by 39.1%, and swelling by 36.0%, after 127 days of water
immersion.

The diffusion constants of WPCs maded m pi ne, AD fi ber O6as receiyv
fiber, and ground treated AD fiber were 1.13 ®18.92 x 10, 6.15 x 10, and 2.23 x 10 mn?

s?, respectively. These results, once again, showed that HWE treatment greatly decreased the
wateraffinity of the WPCs by reducing the inherent hydrophilicity of the untreated material.

7.5 Conclusions and recommendations

Hot water extraction shows potential as a pretreatment operation for using AD fiber for the
manufacture of WPC. Due to hemicellulosenoval, HWE was an effective method for reducing
the hydrophilicity (water affinity) of AD fiber and the resulting WPCs. Wood plastic composites
produced with treated fiber and HDPE absorbed less moisture than those produced with
untreated fiber and HDPHhe mechanical properties of WPCs produced with Hyg&ted AD

fiber were superior to those produced using AD fiber without the pretreatment step. Our results
thereforeconfirm the potential to produce composite materials from hot water treated AD fibers
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8.Proof of Concept Project
Water Quality -Fimplacdct s

Application of Anaerobi c
Nurti ent Product s

Chad Kruger, Kirti Rajagopalarand Giridhar Manoharan

8.1 Background

Over the past decade, farmers have noticed a subtle but impactful change in precipitation events.
The cause of this change can be linked to a variety of fagtohsding climate change, the

increase in atmospheric particles, and natural weather cycles. No matter the cause, dairy farmers
in western Washington are significantly affected by seasonal rainfall patterns and intensity.
Rainfall directly impacts crop phing and harvest timing, manure storage capacity and holding
time, manure application timing, flooding, and the potential for having a runoff or leaching

event. Dairy farmers have raised questions regarding the need for incressgel, $tacking of

manue to lowrisk areas, modification of farm management pracfieas,buffer strip3, or

other technologyased strategids redice the risk of water pollutiofe.g.,anaerobic digestion

and nutrient recove)yThis project will provide initial insight into the potential for voluntary
implementatiod rather than additional regulatory impositof a decision support system

focused on improved manure management practices to improve water quality.

8.2 Objectives

The objectives of this proof of concept project were to:
1. Assess the forecasted change in annual and storage season precipitation for Whatcom,
Skagit, and Snohomish Counties, and
2. Determine the relative demand for increased manure storage or nutrient recovery
technology to reduce the risk of nutrient discharge.

8.3 Methods

Gridded historical meteorological data (1979 to 2005) and climate projections for three future
time frameq2040s, 2060s, and 208Qsere used to estimate projected changes in annual and
starage season (October through March) precipitation for the three northwest Washington
counties with significant dairy production (Whatcom, Skagit, and Snohomish). The gridded
historical meteorological observations are-&nd resolution and based on Abatimg(2011).

Future climate projections are also &t grid resolution. The three future time frames were
considered as 30 years of projections centered around 2040, 2060, and 2080, respectively. They
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are Modified Multivariate Adaptive Constructed AnaldgACA) based (Abatzoglou and

Brown, 2012), downscaled global climate model data from the Coupled Maeleldmparison

Project 5 (CMIP 5Taylor et al., 2012). We used six climate change projections based on the
RCP8.5 concentration pathway in this explorg analysis. Median and ?%ercentiles of
change in precipitation are plotted for annual and storage season precipitation. Statistical

significance tests for differences have not been performed. All plotted and mapped data are

archived onthe Centerfo Sust ai

ning

Agricul ture

webpagelfttp://agclimatetools.cahnrs.wsu.edu/users/giridhar/climate/

8.4 Results and discussion

8.4.1 Changes in annual precipitation
Figure8.1 shows the percentage change in median annual precipitation (which represents a

proxy for an average yeam@Figure8.2 shows the percentage change in th& gércentile of

and

annual precipitation (a proxy for wet years). The ranges shown in the figureseatst f
locationspecific differences. Results are grouped by county and elevation bands to account for
changes in average precipitation magnitudes between low and high elevation areas.

Percentage Difference of Median (%)

Figure 8.1: Changes between historical and future median annual precipitation, by county and by
elevation band. The median difference is annotated in black text, and the ranges correspond to
location-specific differences
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Total Annual Precipitation: Percentage Difference of 75th Percentile -
Historical from Future Scenarios
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Figure 8.2: Changes between historical and future values for the 75" percentile of annual
precipitation, shown by county and by elevation band. The median difference is annotated in
black text, and the ranges correspond to location-specific differences

In general, the differences in average year precipitation ranges from no change to 15% increase
depending on the location and future time frame. The increases tend to be higher further out in
the future.

8.4.2 Changes in storage season precipitation

Figure8.3 shows the percentage change in median storage season precipitation (representing a
proxy for an average year) aR@jure8.4 shows the percentage change in th& pércentile of

storage season precipitation (a proxy for wet years). The ranges shown in the figures are, as in
the earlier figurs, a result of locatiespecific differences. Results are similarly grouped by

county and elevation bands to account for changes in average precipitation magnitudes between
low and high elevation areas. In general, the differences in average year preciptages

from no change to 20% increase, depending on the location and the future time frame
considered. The increases tend to be higher further out in the future and are generally larger than
the changes in annual precipitation.

Maps of projected peentage changes between historical and 2080s values in median
precipitation (average years) and"f&rcentile precipitation (wet years) show locatspecific
differences across the three countigéigire8.5 andFigure8.6). Projected increases in

precipitation tend to be higher towards the east and higher elevation locations. Additional maps
for all the scenarios are availablenéip://agclimatetools.cahnrs.wsu.edu/users/giridhar/climate/
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Figure 8.3: Changes between historical and future median storage season precipitation, by county
and by elevation band. The median difference is annotated in black text, and the ranges

Percentage Difference of 75th Percentile (%)

Figure 8.4: Changes between historical and future values of the 75th percentile storage season
precipitation, by county and by elevation band. The median difference is annotated in black text,
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Figure 8.5: Difference between historical and future (2080) median (50th percentile) storage
season precipitation across Whatcom, Skagit, and Snohomish Counties, Washington
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Figure 8.6: Difference between historical and future (2080) values for the 75th percentlle of storage
season precipitation across Whatcom, Skagit, and Snohomish Counties, Washington

8.5 Conclusions and recommendations

The first step of this proof of concept studgicates that for both average and wet years in the
future, precipitation is expected to increase, both in arprealpitationandprecipitationduring
the storage seasohhese changesuggest that increased storage or alternative management
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strategies Vil be required to protect water quality in the three northwest counties of Washington
State. This indicates the need for slightly increased storage capacity for most years, with
significant additional storage in some years, or an alternative emergenagenant plan for
accommodating wet years (such as the winter of 20)6Alternatively, opportunities for
implementing additional treatment obstd manure, such as nutrient recowehnology, could

be implemented.

The next step of this proof of cagpat study will focus on evaluating management options
(storage vsnutrient recover), and will provide more information on the relative potential to
implement safe manure storage management strategies in the future.
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9. Commer ci ali zati on, Techn
and Extensi on

Georgine Yorgey, Chad Kruger, Timothy Ewing, Sénidall, Jingwei Ma, and Jim Jensen

9.1 Abstract

This chaptedescribes the commercialization, technology transfer, and extension work carried
out with the support of Appendix A funding. This work focuses on supporting improved decision
making about emerging technologies by dairy industry professionals, the mamagemant
support industry, and others. In order to support the adoption and application of emerging
technologies for waste management, the extension team carried out the following outreach
activities:

1 Delivered nine presentations at regional and natiaafiecences;

1 Provided technical support to regional stakeholders, including answering questions and
pointing them towards appropriate additional resources.

1 Participated in a federal advisory panel focused on furthering the adoption of
technologies to recav nutrients and to control the production of greenhouse gases, and
participated in the Washington State Depar
Nutrient Advisory Committee, an effort organized to proposenegualatory methods for
improving dairy nutriehmanagement in Washington State

1 Published seven formal extension publications, with five additionairpeerwed
publications in progress, and seven other durable extension products, including webinars
and blog articles.

Outreach work was aimed at (hcreasing awareness of the opportunities and potential
surrounding an AD systems approach; and (2) sharing tools, resources, and successful
experiences that can help diverse groups further develop and implement these technologies in
their professional fiels. Building awareness and making resources available are critical early
steps that contribute to improving the economic viability and the environmental footprint of
facilities processing organic wastes in Washington. Through these outreach activitesiihe

made an estimated 23,880 contacts with scientists, producers, industry professionals, regulators,
policy-makers, and other interested parties across the country.
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9.2 Technology transfer, outreach, and extension
activities

The goals of improved managent of concentrated livestock wastes and recovery of carbon,

nitrogen, and phosphorus will only be achieved if the new and improved technologies, developed

through funded research, are adopted and applied by processors, industry, and commercial
producersFor this reason, outreach and extension are critical for achieving the Appendix A
goals.

The team responsible for the delivery of outreach and extension materials for the biennium
included Ms. Georgine Yorgey (Assistant Director, Center for Sustainingulmgire and

Natural Resources [CSANRY]), Mr. Chad Kruger (Director, CSANR), Dr. Timothy Ewing
(Research Engineer, CSANR), and Dr. Sonia A. Hall (Sustainable Systems Analyst, CSANR),
with targeted support from several other individuals. Outreach and extatediverables were

in the form of conference presentations, technical support to multiple stakeholders, a field day,
formal extension publications, and other durable extension products. These deliverables are
outlined below.

9.2.1 Building relationships with clientele

In collaboration with others, Ewing and Kruger made numerous presentations during the
biennium related to anaerobic digestion, pyrolysis, and nutrient recovery. These presentations
included the following:

1 Kruger, C.E., Yorgey, G., Ewing,.W. (2016) Anaerobic Digestion Systems. MV REC
Brownbag Series, Mount Vernon, Washington. 12/13/16. Followed by a question and
answer session for Future Farmers of America students from Lynden Christian High
School, chaperoned by Chris Clark from Whatcoom§zrvation District and
accompanied by Washington State Representative Vincent Buys.

1 Ewing, T.W. (2016) Panel discussion: Where Does Biochar Fit Within the Larger
Biorefinery Concept? Biochar Workshop, Lopez Island, Washington. 10/28/16.
Organized by th&an Juan Islands Conservation District.

1 Ewing, T.W. (2016) The Billion Ton Bioeconomy Initiative: Challenges and

Opportunities. The Pacific Northwest Bioeconomy Forum. Seattle, Washington. 10/3/16.

Organized by the U.S. Department of Agriculture (USCR)ing was an invited
participant.

1 Ewing, T.W., Kruger, C.E., Yorgey, G. (2016) From Dairy Farm to-iinery:
Developing Technologies to Produce Environmentally Friendly Fuels, Powev aéunel
AddedProducts. USBI Biochar 2016, Corvallis, Oregon. 8/24/16.

1 Kruger, C.E. (2016) Saving the Planet with Soil Amendments? Skagit County Master
Gardener 6s Know and Gr ow. Mount Vernon,
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1 Hall, S.A., Kruger, C.E. (2016) Renewable Energy Faralkd/(2 separate farm walks).
Goldendale, Washington on 4/4/16, and Kennewick, Washington on 4/25/2016.

1 Kruger, C.E. (2016) AD Technology and Small Farms. Small Farms and Community
Food Systems Retreat. Mount Vernon, Washington. 3/21/16.

1 Kruger,C.E. (2015 Extracting Value from Waste on a
What 6s Possible? San Juan Ag Summit. Camp
2/13/16.

1 Ewing, T.W., Kruger, C.E., Yorgey, G. (2016) Dairy Nutrient Recovery Technologies
within an Anaerohli Digestion Bierefinery. Anaerobic Digestion Webinar Series:
Emerging Technologies to Improve Environmental and Economic Impact. 2/10/16.

In addition to these presentations, Appendix A funding was used to complement various other
funding sources (includm fr om USDAGOs National I nstitute of
Environment al Protection Agencyds [ EPA] Water
Washington Department of Ecologyod6s [ Ecol ogy]
USDAOGs Nat ur aservaibe Sewvice [NRCS]Ct@ host an anaerobic digestion field

day for more than 80 participants at Edaleen Dairy (Lynden, Washington) on June 9, 2016. The
morning included presentations on these topic
learned, Reewable Natural Gas technologies, biochar and its integration with AD systems, fine

solids separation, nutrient recovery approaches, water quality and application issues, and
composition of nutrient recovery products. Additional lunchtime talks introdileeeconomic

and environmental modeling tools that have recently been developed. The afternoon introduced
participants to a new, thrgear effort looking at the application of dairy mandexived

fertilizers to red raspberries and blueberries (funded®YA NRCS).

9.2.2 Sharing research findings and providing technical support

Ewing and Kruger provided technical support to industry, academics, and various other
stakeholders during the 202017 biennium. Technical support aims to provide-biased
information and resources to specific individuals and support their decrsikimg around
biorefineryrelated issues. In addition to fielding many individual inquiries, major efforts
included:

T Kruger and Ewing provided s uging€&hmalengeandt he U
arranged for Washington State Universityos
This competition, hosted by EPA with a variety of industry,-parfit, and academic
partners, awarded prizes for the most promising technologresyole nutrients from
livestock manure.

T Kruger was invited to participate in the W

Dairy Nutrient Advisory Committee, an effort organized to proposeragualatory
methods for improving dairy nutrient management/ashington State.
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1 Ewing has communicated with and provided technical support for approximately 10
consultants, companies, and community groups interested in developing anaerobic
digestion or nutrient management related projects.

1 Ewing provided mentang and technical support for a group of seven engineering
students completing their senior design project in anaerobic digestion at Gonzaga
University.

1 Ewing has collaborated with and provided technical support for project development
ideas withcrossover between biochar, the biorefinery concept, and composting to three
faculty members at the WSU Puyallup Research and Extension Center.

1 Working with Kruger and Yorgey, Ewing has gathered background information to
support building a roadmap to guidesearch efforts related to the dairy biorefinery in
Washington State. This information is attachsdan appendito this report

1 Along with Chris Clark from Whatcom Conservation District, Ewing attended and
provided technical support for a test of &aki i Bi oenergydés Omni Proc
dairy manure. Following this, Jensen, Ewing, and Yorgey collaborated with partners at
the Stillaguamish Tribe and Janicki to submit an NRCS CIG proposal, in which WSU
(led by Ewing) would provide independent axation of the Omni Processor on a dairy
in Snohomish County. In June 2017, we were notified that funding has been awarded to
this project.

9.2.3 Durable extension products

For the 20182017 biennium, three major, peviewed extension deliverables faththe core
expected scope of work for Appendix A. As of July 2017, one of these publications had been
completed, and two were being revised after peer review:

1 Hall, S.A., Benedict, C., Harrison, J., and Yorgey, G.G. In submission. Nutrient Recovery
Products from Dairy Manure. Washington State University Extension Publication,
Pullman, Washington (deliverable for Appendix A for 2487 biennium).

1 Ma, J., Frear, C.S., Yorgey, G.G. In revision. Approaches to nutrient recovery from dairy
manure. WashingtoState University Extension Publication, Pullman, Washington
(deliverable for Appendix A for 2018017 biennium).

1 Jensen, J., Yorgey, G.G., Kruger, C.E., Frear, C.S. In revision. Completing a successful
feasibility study for an anaerobic digestion projé@ashington State University
Extension Publication, Pullman, Washington (this publication covers the environmental
credits concepts proposed as an Appendix A deliverable for the2ZZdIBbiennium).

The following additional formal extension productstiaied in previous biennia or completed
primarily with complementary funds, were in progress or published during theZ2A15
biennium:
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Hall, S.A., Yorgey, G.G. In preparation. Peer reviewed video. Recovering Nutrients from
Manurei New Tools for Maintaing Air and Water Quality. WSU Extension. Pullman,
Washington.

Kennedy, N., Yorgey, G., Frear, &ruger, C.In revision. The dairy manure biorefinery.
Washington State University Extension Publication, Pullman, Washington.

Jensen, J., Frear, C., MA, Kruger, C., Hummel, R., Yorgey, G. 2016. Digested fiber
solids: Developing technologies for adding value. Washington State University Extension
Publication FS235E, Pullman, Washington.
http://pubs.wpdev.cahnrs.wsu.edu/pubs/fs235e/

Galinato, S., Kruger, C.E., Frear, C.S. 2016. Economic feasibility of anaerobic digester
systems with nutrient recovery technologies. Washington State University Extension
Publication TB27, Pullman, Washington.
http://cru.cahe.wsu.edu/CEPublications/TB27/TB27.pdf

Kennedy, N.P., Yorgey, G.G., Frear, C.S., Kruger, C.E. 2016. Considerations for
building, operating, and maintaining anaerobiedagestion facilities on dairies.
Washington State University Extension Publication EM088, Pullman, Washington.
http://pubs.wpdev.cahnrs.wsu.edu/pubs/em088e/

Mitchell, S.M., Kennedy, N.P., Ma, J., Yorgey, G.G., Kruger, C.E., Ullman, J.L., Frear,
C.S. 2015. Anaerobic digestion effluents and processes: The basicsnijt@sidtate
University Extension Publication FS171E, Pullman, Washington.
http://pubs.wpdev.cahnrs.wsu.edu/pubs/fs171e/

Kennedy, N.P., Yorgey, G.G., Frear, C.S., Kruger, C.E. 2015afm codigestion of
dairy manure with high energy organics. Washington State University Extension
Publication FS172E, Pullman, Washington.
http://pubs.wpdev.cahnrs.wsu.edu/pubs/fs172e/

Galinato, S.Kruger, C.E., Frear, C.S. 2015. Anaerobic digester project and system
modifications: an economic analysis. Washington State University Extension Manual
EMO90E, Pullman, Washington.
http://cru.cahe.wsu.edu/CEPublications/EMO90E/EMO90E . pdf

Kennedy, N., Yorgey, G., Frear, C., Evans, D., Jensen, J., Kruger, C. 2015. Biogas
upgrading on dairy digesters. Washington State University Extension Publication 180E,
Pullman, WA .http://pubs.wpdev.cahnrs.wsu.edu/pubs/fs180e/

In addition, in early 2016, we produced a fivart Anaerobic Digestion Systems webinar series
titled AEmerging Technol ogies mmpadtmpd oRec rcadint
from the series can be accesseltit//csanr.wsu.edu/webinars/anaerethigestion/ Though

the coordination of the webinars was funded by other sources, the corttempodsentations is
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relevant to Appendix A and was supported by the ongoing work of this project team. The five
webinars included:

1 Dairy Nutrient Recovery Technologies within an Anaerobic Digestioar&iioery (Dr.
Ewing)

1 Anaerobic Digestion Bigefinery: Potential for Biochar Production and Utilization (Dr.
ManuelGarciaPérez

1 Agronomic Evaluation of Anaerobic Digestion System Recovered Fertilizers (Dr. Hal
Collins)

1 An Introduction to the Anaerobic Digestion System Enterprise Budget Calculator (Dr.
Greg Astill)

1 Insights for Anaerobic Digestion from Dai§ropSyst, a Decision Support Tool for
Gaseous Emissions and Nutrient Management (Mr. Bryan Carlson)

9.3 Impacts of technology transfer, outreach, and
extension activities

The team estimates 23,880esttists, producers, industry, regulators, polegkers, and other

interested parties across the country were reached through the core outreach activities described

above: conference presentations, technical support, and formal and other extensiotigmsblica
These impacts include:

1 80 participants attended the AD Systems Field Day.

1 An estimated 190 people attended presentations by the team during this biennium.

1 Webinars and extension publications, including those published during the current and
previous biennia, were viewed or downloaded an estimated 7810 times during the 2015
2017 biennium.

T The blog articles and CSANROGs webpages
almost 15,800 times cumulatively during the 2@0A.7 biennium.

These statistics do not include views or downloads of the additional research products posted on
webpages hosted by EPA, eXtension, and Ecology, so represent a conservative estimate of the

impact of outreach activities. The project team has increasedragararound the potential and
opportunities surrounding biorefinery technologies, and has shared tools, resources, and
successful experiences that will help diverse groups further develop and implement these
technologies.
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APPENDI

Background for Agricultural Anaerobic Digestion
Systems Roadmap for Washington State

Nearterm Research to Promote Technology Commercialization

Disclaimer

This Roadmap is not intended to support technology purchase or investment decisions.
Description odiscussion of commercial technology vendors or products does not constitute or
imply endorsement by authors, or State government. Content may include information and data
from sources including peer reviewed literature, technical reports, project féastiitiies, and
unpublished data from academic and industry projects and personal interviews. Any economic
estimates, scalep factors, or performance indicators that are provided are for informational
purposes only.

List of abbreviations

AD AnaerobicDigestion

ARC Agricultural Researcenter

BSysE Department of Biological Systems Engineering

CHa Methane

CNG Compressed Natural Gas

0] Carbon Dioxide

CAFO Concentrated Animal Feed Operation

CSANR Center for Sustaining Agriculture and NatuRasources
EPA Environmental RPotection Agency

FOG Fat, oil, grease

GHG Greenhouse Gas

H2S Hydrogen Sulfide

N Nitrogen

NHs Ammonia

NR Nutrient Recovery

P Phosphorus

RDD&C Research, Development, Demonstration, and Commercialization
TS Total Solids

us United States
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USDA United Sates Department of Agriculture

USGS United States Geological Survey

VS Volatile Solids

WA Washington State

WA-ECY Washington State Department of Ecology
WSDA WashingtorState Department of Agriculture
WSU Washington State University
Background

Appendix A research

In the 200709 biennium the Washington State Legislature funded a joint Washington State
University (WSU) and Washington State Department of Agriculture (WSDA) program targeting
applied bi@nergy research. The funds were requested by WSU and WSDA to undertake near
term, applied research (~5 years to commercialization) needed to successfully implement the
Energy Freedom program and bioenergy initiatives enacted in 2006. Examples of podjects
funded were listed iAppendix Awhich was attached to the funding request.

Since 2007, WSU6s Agricultural Research Cente
research effort. In the area of cropped biofugfgendix Aunds have been dirext to research

projects coordinated by the WSU Department of Crop and Soil Sciences, as the Biofuels

Cropping Systems project. In the area of energy conversion and nutrient recovery from

agricultural wastes, funds have been directed to research projedgmated by the WSU

Department of Biological Systems Engineering (BSysE), while the WSU Center for Sustaining
Agriculture and Natural Resources (CSANR) has provided extension and outreach, and support

for commercialization efforts.

During the 201582017 bennium, Washington State University researchers continued anaerobic
digestion systems related research with support &ppendix Aunds. This Roadmap
Background was developed with those funds, with a goal of informing the development of a
Research Roadap in summer of 2017, to guide future projects that promoteteear

technology transfer and commercialization of AD systems.

For more information about Appendix A projects, contact:

James W. Moyer

Associate Dean for Research for the College of Agucal, Human, and Natural Resource
Sciences

Director of the Agricultural Research Center

PO Box 646240

Pullman, WA 99164240

Mary Beth Lang

Bioenergy and Special Projects Coordinator for the Washington State Department of Agriculture
PO Box 42560

Olympia, WA 985042560
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Roadmapintent
There are three main goals of the Roadmap effort:

1.

Introduce anaerobic digestion (AD) as the central unit operation of a larger system of
processes and technologies used to help manage manures and other agaoysiical
wastes while producinggnewable energy and other vatgded biderived products.

Provide an outline of current ABystems in Washington Statad highlight past research
that has both advanced the understanding of these systems and pusheegeraks
technologies towards commercialization.

Guide development, selection and funding of fuljppendix Aresearch projects,

improving our ability to increase the understanding of AD systems and offering a path to
nearterm technology transfer and corarnialization.

Combined, these three goals outline a Roadmap that is intended to meet the specific needs of the
Appendix Aprogram while also being accessible to a large and diverse audience in Washington
State interested in furthering energy conversiuh mutrient recovery from agricultural wastes,
including manures. This Roadmap Background seaviesvpurposes for various stakeholders:

T

For Washingtorstakeholders, it provides a condensed introduction to AD systems, and
an overview of previouAppendixA research. This Background sets the stage for
productive stakeholder discussions to develop a Roadmap, motivating individuals to
foster community engagement and awareness around the improvement of AD systems.
For agricultural producers and the agricult@guipment and management industry, it
highlights previous\ppendix Aprojects, informing the refinement of current strategy for
Appendix Anvestments.

For university researchers, it provides information that assists in the formulation of
proposals thatlearly target solutions to identified problems or limitations. There is a
strong incentive for university researchers to collaborate closely with both agricultural
producers and industry in order to best identify current-tezar opportunities.
ForWashngtongovernment policy makers and agencies, it provides a living document
which can be used to highlight current progress, to frame future goals, and to leverage
additional federal, state, and private resources.

By promoting projects which lead to statkthe-art improvements to AD systems in

Washington State, a Roadmap informed by this background can contribute to reducing project
costs, reducing operating energy usage, reducing application of industri@neswable

chemicals and fertilizers, produgimenewable energy, producing renewableldased

chemicals, fertilizers, and other-pooducts, and overall improving air, water, and soil quality in
agricultural areas.
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Roadmaplimitations
This Roadmap is not intended to promote any specific or gdegrslation, to suggest changes
in existing legislative policy, or to define changes in State Agency policy or rulemaking.

The scope of this Roadmap is limited to research based projects to address current problems and
limitations. Issues concerning regtdry policy, permitting, and statutory fees are not
considered. Likewise, building materials and equipment costs are not considered.

Anaerobic digestion systems overview

The storage, safe treatment, and disposal of agriculturally derived organic veastiaj@ focus

for Washingtoragricultural producer€Chen et al., 2016; Goldstein et al., 2015; US EPA, .n.d.)

These producers rely on a variety of management processes and treatment technologies to ensure
the environmentally safe and economically efficient end utilization of organic (gasten and

Turner, 2003; Dick et al., 1998; Sims and Wolf, 19%4) systems is the descriptive title for the
integration of multiple processes and technologies focused on treating organic waste while als
producing bioenergy and vakaelded bioproductdBujoczek et al., 2000; HolNielsen et al.,

2009; Ward et al., 20087 simplified process flow diagram for an AD sgst is shown in

Figure A 1: Collected organic waste is fed to an anaerobic digester to produce biogas, treated
solids, and nutrientich liquids.

Agriculturally Derived
Organic Waste

!

Pretreatment

!

C . Biogas
Anaerobic Digestion —» CO, +CH,
_ . Solids
Solids Seperation —» Bedding & Soil
Amendment

!

Liquid
Land Application

Figure A- 1. Simplified Anaerobic Digestion System [adapted from US EPA, 2013]

Additionalresources
1 Overview of Anaerobic Digestion Systems
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http://csanr.wsu.edu/anaerofdimestionsystems/
1 Introduction to Washington Dairies and Digesters
http://agr.wa.qov/fp/pubs/docs/34Bshingtondairiesanddigestergb.pdf

Anaerobic digestioncore principles

Anaerobic digestion is a natural biological process that treats the organic matter in agricultural
wastes, reduces pathogens and odors, and produces (idgasnd Roberts, 1981; Martin et

al., 2003; Kaparaju and Rintala, 2008; Kim et2002; Salminen and Rintala, 200Bjogas is
produced when microorganisms catalyze the conversion of organic carbon to methgren(CH
carbon dioxide (Cg) in the absence of oxygen {dWeiland, 2010)Produced biogas generally
contains ~60% methane, ~40% carbon dioxide, water vapor, and trace sulfur and nitrogen
containing compound®batzoglou and Boivin, 2009Agriculturally derived organic waste is
biologically active and contains pathogens such as bacteria and \(iKesegey ¢al., 1993,

Lund et al., 1996; Smith et al., 20058Yhen conducted at mesophilic (33btemperature, AD

can reduce common pathogens, such as fecal coliform bacteita eold by as much as 98%
(ForbisStokes et al., 2016; Peady and Soupir, 2011; AdAPathogen R
Digestion of Manuree Xt e n s i .0The, ptoduationdbf ojganic acids (including volatile
organic compounds) during the natural anaerobic degradation of agricultural wastes contributes
to onfarmodor issues. Controlled and contained AD reduces odors by coupling four categories
of microorganisms to break down, process, and convert organic waste to(lfoyeers et al.,

1997 Van Horn et al., 1994Figure A 2). This treatment results in the reduction of total solids,
the conversion of organic nitrogen to ammonium, and adder effluent(UludagDemirer et

al., 2008, 2005)

Agriculturally Derived

Organic Waste
/ \ Hydrolytic bacteria
Insoluble Soluble organic
compounds compounds

Acidogenic bacteria
Acetogenic bacteria

Organic acids

/ l Methanogenic bacteria
v

Low-odor effluent

Biogas

Figure A- 2: Anaerobic digestion metabolism [adapted from Gerardi, 2003; Stams, 1994]
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Additionalresources
1 Introduction to Anaerobic Digestion
http://cru.cahe.wsu.edu/CEPublications/FS171E/FS171E.pdf

Agricultural feedstock (agriculturally-derived organic wastes)

Agriculturally derived organic wastes can vary widely in applicability as a feedstock for AD.
Feedstocks rich in lipids and eastdggradable carbohydrates generally produced more methane
compared to those composed mostly of retraliet lignocellulosiematerials(Nallathambi
Gunaseelan, 1997; Noike et al., 1985; Siegert and Banks,. 200%j)th formulating a livestock

diet, proper consideration must be made for the variety of substrates that make up the feedstock
for AD. Dairy, poultry, and swine animal manures are often utilized as primary sources of
feedstock for AD. Because of its neutral to basic pH-85) and large tering capacity, dairy
manure has been highlighted as especially suitable fdigestion(El-Mashad and Zhang,

2010; MaciasCorral et al., 2008)Examples of caligestion substrates include corn processing
by-product, preconsumer food scraps, and corn sto¥gifre A 3). The process of eo

digestion involves mixing csubstrate(s) with the primary feedstdck., dairy manure) before
feeding to the digestéo increase methane production.-8abstrates that contain more chemical
energy per unit mass compared to primary manure feedstocks are categorized as high strength
wasteqHartmann and Ahring, 2005; Murto et al., 2004)imit in Washington Sta&t of 30% by
volume cesubstrate addition was set to prevent chemical and biological inhibition of the
digestion process, which could lead to reduced methane production and only partial stabilization
of resulting effluent. Since the goal of-da@estion igo increase methane production compared

to the primary manure feedstock, it is important to choossibstrates with higher methane
potentials. For example, more methane would be produced-thgestion of dairy manure with
pre-consumer food scraps; hover, less methane would be produced because of dilution-by co
digesting dairy manure with corn processingobyduct Figure A 3).
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Figure A- 3: Select wet mass methane potentials [adapted from Hamilton, 2012]

Additionalresources
1 Onfarm Cacdigestion of Dairy Manure with High Energy Organics.
http://cru.cahe.wsu.edu/CEPublications/FS172E/FS172E.pdf

1 Consideration$or Building, Operating, and Maintaining Anaerokido-Digestion
Facilities on Dairies
http://extension.wsu.edu/publicationsAvp
content/uploads/sites/54/publications/em088e.pdf

1 Washington State Biomass Inventory
https://fortress.wa.gov/ecy/publications/documents/0507047.pdf

Anaerobic digestionsystemsengineering and technologies

Types ofligesters

There are two main categories of anaerobic digesters: wet digesters and deysiigéshell et

al., 2015) Wet digesters are classified due to the ability to amict pump the feedstock and

effluent in the same manner as other liquids. Feedstock used in wet digesters celf&ins 3

total solids. Dry digesters have feedstock that remains in a stackable pile, which is usually >25%
total solids. Due to the high liqubntent in the manures, dairy and swine facilities would
generally consider wet digesters. For poultry and other CAFO facilities, availability of dilution
liquids from cesubstrates or processing residues should be considered to determine the
applicabilityof wet vs. dry digestion.

Beyond the two main categories, multiple configurations of AD systems exist, primarily
differing in terms of operating characteristics and temperature. Wet digesters are classified as
either batch (where the feedstock is loadk@t once then effluent is completely removed after a
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specified period of time) or continuous (where feedstock is loaded at one end while effluent is
removed at the other end). Continuous systems can further be divided as continuous stirred tank
reactordCSTRs) and plug flow reactors (PFREsir et al., 2012; Yu et al., 201@)hese terms

are defined more fully in the glossary, at the end of this document.). The most common dairy
digesters in Washington State are based on the PFR design.

Along with the physical configuration and operation of these digesters, there areothraerc
temperature ranges: psychrophilic, mesophilic, and thermo@Gitiae et al., 2008)

Psychrophilic digesters are often simply passive covered lagoons that operate betivéén 20
The most common types of dairy and swine digesters operate in the mesophilic rage of 30
403 . Digesters operating in the thermophiimge of 50 653 have both advantages and
disadvantages. Advantages include increased volatile solids (VS) reduction, shorter hydraulic
retention time (HRT), and more effective pathogen removal; however, disadvantages include
higher energy requirementsrfheating, more odor, and greater sensitivity to temperature
variation compared to psychrophilic and mesophilic digeg¢fargelidaki and Ahring, 1994;

Chae et al., 2008; Gavala et al., 2003nkat al., 2006)

Additional ADsystems equipment and processes

Anaerobic digestion systems include additional unit operations beyond the central anaerobic
digester, such as pteeatment and primary solids separatibig(re A 1) (Ariunbaatar et al.,

2014; Mgller et al., 2002Pretreatment units canebas simple as mixing pits to ensure thorough
mixing of feedstocks being used for-dmestion, or as advanced as physical, chemical, or
biological processes to enhance the digestion of the given feedstock. Primary solids separation
generally occurs immedlely after AD. This step is targeted to remove coarse fibers and any
large contaminants that may have entered the digester with the feedstock. Primary solids
separation can be followed by a number of unit operations to treat the resulting effluenbgncludi
suspended solids removal, nitrogen removal, phosphorus removal, and filtering capable of
producing drinking water suitable for livestogkaparaju and Rintala, 2008; Rajeshwatri et al.,
2000; Sooknah and Wilkie, 2004)

Additionalresources
1 Rationale for Recovery of Phosphorus and Nitrogen from Dairy Manure
http://cru.cahe.wsu.edu/CEPublications/FS136E/FS136E.pdf

Agricultural value-added products and end-utilization of organic wastes

With the relatively low cost of energy in WA, partially due to the abundant availability of
hydroelectric power, and the lack of premium sales contracts from local utilities, production and
sale of electricity from biogas alone is no longer sufficient ¢éetnthe capital expenditure and
subsequent return on investment (ROI) for an agriculturally based anaerobic diBjsbisp

and Shumway, 2009; Carley, 2009; Stokes et al., 20@Baddress this issue, various unit
operations have been developed to work in conjunction with anaerobic digesters. These unit
operations include: solids sepaoat nutrient recovery processes, water treatment, and biogas
upgrading systems. When combined into one facility, AD with these unit operations is defined as
AD Systems. Therefore, to promote the economic feasibility of facilities deploying AD systems,
both valueadded products and associated markets must be developed to support full utilization
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of generated organic wast@ozell and Petersen, 2010; Cherubini, 2010; Fernando et al., 2006;
FitzPatrick et al., 2010; Kamm aicmm, 2004) The following list provides a brief
introduction to common AD Systems unit operations.

Primary solids separation: This is a mature technology utilized at facilities both with and
without AD. Common equipment includes sloped screen sepsratiter separation,
digested fibrous solids can be used as animal bedding or asadaled soil amendment.
Accounts for approximately 40% total solids (TS) removal and contains b&@%0
total nitrogen and total phosphorus.

Advancedsolids separation: This is a developing technology in the agricultural area but a
mature technology in municipal wastewater treatment. Common equipmkrtes
dissolved air flotation (DAF), belt presses, and screw presses. Suspended solids are
associated with majority dhe phosphorus in the digested effluent. This process removes
about 97% total suspended solids (TSS) which conta8630 of the total nitrogen and
70-90% of the total phosphorus in the effluent.

Nutrient recoveryi Struvite crystallization: This is a relavely new technology used on dairy
manure, but it is a mature technology in the municipal wastewater treatment area. This
process uses a polymer to bind with suspended solids. Once small particles are bound and
aggregated to form larger structures, graséttling or centrifuge can be used to remove
the resulting struvite. Used in place of advanced solids separation, this technology
produces slowelease crystalline fertilizer containing magnesium, nitrogen, and
phosphorus. This process removes approxndi0% of the total nitrogen and-B0%
of the total phosphorus in the effluent.

Nutrient recoveryi Ammonia stripping: This technology has been demonstrated with dairy
and poultry manures. This technology can be implemented before or after advanced
solids separation. The process requires aeration of the digested effluent followed by a
blower and acid tower. To reduce the input of consumable chemicals (such as sulfuric
acid) carbon dioxide stripping can be used. Ammonia stripping removes abobs¥60
total nitrogen in the effluent, but effectively no phosphorus is removed.

Nutrient recoveryi Vermicomposting: This technology has been demonstrated with dairy
manure. The primary removal action is similar to treatment with a biological filter or
packed bed redor. There is some potential for valadded sales of castings as well as
worms. Vermicomposting is best to use after primary solids separation. Removes
approximately 7600% total nitrogen and-50% total phosphorus from the remaining
wastewater.

Water treatment: While a mature technology in municipal systems, the complexities and costs
have until recently kept these systems out of agricultural facilities. Common processes
include reverse osmosis, UV treatment, distillation, and molecular sieves. Typical
performance yields 560% clean water with remaining volume containing removed
solids. The solids fraction will contain about 96% of total nitrogen and 100% of total
phosphorus.

Additionalresources
1 Digested Fiber Solids: Developing Technologies for Addiatue
http://cru.cahe.wsu.edu/CEPublications/FS235E/FS235E. pdf
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Anaerobic digestion systems in Washington State

Current agricultural waste management strategies lead in at leastas®sgo overloading of
nutrients in soils, leaching of nutrients and pathogens into waterways, and greenhouse gas
emissions. While steady incremental progress has been made over the past 13 years to improve
agricultural waste management practices aneételdp and deploy new waste management
technologies such as anaerobic digestion, the overall rate of change has been relatively slow. At
the same time, the awareness of the environmental, social, and economic issues related to current
manure management pteces by both the general public and the scientific community has

grown considerably. The Center for Sustaining Agriculture and Natural Resources, with funding
from Appendix Aand support fromWWSDA, is thus providing this background to assist in the
devebpment an Agricultural Anaerobic Digestion Systems Roadmap that leverages the
collective insights of the various stakeholders that have an interest in wider deployment of
improved manure management technologies.

Since 2011Appendix Ahas funded thirteen major research projects, three ancillary AD projects,
and provided WSU Extension and Outreach capacity to enable technology transfer and provide
general industry AD systems support. A brief summary of each project follows:

Nutrient recovery withinanaerobicdigestion andbiochar platforms

Based on current manure management practices, nutrient overloading with associated negative
air, water, and soil impacts is an issue on sévashingtordairies. Nutrient recoverydsed on
manure contet with biochar as a filter media has the potential taucedthese negative impacts.
Biochar is produced using various thermochemical processes, including pyrolysis. Both thermal
and chemical modificains can be made to develop ¢har with specific chaicteristics. With

the intent tautilize onfarm materials, bichar was produced from AD separated fiber using
pyrolysis. In one set of trials, addition aflcium during production of bahar resulted in 53%
removal of phosphate after 12 hours of contatit & liquid waste stream. In another set of trials,
postpyrolysis air oxidation at 25C resulted in improved ammonium removal. To effectively

treat liquid waste containing nitrogen and phosphorus from ad®@@airy, it was estimated

that between 5 115 tons of biohar per day would be needed.

Flush dairy and anaerobicsequencebatch reactorapproach

Flush dairy manure presents a challenge when considering treatment by anaerobic digestion
because of the large volume of added water wbachespondingly requires a large digester.

Existing separation technologies exist to thicken the manure, which would reduce the size and
capital cost of the digester; however, these unit operations result in significant loss of digestible
organic materialo the lagoon. A potential solution is to use multiple small reactors (small scale
digesters) with reduced hydraulic retention time (HRT) positioned in series arrangement. Testing
of a system with HRT of 4 to 6 days and organic loading rate (OLR) €f.8.§ VS/L/day at

223 resulted in stable operation. Microbial analysis indicated that the population in the reactors
was dominated bilethanosarciaspp, which is a beneficial methane producer.

Biogaspurification within the anaerobicdigestionhutrient recveryplatform

As produced biogas from AD of animal manures is primarily composed of methane (~60%) and
carbon dioxide (~40%) but also contains impurities such as hydrogen sulfide. The value and end
uses of biogas can be increased by removing impuritetsemtucing the concentration of carbon
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dioxide. During the process of removing nitrogen from AD effluent, in the form of ammonia
sulfate, the liquid effluent pH is raised to approximately 9.7 and significantly reduced in carbon
dioxide. Since commercial @gas purification processes are expensive and often utilize caustic
(high pH) consumables, several trials were conducted to demine the feasibility of usiA@ppost
postNR effluent for biogas stripping. Using a bubble column reactor, it was determitied tha
nearly 100% of hydrogen sulfide and a large percent of carbon dioxide were removed from raw
biogas. Based on these trials, rEEam commercialization of the technology is expected.

Anaerobicdigestion onsmall-sizeddairies

The use of AD as part of treanure management plan for srsdhle dairies (<26@00 cows)

has been challenging due to the unfavorable economics ofstaldl electrical generation. To
address this limitation, a novel smadflale vertical mixed plug flow digester was built and

couged with a boiler and condenser to produce thermal energy for heating and chilling of a
processing facility. Feedstock for the digester consisted of approximately 200 gallons per day of
manure and pardic doses of milk parlor waslater. After about 8 mohs of operation, the

digester was only producing about 100 cubic feet of low quality biogas per day. Troubleshooting
indicated that variations in temperature and inconstant feeding could have contributed to poor
system performance.

Pretreatment offibrous feedstock foentry into digester

The use of plant matter as a feedstock for AD has the potential to open additional waste streams
for energy production. Many field residues, lawn clippings, and targeted growth energy crops
have specific methane potentigibater than dairy manure; thereforedigestion with these

feedstocks could provide an overall increase in biogas production. Unfortunately, lignocellulosic
materials can take up te# longer to digest compared to animal manures and other organic
fraction of municipal solid wastes such as food scraps. One possible method to address this issue
is to convert the lignocellulosic material to simple sugars before feeding to the digester. Three
types of pretreatment were explored: soaking in aqueous amregp@sure to ozone, and a

mixture of aqueous ammonia and ozone. It was found that the mixture (10 minutes of ozone and
6 hours of soaking agueous ammonia) used on lawn clippings resulted in the highest sugar
recovery, which would correspond to the high®stgas production. Although the mixture

provided the best results, the soaking aqueous ammonia only pretreatment results were similar
enough that it is recommended to further investigate this method due to the reduced handling and
storage concerns.

Anaerobic digestion ofalgal biomassresidues witmutrient recycle

The extraction of lipids from microalgae for the production of biofuels has resulted in the
generation of a new waste stream that may be of interest as an AD feedstock. The residue
resultingfrom the extraction process essentially contains all of the cellular material from the
microalgae except for the targeted lipids along with a mixture of extraction solvents and some
remaining long chain fatty acids. Through multiple trials with five mig@a species and five
extraction solvent mixtures, it was found that biogas production was inhibited by the presence of
extraction solvents and long chain fatty acids. As a felboywsome of this inhibition could be
overcome by increasing the inoculimsubstrate ratio in the test digesters; however, this was

not seen as a viable workaround for large scale production and waste treatment.
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Nutrient recoverytechnologies fordairy application and characterization of thegpformance

of engineeredbiochars assoil amendments

The over apptiation of nitrogen and phospherduring the spreading of manure on agricultural
lands is a problem for some producers in WA. This over application can lead to negative air,
water, and soil impacts. One potential solutiotbisemove these nutrients from the manure

effluent before application to agricultural lands. The development of engineered biochars can be
utilized to capture both excess nutrients and pathogenic microorganisms in the effluent. The
initial materials and mduction temperature conditions of biochar relate directly to the

engineered characteristics and ability to capture nutrients and act as a soil amendment. After the
bi ochar is Achargedo with nutrients dasolm tr ea
amendment. In addition to the use as a soil amendment, it was found that biochar improved the
water holding capacity of sandy soil. It was also determined that mixing charged biochar with
composting did not contribute to nutrient exchange witlctdmpost.

Gypsum as aeplacement fowsulfuric acid in bio-ammonium sulfate production in dairies

Nutrient recovery from AD effluent is becoming an essential component in the overall
management of manure. Current industrial nutrient removal technoldijies potentially

hazardous chemicals such as sulfuric acid. To reduce the need of dangerous chemicals on
agricultural facilities, this research proposed to utilize gypsum slurry as the contacting agent to
produce ammonium sulfate from ammonia and cathoxide gasses. It was found that while

the gypsum slurry was effective at producing the liquid fertilizer, there were significant concerns
that techneeconomic analysis would show that a commerstale unit was not feasible.

Expansion andscale-up of hydrogensulfide scrubbing using bubble column andhigh pH
ammoniaremovedffluent

Previous research showed that pa& effluent could be used to upgrade biogas by removing
nearly 100% hydrogen sulfide and some carbon dioxide. To continue to build pmevieus

findings, a commerciadcale reactor was fabricated and tested. This reactor demonstrated 95%
hydrogen sulfide removal along with some carbon dioxide. The removal of impurities in the
biogas improves the value and potential uses. A companiestddd test showed that multi

stage sequential biogas purification is possible, which could lead to reduced cost and increased
value of biogas stripping at the commercial scale.

Improving pretreatmenttechnologies ofmanurefiber and aop residues forenhanced
methaneproduction

Anaerobic digestion and the resulting biogas production from lignocellulosic materials can take
up to 57x longer compared to animal manures. To reduce the need for larger or multiple
digesters, pretreatment processes can rddpozcellulosic materials to simple sugars, which are
faster to digest. Previous research has indicated that a mixture of soaking in aqueous ammonia
and exposure to ozone was effective for pretreatment of lawn clippings. To extend on this
finding, straw ad separated manure fiber were chosen as test feedstocks. After pretreating
individually with either aqueous ammonia or ozone, it was again found that a mixture provided
the best pretreatment. In addition, it was found that longer soaking in aqueous ammonia
produced more biogas compared to longer exposure to ozone with straw. Using the same
parameters to test separated dairy fiber resulted in much less biogas production, which indicates
that pretreatment parameters need to be determined for each typ@célligiosic material.
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Production ofmicrobial biofertilizer from wheatstraw

The reduction of soil health has been suggested as the result of over 50 years of industrial
growing practices. With the more recent advent of removing crop residues for uSeoas A
biofuel feedstock, the problem may only be getting woFsereturn nitrogen and phosplsr
nutrients to the soil, a portion of the harvested crop residue could be converted to biofertilizer
that also contains beneficial microbes. This study invdstigide pretreatment of crop straw by
soaking in agueous ammonia and exposure to doaedéease simple sugars. The resulting
sugarswere then treated with hydrolyzing enzymes and utilizeAZotobacter vinelandas a
growth media. It is suggested thmdfertilizer application to agriculture lands could improve soil
health and lead to significant fertilizer castvings.

Utilization of wheatstraw for the production oflipids

The question over growing crops for food or fuel has recently become d eeetraf

conversation in 8. agriculture. The production of biodiesel from plant oils is reaching a
feedstock limitation plateau. This study suggests that crop residue from wheat straw can first be
pretreated and then used as a feed for different oleagiyeasts to produce lipids. One trial
showed that post growth lipids accounted for 42% of the yeast dry cell weight. It was suggested
that additional research be conducted to evaluate-spaded assess economic feasibility.

A comprehensiveechnaeconomic model toevaluatedifferent anaerobicdigestionoptions for

various applications

The adoption of AD Systems technology is primarily dependent on favorable economic

outcomes. Since there are a number of integrated technologies associated ®itbt&Ds and

nearly infinite number of combinations of feedstocks fedmestion, it is necessary to utilize
modeling to predict both process and economic outcomes. This study developed a
comprehensive techreconomic model. The model was used to evald&t@ddon

technologies such as pretreatment and nutrient recovery processes. It was also used to evaluate
use of various feedstocks such as food scraps and crop residues. Finally, the model indicated that
economic outcomes improved with larger scale ifesl.

Smallerprojects onvarious anaerobicdigestiontopics

The use of AD in colder climates requires an increased portion of the generated energy, termed
patristic energy, to be returned to the digester in order to maintain the necessary mesophilic
temperatures. Operating a mesophilic digester at lower temperatures results in significantly
reduced performance due to reduced activity of resident mesophilic bacteria. To reduce parasitic
energy usage, it is suggested that psychrophilic (low temperatgesyelis be developed. Due to

the lower activity by low temperature bacteria, microbial analysis was used to isolate suitable
higher performing psychrophilic bacteria. This research could lead to higher performing
psychrophilic digesters.

The growth and hraesting of algal biomass for biofuel production is a promising research area,;
however, the treatment of the resulting residue from cell bodies and extraction solvents with AD
does not produced expected biogas due to various inhibitions. This studygatessthe

production of carboxylic acids from microalgal biomass using anaerobic sequence batch reactors.
After multiple trials, it was found that 12 days of hydraulic retention time resulted in the highest
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production of carboxylates. It is suggested todrect genetic community analysis to determine
the major bacterial population in the batch reactors.

Some methane remains suspended in the liquid effluent after AD. This reduces the efficiency of
the digester and can also lead to later release of themeativactly to the atmosphere. This

study investigated using a vacuum pump and high temperature for degassing the liquid effluent.
The process resulted in the release of 10 mL of methane/L effluerfCatAdb assessment of the
economics of the processniscessary to determine scalability.

Anaerobicdigestionextensiontechnologytransfer project
Commercializationjndustry support, andextension
Improvements in the processing of dairy manure in Washington will only be made if advanced
technologies aradopted and applied. Multiple extension and outreach activities were carried out
during this biennium to encourage and facilitate such adoption. These activities included:
1 A major field day event held at two dairy farms in Northwest Washington, showcasing
applied research and demonstrations of anaerobic digeStion.
1 Presentations at multiple national and regional conferences where the extension team
shared the results of anaerobic digestion, pyrolysis, and nutrient recelaed research
to extension, mgineering, industry, regulatory, and educational professioDals.
1 Technical support to nine stakeholder groups ranging from federal agefaies
example, through the Nutrient Technology Challenge and the Biogas Opportunities
Roadmap to state agenciéssuchas the Washington State Departments of Agriculture,
Ecology, and Commeréeto nonprofit entitie® including Sustainable Conservation, in
California.O
i Training of young professionals who are beginning their professional careers across three
continentsO

1 An anaerobic digestion curriculum for training anaerobic digestion techni@ans.
1 Publication of six formal extension publications.

An estimated 12,000 scientists, producers, industry specialists, regulatorsnpakiess, and
other interested partiegross the country were reached. These activities led to increased
awareness of biorefinery technologies, tools, resources, and successful experiences. Such
awareness and resources are critical to the advancement and adoption of technologies and
processes Washington State that create energy from livestock manure and other organic
residues.
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Glossary

Agricultural p roducer: A farm operator. Examples afyricultural producersnclude crop
growers, operators of dairy and poultry farms and CAFOs.

Anaerobic digestion (AD). A process utilizing microorganisms to breakdown organic material
in the absence of oxygen. Feedstock can include animal manures asdriuosiA
renewable energy source, biogas, containing methang @€ carbon dioxide (CLis
a primay product.

Batch: Material does not enter or exit the system boundary during a given process. A batch
system is also defined as a closed system.

Biogas A renewable energy source produced by anaerobic digeBtmyasis primarily
composed of methan€Hs) and carbon dioxide (Cfpwith small amounts of hydrogen
sulfide (HS) and water vapor @@).

Continuous: Material enters and exists the system boundary in equal amounts during a given
process. A continuous process is also defined as an open sysiateadystate system.

Continuous stirred tank reactor (CSTR): An open system at steadyate that is well mixed.

Feedstock A raw material. Examples of agricultufakedstockéclude animal manures, waste
crops, and milk and egg spoilage.

Plug flow reactor (PFR): An open system at steagtate with no axial mixing.

Process flow diagram (PFD)A diagram commonly used to indicate the general flow of
material and energy in a system. RteD displays the relationship between major
equipment of a faciljt. Other commonly used terms foP&D are flowsheet or
flowchart.

Roadmap: A plan or strategy intended to achieve a particular goal.

Unit operation: A basic step in a process that involves a physical change or chemical

transformation of the feedstock tedal. A unit operationis often denoted on a process
flow diagram as a single boxed icon.
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