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Abstract

Substantiaproduction of advanced and cellulosic biofuels is needed to achieve the biofuel
blending mandates set by the U.S. Renewable Fuel Standard. The success of increasing
production of these fuels is hindered by many technological and logistical challengdsnclu
feedstock selection, availability and affordability. This research provides an analysis of the
environmental and economic impacts of alternative feedstocks including winter rye, switchgrass,
and willow on farms within the Mahantango Creek Watersh&®immsylvania. This analysis can
help develop a more complete picture of the tradeoffs between water quality and farm income.
The agroecosystem model Cycles was used to establish the environmental impact of
incorporating winter rye angerennialkenergy cr@s into the landscape, as well as the expected
yields. This information, integrated into crop budgets, was used to determine the average profit
of different row crop rotations and energy crops. Adding winter double crops to baseline
summeyonly crop rotatns increased profits $4A04ha? year! due to an increase in corn grain
and soybean grain yields, as well as the addition of winter rye bioEragsonmental metrics
showed improvement when these crops were integrated in rotations, decreasing@oilossrb
without increasg nitrate leaching for most soilsrom a financial perspective, annual crops

were typically more profitable than perennial crops unless they were on land that frequently
floods or has other high risks of annual crop failure. Wisks of annual crop failure reduce the
differential per hectare profit, perennial strips or streamside Hfloutitional buffers that produce
biomass crops as well as ecosystem services can be the most profitable option. However, there
can still be a minimam buffer width otharvested energy crapquired to overcomihe total loss

of income fromthe 10.7-meter B5-foot) unharvestdforest buffertypically required to provide
shade and leaf litter for aquatic life including cadter fisheriesThese minimm widthsare a
function offeedstock selling price and flood frequenapd those variabldsad a large impact on

the profitability of various width buffers. Considering environmental benefits, all buffer widths
and vegetation composition would im®rebereficial than annual crops terms of water quality

due to reduction in nitrate leachirfgrom a soil health perspective, simulatiohsoil

characteristics fountthat the introduction of perennials or winter crops improved the net soll
carbon accumulatiofor most soil types, with positivecorrelation between both soil depth and
soil organic matter content amcreasedrop yield. These results establish the costs associated

with integrating energy croms either perennial buffers or double croghin agricultural



landscapesandalso estimatéhe supply of these crops that could be available as a feedstock for
biofuels or other purposes. Overall, the results show that incorporating winter double crops on
landscapes has the potential to increase fiacome and decrease soil carbon loss for this
watershed. For vegetative buffer strips, it was found that an ideal width for this watershed based
on economic and environmental considerations varied based on flood frequency and feedstock
selling price For arerage floodplain sites in the Mahantango watershed, flood frequencies of 3
years or greater lose money with conventional gmybean annual crop rotations, and farmers
would cut their losses by planting perennial buffers even without harvesting fordsionaakets.

For perennial crop prices of $90 Mthe breakeven flood frequency was about 5 years. For sites
without flood risk, perennial crop prices had to be on the order of $13%dvioge more

profitable than conventional annual crop rotatidngegating this information with detailed

flood zones and hydrologic mapping cofilte-tunethese recommendations fgpecific fields

and farms irthis watershed. This information will be important for local leowiner decisions,
researchers interested in feeming field-trials of vegetative buffer strips, and companies that

are interested in establishing next generation biomass conversion facilities.
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Chapter 1: Introduction

Increasing the availability and diversity of renewable fuels can help the  Btdézs become

less dependent dossil energy and reduce greenhouse gas emissubiie,potentially

providinga range of otheenvironmental benefits. The Energy Independence and Security Act of
2007 (EISA) aimed to move transportation fuels towards beioig renewable through the
establishment of the Renewable Fuel Standard 2 or RE&2gy Indepedence and Security

Act of 2007 . The RFS2 mandates blending ratosl other ways to substitutenewable fuels

for petroleumbased fuels used for transportation inltheted States. Congress has set a goal of
36 billion gallons of renewable fuel by 20@2nergy Indepedence and Security Act of 2007

While corn ethanol makes up the majority of the renewable fuels available for this purpose, a cap
of 16 billion gallons has been pon its production. To ensure that B@billion-gallongoal is
reached, a substantial portion must be produced from alternative feedstocks.

Using cellulosiggrasses and woogyants as an alternative feedstock would provide additional
benefits for rurafarmersby creating a market for their residues and waste products. Corn stover
is a common cellulosic crop residue that is left on the field to maintain soil fekliiyelm et

al. (2007)found that therés a sustainable rate of harvesting corn stovased on specific
management strategigbat maintains soil health while also providing cellulosic material for
biofuels.In addition to agricultural residues, cellulosic feedstock can be supplied byusegbs

as a part of management practittieenhance soil and water qualiBffective strategies for
integrating lignocellulosic feedstocks into conventional farming practices include using them in
buffer strips and as winter cover crapsdouble cropsBoth of these protect streams from

nutrients ad sediment by reducing erositmom agricultural landand can also increase soil

organic matter over time

Vegetative buffer strips are areas of vegetation that protect land against soil and nutrient loss.
Asbjornsen et al2014)and Zlou et al. (2014showed that vegetative buffers that utilitze
perennial plants within speciffgarts of the landscape can reduce erosion and improve water
quality by 64% to 90% for streams close to agri¢utal lands. Specific areas of agficwal land

that areespeciallyfavorable for vegetative buffenscludeareas thabave low omegative
profitability and have a low potential to produce food. Aredswfor negative profitalso



referred to as economicaligarginal landare typically caused kyigh input costs and low grain

yield and can be modeled at a diddd level (Bonneret al. 2014). These areas may be sites that
frequently flood during the growing season, have high erosion rates, and/or a poor soil resource.
Switchgrass, which can be utilized in perenmegetative buffer strips, has been investigated for

its potential as an energy cr{lpavid and Ragausis 2010)Some of the benefits of switchgrass

are that it uses water efficienfligichelmann et al. 2016} has avidespreadative rangeavhich
includesmost of the United States and southern Can@dadl¢chleger et al. 2030and it can be
establishean low fertility soils Brown et al. 2016

Winter cover crops are planted after the harvest of the main agricultural crops to prevent soil and
nutrient loss during the winter. Harvest of these crops as a feedstock could provide additional
profit to farms and help to increase the amount of biomass available in the United States that can
be used for energy productigReyereisen et al. 201L3)/hen harvested, these cover crops are
referred to as double cropghough grown in a different seasavinter double cropsuch as

winter rye can impact the yield of the main agricultural crops by reducing soil moisture and
nitratenitrogen(Krueger et al. 2011)Co-optimization of the profitability of summer and winter
crops may also regu@ater planting or earlier harvesting of the summer crops, with short season
varieties having aoweryield (Malone et al. 2018Krueger et al. (2011)oted that irrigation

and fertilization equirements are important factors in deciding the economic and environmental

feasibility of harvesting winter rye in different regions.

Though production of cellulosic feedstocks can provide many benefits to faang,land

owners believe that transitimmg some of their land to energy crop production will decrease their
profits. New concepts in precision agriculture are showing that this is not always the case. A
study in Hardin County lowa by Bonner et al. (281#und that up to 85% of agriculturakfds

had areasvhere growing energy crops would make more money that traditional row crops. In
addition, a national pilot study by AgSolver found that 90% of the 4,000 fields analyzad had
least somareas of zero to negative profits over a mydtar aerage (Muth 2017)Jsing

subfield economici identify strategic opportunities to gremergy cropgrofitably can be a

great way to achieve both environmental and economic benefits.



In addition to production, the cost of conversion of cellulosic nadgeimto fuels also prevents
theirwide-spread implementation. To become fuel, the cellulose within the material must be
converted into simple sugars which can then be fermented to ethanol or othexdddde

products. Traditionally, enzymes are usedriak the material down. This process is inefficient
due to the resistance of lignocellulose to degradation, known as recalc{faaoect al. 2012)

To improve the processing efficiency, pretreatment is often used to decrease the particle size of
the material. The amount of time and money that is required for each step of this traditional
convesion process (including pretreatment) contributes to celltdased fuel having a higher

cost than fossibased fuels. Reducing the processing cost for cellulosic biomass is essential for
establishing a viable market for cellulosic ethanol and is orteeahiain goals of research in this
area(Fulton et al. 2015)Iin order to make cellutac fuel economically viable, changes to this

traditional conversion process can be made.

To reduce conversion costs of lignocellulosic feedstocks, the Enchi Corporation has developed

an alternative method that tdhetyr eatl me@ltc@ ncmo | C|
(Enchi Corporation)This procesgliminateshe need for separate pretreatment and extgrnal

produced enzymes. Instead, cotreatment means that both mechanical pretreatment from milling

and fermentation bgngineered thermophilic bacteria can be done simultaneously to process
lignocellulosic material into biofuel. These bacteria have shown promise for a variety of

feedstocks in the laf®DIson et al. 202). Optimization of the CBRCT process is needed before

comme ci al bi orefineries can be built wutilizing
process may allow for much smaller conversion facilities graviously assumedlany of the

principles of CBPCT can also be applied to farm scale anaerobigigestion of manures, crop

residues, and energy crofi3ale et al. 2016)To supply cellulosic material to these smaller

biorefineries, waluation ofthe production and supply chain costglifferent feedstocks is

needed to determine which will be the most @fgctive. This study focuses on the production

costs, investigating tradeoffs with conventional annual cropping systems.

Comparing theenvironmental effectsf different cellulosic feedstocks on nutrient cyclinglso
an important indicator of sustainitity performance andan beaccomplishedising
agroecosystem models such®gles This model is designed to predict nutrient and water

cycling in soitcrop systems over time based on use of different management strategies and local
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climate conditionsTo define economic impactstop budgetgan be used testimatetotal
expenses and expected profits for different cfopslifferentsellingprice, yield, and risk
projections By analyZng differentcellulosicfeedstocks to determirtber environmental
impactscompared to tradition row crop rotateand calculahg the theoretical supply of
biomass that could be produced in one watershed in Pennsyliasistudy hopes to identify
synergies and tradeoffs among biomass production, soil health, agrdowality The collective
informationfrom the environmental and econonainalysiswill help to inform those interested

in increasing energy crop production including ldeald-owners, researchers interested in doing
field trials of cellulosic crops, antbmpanies like Enchi Corporatiowho will be involved in

designing next generation cellulosic biorefineries.



Chapter 2: Literature Review

2.1 Introduction: United States Energy Dependence

Securing reliable and renewalenergyto ensuresnergy independence and security in the future
was the basis of tHenergy Independence and Security £807). There are many challenges
associated witlgeneratingenewableenergydue to a long history of dependence on fossil fuels,
particularly foreign oil, inthe United StateGreene and Liu 2015 onsidering the economic

and environmentampact of this dependence, the use of fossil fuels has changed over time.
Following two energy crises due to international oil embargos in the 1970s, the United States
became more interested in domestic aldrnativesAlthough consumption of petroleuand

coal remain highthe advent of fracking technolognddomestic petroleum production from oll
shale formations is rapidly increasjmgducingoil imports(U.S. Energy Information
Administration 2016)Simultaneouslythere has®een an increase use ofnatural gagalso due

to fracking technologyand renewable fuel production ansk the later partially incentivized by
policy and economic sisidies. Although corn ethanol is generally cost competitive today,
cellulosic biofuels are currently not only dependent on RFS2 subsidies, but those and other
policy incentives have generally not been sufficient, especially in the case of liqui{Lfueds
2017) From an environmental perspective, renewable fuels are attractive in that they can provide
a domestic source of energy while aleducinggreenhous gas levels in the atmosphere
(Greene and Liu 20157 his literature review explores biofuelsas alternative to fossil fuelsy
analyzingthe current knowledgef the economicd environmentaimpactsof different

biomass sources and how thefeas can besimulatedusing agroecosystem models

2.2  Cellulosic Biofuels and Agricultural Systems

2.2.1 Cellulosic Biofuels

Biofuels which are fuels made from biomasan be used as an atiative to fossil fuelsind
provideenvironmental benefits such as decreasing @@duction.This decrease in GQOs due
to the assimilation ohie carbon into the planés they grow(Smith and Stitt 2007 Biofuels are
separated into twmain categories based on the type of crops used to produceRfrstm.
generatiorbiofuels are made fronthe sugar, starch and oilsarops that are traditionallysed as
food or feed inalding corn, sugar cane, and vegetable(®lshr and Raman 2013%econd

generation biofuels are made frahe lignocellulosic components of plant cell walls in both



dedicatectellulosic energy cropmcluding switchgrasas well arop residuesuch as corn

stover

The process of converting cellulosic biomass to biofuels is more complicated than producing
first generation biofuelbecause the cellulose is tied up within a complekracalcitrantmatrix

of hemicellulose and lignin (BrowandBrown 2013. To break this structure, additional steps
are required, which usually start with pretreatment. Pretreatment methods increase the
accessibility of the cellulose within biomass forther processingKumar et al. 2009)With the
additional steps that are involved in making biofuel, converting biomass generally requires a
large amount of time and money it can result in higher costs for these fuels when compared

to fossil fuels.

As an alternative, a new processing method using thermophilic bacteria is being developed by

the Enchi Corporation. The new methodioE ons ol i dat e d cbreatnmrt coc eosrsi n g
CBP-CT does not requireeparatgretreatment or exteatly produced cellulosenzymegLynd

et al. 2005; Olson et al. 2012hermahilic bacteriathatcan directly convert cellulose into

ethanoland other useful productsve been engineer€dlson et al. 2015)utthey cannot

directly convert the lignocellulose due torigzalcitranceFor this conversion to be possible,
pretreatmenis still neededwhich can beeformed at the same time as fermentation. This

ficot r eiavolves miltingthe biomass after it has been partially fermented.

Overall,the CBRCT process is expected to reduce the price of converting kdjntasic

biomass into biofueFulton et al(2015) Lynd (2017)and others suggest that dramatic
reductions in conversion cosisecritical for a low carbon energy future to be achieved.
addition,the CBRCT technology allows for smalf scale biorefineriesvhich could besited

locally near bbmass sources. This would reduce transportation costs to the biorefinery as well,
leaving feedstock production cost and availability as remaining barriers for using cellulosic

plants on a larger scale.



2.2.2 Food vs. Fuel bate

Public understanding of thastinctions between firseand secondjeneration biofuels increased
during theworld food price crisishat began ir2007 (Gasparatos et al. 201 T)his crisis resulted
in a drastic increase in food prices which led toew discussion in the United States altioeit
morality of using food crops to make biofu@lsis discussioris known as thdifood vs. fueb
debateAlthough multiple factors led to thesisis, it was argued that the diversion of food
supply was the direct cause of the increase in food pifitegdoff and Tokar 2009 Concerns
about whether it is ethi€to use a food crop to make fuel when there are people without access
to food were widespread, causing people to question the production of corn eifjemmlic
(2011)foundthat production of first generation biofuels does not have a significant impact
food availability but it does create more competition byrottucing a new cohort of buyers
(Diaz-Chavez et al. 2015Yhough competition can lg®od for producers of biomass, it can
have a negative impact on food prickfias been suggested thia¢ focus obiofuel production
be shifted towards using secegdneratiorcrops toreduce this competitiofAjanovic 2011)
Methods of integrating secondeneration crops into the agricultural landscag@le not

directly interfering with food productiogffit into a suite of strategies sometimes called

sustainable intensification.

2.2.3 Sustainable Intensificationi Integration of Energy Crops in Space andTime
Sustainablentensificationin this contexinvolvesintegratingenergy crops into the environment
within specific niches of agricultural land fime and spaceAn example of gploiting

differences in time, oremporal intensifications the planting ofvinter crops(or doublecrop9

to extend theiable growing season. Thegpproackcanreduceerosion andncreasesoil nutrient
protection while producing additional biomass that does not directly compete with the food crop
for resourcegHeaton et al. 2013As arotheralternative, patial intensification can utilize

energy cropsn areas ofgricultural land that are not profitabite production ofannual food
crops(Bonner et al. 2018). Sustainable intesificationwould allow for an increase in the
amount of biomass that could be produced on agricultural land while also maintaining
environmenrdl and economibenefits(Heaton et al. 2013Yhe improvement and maintenance of
soil quality byusingthese strategiesouldhelp to increase the value of farmland in the future

(Nickerson et al. 2012WWhile preliminaryanalyse®f the sustainable amount of land that can be



converted for spatial intensificati@tross diverse areas has bdenefor a small sample of
farms in several states, it has not been done at a watershed scale for landscapes with the small

and midsized farms common in the eastern U.S

2.2.4 Current Policy Drivers: The Renewable Fuel Standard, ICAO Sustainable Jet Fuel
Agreement,The ChesapeakéNatershed Agreement
Much of the commerciahteresin biofuels has been driven in recent years by paticgntives
The Energy Independence and Security Act of 38@rmoted increased usébiofuels in the
transportation sector tbugh establishment of the Renewable Fuel StarZlarRFS. The
RFS2 mandates specific blending ratios of renewablédrfakiding cellulosic biofuel, advanced
biofuel, and biomasbased diesehto fossil fuels(Energy Independence and Security Act of
2007) The implementation of theseandates was intended as a forcing mechanisme&teca
new biofuels industryThe goal set bfongress for 2022 is 3dllion gallons of renewable fuel
with a cap of 16 billion gallons of corn ethanol. Since the introduction of this Act, there has been
a discrepancy between thellulosic and advancduofuel targetset for each year and the
productionthe biofuels industrachievedwhich has made enforcement difficlless than 3
million gallons of cellulosic biofuel were produced in 20Wbile theCongressionaiargetwas
set at 3 billion gallon§J.S. Environmental Protection Agency 2015gspite the challengethe
United States Environmental Protection Agenowptinues tenforcereduced targetand is
optimistic that tle cellulosic and advancéibfuels produced will meet the ambitiogsals set
by Congress. To bring the production of biofuels toward8@Heillion-gallongoal, research is
needed on cellulosic feedstodksensurdghat an adequatend reliablesupply of material can be

providedto supportthe building ofnew biorefineries.

Despitecompliancdifficulties and technicathallenges experienced by the United States in

trying to integrate alternative fug2kame success has been seen in the aviation industry
(International Civil Avation Organization 2016aJhe International Civil Aviation Organization
(ICAO) has been successfalcreating a new standard to help reduce greenhouse gas emissions
from planes in the Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA). This global markebased measuseill establish a baseline of carbon emission from

international aviation which will then be used to establish offsetting requirenémsaseline



will set up a carbon market with buying and selling of emissioits.drhis standard also
includes advances for the production and use of sustainable altefoats/@r aviation as a
means for rducing offsetting requiremen¢gternational Civil Aviation Oganization 2016b)
Voluntary participation has already been indicateddayonsthat make up over 86.5% on
international aviation activity. The Carbon Offsetting and Reduction Scheme for International

Aviation shows that there is a global demanddmp-in biofuels(Diaz-Chavez et al. 2015)

Local policy is also driving research in bioenergy. Uesapeak@/atershed freements a
cooperative program bringing together the sestates and District of Columbigurisdictions

that encompass the watershgte Chesapeake Bay Commission, and the federal government.
The overall goal is to protect and restore the Chesapeake Bay while bgrietitheconomies.

The main goal that is related to biofuels is $hpportof vital habitats including stream health
outcomswhi ch seek t o, Acontinual hthrouphoyitheove str ea
wat er (He €hkksapeake Bay Program 2014) achieve this, water quality improvements
have been quantified in terms of Total Maximum Daily Loads (TMDLs) which sets strict
nutrient and sediment pollution levels to maintain the health of the Bay. These TMDLs a
further broken down into Watershed Implementation Plans (Wthasg¢stablish how each state

will work with federal and local governments to help achieves specific water quality standards.
Pennsylvania is required under their WIP to establish hundfedses of vegetative buffer

strips which have the possibility of being comprised of energy crops. Linking the Chesapeake
Bay Watershed Agreement with the required increase in cellulosic biofuels could provide

multiple benefits for the environment and Ibeaonomies.

2.3  Major Uses of Cellulosic Feedstocks

Bioenergy feedstosk whether first or secondgeneratiorcrops,canhave positive and negative
impacts on the environment. There are three main cellulosic feedgpaskhat are of interest
for thissugainable intensificatiomvestigation:1) herbaceous perennials arydsBort rotation
woody crops abuffer strip vegetatiorand3) winter annual grasses dsuble cropsThe
herbaceous perennial and winter gri@esistocks can be grown usiognventionafarming
equipment and can be harvested using processes already lesthinlithe agricultural sector
(Sanford et al. 2016)



2.3.1 VegetativeBuffer Strips

Vegetative filteror bufferstrips are bands of perennial vegetation established within crop
production system@illaha et al. 1989)hat are typically planted with perenhvgarm season
grassesbut can also includshortrotation woody crops. When planted along a stream, these
filter strips are called vegetative buffer stridéhen integrating these buffer strips in
Pennsylvania, it is required that a permanent forest boffat leastt.6 metersi5 fee) is
established on the edge of the strekor.multi-functional buffersthe Pennsylvania Department
of Conservation and Natural Resources recommends that a mininikhvaheters35 feej be
established with unharvestémtest and shrubs to protect strebanks (Pennsylvania
Department of Conservation and Natural Resou2048) Beyond thisl0.7 meters35 feet)
buffer, additional vegetation such as swigghss, willow, and mixed herbaceous perenruais

then be addetb provide additional benefits

2.3.1.1Switchgrass

Switchgrass is a perennial warm season grass that can grow in many regions of the United States
(Madakadze et al. 1999; Sanderson et al. 1999; Vogel et al. d@0R)ing areas with degraded
soil (Evanylo et al. 2005When 20% of an agricultural landscape was converted to a mixture of
switchgrass and na&e prairie grasses, reductionsitrate-nitrogen, total nitrogen, and total
phosphorus losses from the lawitb 7%, 84%, and 90% respectivelgre found compared to a
baselingwo-year corn soybearrotation(Zhou et al. P14) Even with large precipitation

events, the prairie filter strips performed better than using justl pyactices The high yield of
switchgrass on marginal land combined with the water quality benefits makes it attractive as a
potential cellulosi@nergy crop. Important considerations for switchgrbasalso otheenergy
crops, arel) that the maturity of the switchgrass when harvested directly impacts the quality of
the biofuel produced ar®) that the composition of the plant material can cleashgring storage
(David and Ragauskas 2010heseharvestlogistics-quality considerations are imptant for
managing the supply chain for switchgrésdiofuel production.
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2.3.1.2Willow

Willow is a shortrotation woody crop that cdras extensive roots that chelp prevengerosion

and nutrient runoff from landVhen usd in buffer strip on agriculturabind, there is the

potential for improved water quality downstream including a decrease in sediment, nitrogen, and
heavy metal§Diaz-Chavezet al. 2015)Thompson and Luckman (199f8und that plantation

of shortrotation woody crops caeducesediment loss by as much as 4296e of the

advantages to usywillow over switchgrass is that it is harvested every three years
(Abrahamson et al. 2010n addition, it generally does better on wet soils and it has the option
of being harvested during the winter when the soil is frozen. This prevents large removal
nutrients from the land, which are translocated to the roots as the temperature drops
(Abrahamson et al. 2010)Voody biomass is denser that grasses in its harvested state, which is
an important consideration for transportation. If cut frequentlypwilised in buffer strips could

be used to remove nutrients if surface runoff is a conddmis is an area of current research.

Some of the disadvantages of willow include its high establishment and harvest cost when
compared to switchgrass. This is besathe rhizomes required to grow the willow are very
expensive, and specialized equipment is required for both planting and lidaecestson 2014)

In addition, the high lignin content makes it unsuitable for enzymatic conversion as mentioned
previouslyas a way to reduce biorefinery si#tuang et al. 2017 verall, it has been

determined that if there was a market for this biomass;tmg profitability could help to

outweigh the high establishment and harvest cots.

2.3.2 Winter Double Crops

The sustainale production of biofuel feedstocks and food cropsatanobe achievean
conventional annual croplafy the use of winter double crops such as winte(Bgder and

Griffis 2009) This is accomplished by using multiple growing seasiogreasng thenet

primary produdvity of the land. Longerm use of winter rye as a cover crop has been shown to
improve organic nitrogen accumulation and yield of ¢émo and Jellum 2000)n order to
maintain these benefits, some residue is left on the field during winter rye halsiest

modeling tools, Malone et al. (2018) found that fertilized rye at a moderate to high rate (up to

120 kgha of nitrogen) and harvesting later in the spring resulted in increased winter rye yields,
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with little environmental impacBhao et al. (2015pund that as winter rye matures,
solubilization of the carbohydraiereducedresulting in less biofuel productiolt was also
found thatess matureavinter rye is more easily broken down by thermophilic bacthsrang
Combined Bioprocessing (CBH)an when using traditional conversion methdé®ducing
biofuels fromthis material alstas the potential to provigamimal feed as a coprodu&@hao et
al. 2015) Analysis of potential supply of winter rye in the U.S. corn belEbyereisen et al.
(2013)indicatedthat over 130 million dry tons of feedstoabutd be supplied each year.
Encouraginghis potentiabiomass resourde Pennsylvani@ouldhelp develom new source of

income for farms that also provides environmental benefits.

2.4 Water Quality Impacts of Perennial Bioenergy Qrops

A motivation for ughg perennial bioenergy crops is their ability to improve water quality.
Asbjornsen et al. (20149und that when wel within specifigortionsof theagricultural
landscapeperennial vegetative buffers caeduce erosion and improve water quality in streams
without significantly reducing crop productioi.reduction in soil erosion can be connected to a
reduction inthe loss of soil nutrients and organic matter in ru(®&nderson et al. 2006)

Perennial bioenergy crops can also increase soil carbon over time through the establishment of
extensive root systemghich improve soil quality and increase carbon sequestréi@msby et

al. 1998) These mechanisms halveen shown to reduce the ndedfertilizersfor perennial

prairie vegetatiomy decreasing nitroggitN) and phosphoru@) lossegZhou et al. 2014)n

termsof phosphorusperennial plants within buffer strigpmbined withconservation practices

can be used teduce the effectsf eutrophication in streanf®odd and Sharpley 2016)
Management practices are an important consideration with perennial bioenergy crops because
they can alter the beneficial effett®se crops have avater quality(Sanderson et al. 2006)
Woodbury et al.Z017) found that there is a potential to use ecosystem service payments based
on reduction in nitrogen loading to surface waters from switchgrass. This may enhance the
profitability of conversion of some areas from row crops to switchgrass based onategzir w
guality improvements. Overalliigies that indicate local water quality impacts based on
changing conditions are limited. Additional research is netalddtermine ideakidths and
compositionof buffer strips to maximize their potential water gtyaienefits in different areas
(Richardson et al. 2012)

12



2.5 Cycles Modeling Bioenergy Agroecosystems

Agroecosystem models can be used to help predict different aspbatenergy systems. The
model Gyclesis designed to model nutrient and water cycling inemp systems over time
underdifferent mamgement and climate conditionkhis proces®ased modelas developed by
integrating the model CropSyst with hydrologic mod&igickle et al. 2014ndrequires inputs

of soil properties, climate data, management practices, crop types and sequence, rate and timing
of fertilizations, irrigation, and tillage practices. The model can be used to pradichnmental
impacts under different cropping and management scen@hesoutputs of the model include
yield, nutrient, and water use efficiency as well as how nutrients areitbst the environment.
This model can be applied to veégive buffers and winter crops to quantify the water quality
impacts associated with different vegetation type®rmation from models such as Cycles, that
do not integrate hydrologgnd aggregatio of benefits across the landscagem be used to

estimatea minimum positive benefit for these new cropping systems.

2.6  Impacts of Diversification on Farm Economics

When looking at farascale impacts,idersificationof agricultural landscapes with energypps
can provide multiple benefits includitgodiversity ofinsects and birds as well as increased
pollination (Werling et al. 2014)Iin addition to these ecosystem service benefits, management
strategies can help to increase the profitability of farms by creatitigpha markets for their
products. The resilience and flexibility of this diversification can help increase farm profits,
supply of cellulosic feedstocks for biofuels production, and environmental benefiidgatdy

agricultural landDiaz-Chavez et al. 2015)

2.6.1 Market Opportunities for Cellulosic Biomass

The variety oimarket opportunitiethatexist for cellulosic biomassan help makéhe

integration of energy crops into agricultural lands more economically attragsipecially since
no large scale markets exist for cellulosic fuel at the marRer@msook and Thomchick (2014)
differentiatethese market opportunities into four tiamhich include opportunities using raw
biomass, refined and intermediate biomass, intermediate biataassd outputs, and industrial
endmarkets for biebased product#t the beginning of the supply chain, raw materials can be

used to produce bioil, biochar, and bisyngagDaniell et al. 2012jn addition to biofuels. In
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biorefineries, multiple energy products and chemical can be produced to be sold in different
markets. In addition, milling raw biomass into pellets can be sold for residential and commercial
uses. As aon-energy market, this raw material can be sold to make paper and paperboard, wood
mulch,absorbentsand as an animal beddig@ornell University Cooperative Extension 2011)

or feed(Kozak 2011) As an intermediate within the supply chaefined cellulosic and

advanced biofuels can be sold for mixing with petroleum products. The pulp product can be sold
for paper and paperboard production while industrial chemicals can be sold to a wide array of
manufacturing uses including fertilizer piection(Ahmed et al. 2012)Possible future markets

for cellulosic material includearious plastic polymers and coloramtsich can be sold to make
plastic film and ink respectively. The entarkets for these bibased productaouldinclude
automotive and aircraft part manufacturing, soap and cleaning products, rubber product
manufacturing and many other markets. Overall, the market opportunities for cellulosic biomass
are vast when both energy and material production is consideredn@iteases the economic

feasibility for growing energy crops on small farms.

2.6.2 Advantages of Multiple Marketsi Resilience

The multiple market opportunitidsr biomass can lead to the development of a sophisticated
supply chain for cellulosic materiéiDiaz-Chavez et al. 2015Within the agricultural sector, the
production of both food crops and energy cropsallow for a steady incomaespite changing

food market pricegPorter et al. 2009When the prices of food drops, small farms can still

market their cellulosic crops and residues to the livestock feed, biomaterials and energy markets,
allowing them to make a profiin addition,the increase in local energy from small scale
biorefineries can make rural communities more-sefficient. With both food and energy, the
increase in resiliendeom havingmultiple markets for biomass would result in less price

volatility. The price sthility achieved would make the integration of energy crops more

economically and socially feasible in rural areas.

2.6.3 Sub-field Economics
Diversification of agricultural landscape using energy crops is dependent on these crops being
able toprovide similarprofitability to row cropgJames et al. 2010Precsion agriculture is

allowing farm economic decisions to be made at a subfield level instead of eitHe\fel,
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which can be used to integrate energy cropsthsdandscapeBrandes et al. 2016Bonner
et al. (2014ajound thatamongfields in Hardin County, lowajp to85% had areas where
growingenergy crops would provide moreofit and benafs than growingcorn. Converting
small areas of the landscape to perennial plants can be used to maxateizquality benefits
(Asbjornsen et al. 2014yhile alsoproviding additionalncome when haested as an energy
feedstockBonner et al. (2014dpund that integrating sufield economic considerations by
incorporating both cover crops apdrennialvegetative buffers into the landscapae county
could supplyan increase in bioma#sr bioenergywhile at the same timmaintaining

sustainable soil erosidavels and soil organic carbon.

AgSolver isa private company that pioneertae idea of sulhield profitabilityanalysisas a

business model. Analyzing a landow@sgproperty over multiple years, this company is able to
identify these unprofitable areas and provide options to their customers with how their land can
be convertedo more profitable pactices On a larger scale, AgSolver recently completed a
national pilot assessing subfield variability across 10 states, covering land on over 130 farms
(Muth 2017). They found that 90% of thierest 4,000 fieldanalyzed had areas that lost money.
Thesize of the subfield areaghat lost moneyaried by location, but even small areas that are
losing money can impact overall farm profits over tiMest of these unprofitable acres also
experienced increased erosion, decrease soil carbon, and an increas&e leachingelative

to the profitable acre©verall,understandinghe subfield economics of farms can help to

identify areas of opportunity for conversion to perennial crops, based on which areas consistently

lose money.

2.6.4 Costs of Managing Muliple Crops & Small Field Harvesting

Two important costonsideratioafor integrating energy crops on Pennsylvania faanethe
long growth cyclegor perennialsand price fluctuationfor immature and local marketsoth of
which are quite different thmannual crops that are sold into global commodity marketsamd
beespeciallychallenging for small farms to overcongpecific strategiethat have traditionally
beenused by small farms to combine food and energy crop production sustantchidie
systems of crogpasture rotation which can also be integrated with fefesttumber and

firewood Managing multiple cropsn such diversified farmsan provide natural benefits such
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as pest and drought resistanffsactical Action Consulting 2009dj addition, introducing
perennial energy crops would improve soil and watatityuon small farms which affect their

food crop growth as well. For small scale harvestinigesbaceousnergy crop biomass, only

slight modification of existingpay and foragéarvest equipment and harvest times is needed
(Sanford et al. 2016)he potential increase in rural economic development is also an important
consideration that comes with managing multiple c{@pactical Action Consulting 2009b)he

use of local feedstocks and establishing local biorefinkxaets to job creation whiclifacts the

income ofbothsmall farms and rural communities.

2.7 The Mahantango Creek Watershed

2.7.1 Location

The Mahantango Creek Watershed is locatezkntral Pennsylvaniaith Dauphin County,
Northumberland County, and Schuylkill County. It is a tributary to the Susquehanna River,

which drains (WC) to the Chesapeake Bay Watershee total drainage area is 423.6%m

(Kang et al. 2007). It is located within the ridge and valley provinces as well as the Susquehanna
lowland and anthracite upland secti¢Bsyant et al. 2011).

2.7.1.1Map
Map 2.1 shows the locations of the Mahantango Cnetkrshed both within Pennsylvania and
the Chesapeake Bay Watershed. Smaller study watershed (PAO1 aB8)\Afe also shown,

with stream gauge locations.
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Map 2-1: Location of the Mahantango Creek Watershed within Pennsylvania and the ChesapealsdBslyddStream gauge
locations and smaller study watersheds (PAO1 aneB8)Eare also showgKang et al. 2007)



2.7.1.2Weather and Solil Variability

The climate of the area within the Mahantango Creek Watershed is temperate an(Kaungid

et al. 2007) The aveage annual precipitation i943mm [Buda et al. 2011 Map 22 shows the
locations of the weather and soil differences in the watershed. The top map shiws $§14 0 s
Land Data Assimilation SystemBI(DAS) code areas which corresponds to the different

weaher typeswhile the bottom graph shows where the boundaries of different soil types or
codes are. Some of the soil boundaries indicate differences in slope of the ground, while the soil
profile may be the same as adjacent areas.

There is not a significd different between the different weather zones (noted as NLDAS codes)

in this watershedrigures 21, 2-2, and 23 show the differences between each weather code in
terms of average annual rainfall (nymar?), average annual maximum temperature (°CJ, an
average annual minimum temperature (°C) respectively. For soils, there was a difference seen in

slope, organic matter, sand/silt/clay composition, and soil depth.
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Kyra Sciaudone (March 2018). Created in QGIS Desktop 2.18.9. Projection: WGS
5 0 5 10 15 20 km 83 (NAD 4326). SOURCE: NLDAS (Xia et al. 2009). SSURGO (USDA - NRCS -

N N . NCGS. 2017)

Map 2-2: Mahantango Creek Watershed weather and soil map units.
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20



290 291 292 293 294 332 333 334 335 336 337

0
=
E . 5
£Q
=y
® 5-10
c s
C o
S 2-15
()]
3: -20
25

NLDAS Zone Code

Figure 2-3: Average annual minimum temperatures for the Mahantango @va&ished based
on different NLDAS weather zones.

2.7.2 Land Useand Water Quality

The main land use in this watershed is agriculture. About 45% of the total area is used for
agriculture with 54% of the watershed being natural forest. The remaining 1% whtbrshed

is urban(Kang et al. 2007)The largest concern for water quality in this watershed is from
nonpoint sources, since there is no large sewer system in thiSailezrosion is thenain

problem that has been identified as the reason for waaditygproblems This is due to lack of
stability of stream banks and large amounts of sediment discharge from adjacent agricultural
landscapes (Church et al. 2011)

2.8  Conclusion

In order for cellulosic biofuel production to reach the mandates set by tH& &fe®omic and
environmentaimpacts of different feedstocks must be quantified. Agroecosystem models can
assist in this effort by simulatirgnvironmental conditionaftervegetation change#odelingof
nutrient and water cycling neededo discover he ideal width and composition of vegetative
buffers that would provide both environmental improvements in water quality and profitability as
a feedstock for bioenergy. Integrating this modeling sutbfield profitability researct{Bonner
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et al. 2014), specific economic benefits can be determined for the harvesting of vegetative
buffers and winter double crogsconomicevaluation of the quantityf switchgrasswillow, and

winter rye that could be suppli¢a biorefineriedy smalito-midsize farms in Pennsylvania is
essential for informing companies such as Enchi on the costs associated with production. These
costs includingeconomic and environmental factobggin to devedp a more completgicture

of tradeoffsbetween water quality improvements aadti incomes that can be used to establish

next generation biomass conversion facilities.
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Chapter 3: Goal, Objectives,Research Questions

To satisfy the lending requirements of renewable fuels mandated by the Renewable Fuel
Standard 2 (RFS2), alternative feedstocks other than corn grain must be utilized to make biofuel.
A lack of knowledge of many aspects of alternative feedstocks, from productionithroug
processing has made it difficult to establish robust supply chains. This has prevented the
utilization of cellulosic crops on a large scale. Therefore, the purpose of this research is to assess
the environmental and economic impacts of alternative osllufeedstocks, using the

Mahantango Creek watershed in Pennsylvania as a model case study.

3.1 Goal
The goal of this research is to quantify the environmental and economic impacts of different
cellulosic feedstocks grown through sustainable intensificatigpace or time.

3.2  Objectives

1. Using the Cycles agroecosystem model, simulate the crop yield and nutrient cycling of
agricultural systems prior to integrating bioenergy crops.

2. Quantify the impact of different management strategies that include bioamepgyon
crop yield and nutrient cycles of these modified agricultural systems. Inputs to the Cycles
model will be changed to account for the planting of a winter double crop and alternative
energy crops.

3. Adapt existing crop budgets to analyze the econompact of baseline row crops
systems and the modified agricultural systems based on inputs used for the scenarios.

4. Simulate land conversions near the stream edge with different types of energy crops at

various widths.

3.3 Research Questions
1. What is the dect of adding winter double crops to the overall yield and nutrient cycling
of typical Mahantango Creek Watershed cropping systems?
2. What are the economic and ecosystem service tradeoffs of different vegetatson type

(willow, switchgrass, mixed herbacegusrennials) for buffer strips along streams near
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agricultural landand what width of buffer strip is required to compensate for unharvested
forest buffer?

. What are the water quality benefits of these different vegetation types that can be used in
buffer stips?

. How much switchgrass, mixed perennials, and willow can theoretlmaplyoduced by

farms in the Mahantango Creek Watershed

. How much additional profit could be made by harvesting winter rye double crops,
switchgrass, mixed perennials, and willowfarmsin the Mahantango Creek

Watershed?
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Chapter 4: Methodology

4.1  Introduction

The following chapter provides a summary of the methodology that was used to achieve the
objectives stated in Chapter 3, beginning with a general overVigsvtesearch was broken up

into four phases. More information is provided in the following sections on each of the four
phases which include (I) Cycles Agroecosystem Modeling, (1) Crop Budgets for Model
Scenarios, (llI) Economic and Environmental Scem@omparison, and (V) Total Biomass

Increase and Stream Aggregation. Within each section, experiment plans are included as well as

how the data was collected, processed, and analyzed.

4.2  General Overview

Phase I: This phase involved running scenarios blage before and after bioenergy crops were
added to the simulated landscape. Once baseline simulations were set up and run through the
model(Cycles) the addition of winter double crops and vegetative buffer strips were added
separately. For vegetativefber strips, various vegetation types were tested, though the width
analysis could not be done directly in the model. This section of the research is included later in
Phase IV. In addition, simulation ofoppingsystems with combined wintdoublecropsand
vegetative buffer strips was also be performed. The output data of this model includes expected
crop yields and nutrient cycling of agricultural systems in the Mahantango Creek Watershed

under different management strategies.

Phase II: Existing cropbudgets were adapted to the specifications of each model scenario. Yield

data from Phase | modeling was added to the spreadsheets to estimate the total unit production
cost ($Mg™?) and profits per hectare per year. Average annual profit data was scabethep

average farm size within the Mahantango Creek watershed (which is approximately 53 hectares)

to estimate changes in typical farm income.

Phase IlI: Information from Phase 1 and Phase 2 was combined to compare the different
scenarios to each othierterms of profitability, crop yields, and environmental metrics. Yield
and profit data was scaled up to the average farm size within the Mahantango Creek watershed

(which is approximately 53 hectares) to estimate changes in typical farm ins@®esitvity
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analysis was done, looking at the impact of yield and selling price on profitability of winter crops
for the double crop scenarios. In addition, flood frequencies were determined for annual crop

rotations. The sensitivity of profits to selling priceperennialcropswerealsocalculated

Phase IV: The entire length of the Mahantango Creek was buffered at different widths in QGIS
(QGIS Development Team 2018) to simulate land conversion to energy crops. Different energy
crops were compared in termisyeeld, profitability, and environmental metrics in these areas.
These results indicatetifferences between the differarggetation types for floodplains of

different flood frequencies, as well as the amount of biomass feedstock that could be sypplied b
farms within the Mahantango Creek Watershed through the sustainable integration of bioenergy
buffers and winter crops. The yield data was coupled with various feedstock selling prices based
on the sensitivity analysis from Phase lll.

4.3 Phase I: Cycles Agoecosystem Modeling

4.3.1 Model Description

Cycles is a procedsased model that simulates nutrient cycling and water balance-crgpil
systems. The model predicts plant responses to changing conditions over time and requires five
main inputs to rumnd wagdeveloped based on the models CropSysict@ et al. 2003) and-C
Farm (Kemanian & Stockle 20100he inputs, listed ikemanian and Stoéckle (201@)clude:

(1) location data and lortgrm daily weather data, (2) soil profile by lay&) {ypes of crop and
rotation schedule, (4) types of tillage operations based on the rotation system, and (5) irrigation
methods. The outputs of the model are based on agricultural and environmental performance
metrics. For agricultural metrics, yield aglhas nutrient and water use efficiency are

determined. For environmental metrics, major nutrient loss pathways are ideDi#tad/ias

imported from and exported to Exd®icrosoft Excel 2018

4.3.2 Input Data Collection and Data Updating

The initial daa inputs for the model were found from various sources. Weather data was
obtained from the NASAOGs Land Xaattal2009.9cri mi | at i
soil information, data was sourced from the SSURGO DataBasleSurvey Staff, Natural

Resoures Conservation Service, United States Department of Agriculturg. 20iE7scale for
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this data was 1:20,000 which is fine enough for field and landscape aniatystsop

information and rotation schedule, data from CropScape was used. The Pennsydvanamy
Guide was used for management informati®dann State Extension 201Additional

information was provided by Charlie White (Penn State Department of Plant Sciences), Armen

Kemanian (Penn State Department of Plant Sciences), and Tameria Veith{ARBBA

While the input data for weather could be used directly for this model, the soil data needed to be
updated in order to make the soil profiles more realistic. To do this, each soil file used was
simulated over 350 yeavdth a baseline corn grasoybean rotation (referenced as busiraess

usual rotation for the

Soil Organic Matter (%)
rest of the research)

0 1 2 3 4
0 J For each soil,
E-02 organic carbon,
< which is related to
§ 0.4 organic matter, was
= -0.6 used as an indicator
oe_ 08 of steady state. Each
§ 1 of the soil files was
updated prior to
-1.2 using them toun
Figure 4-1: Original soil organic matter with soil profile depirhis the research
shows he raw organic matter data from SSURG@®ichis not scenarios. An

representative of a real soil profile. The soil shown here has the Mi example of a soll
Unit Key (MUKEY) 539699. file profile directly
downloaded from

SSURGO can be seen in Figdrd. A more realistic soil profile would look more likiee
profile in Figure4-2. While this shows soil carbon, soil carbon is calculatetiycles directly

from the percent soil organic matter.
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Figure 4-2: Distribution of organic carbon in soil horizons of an idealized mineral soil with

regression curve through the npdints (Hiederer 2009).

4.3.3 Model Simulation Plans

With the locatiorof the Mahantango Creek Watershed chosen for this analysis, the crop
rotations that will be simulated are shown in Tablke The businesasusual, corn silagé soy,

and alfalfa scenarios were used for comparison to the integration of energy crogeiargpa

time. The locations (unique soil and weather combinations) where the different rotations would
be simulated were identified using QGIS spatial merge tool (QGIS Development Team 2018).
Just the soil and weather combinations found within the Mahamt@aregk Watershed were
selectedThese were further reduced by identifying the areas by land use, selecting only the

areas that are used as cropland.
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Table 4-1: Crop rotations selected to be simulated for the Mahantango Creek Watershed.

Name of Sceario

Description

Businessasusual

2-Year Corn Grain Soybean Rotation

Double Cropg with

Grain

2-Year Corn Grain Soybean Rotation with Winter Rye Double Crog
Both Years

Corn Silagé Soy

2-Year Corn Silagé Soybean Rotation

Double Cropg with
Silage

2-Year Corn Silagé Soybean Rotation with Winter Rye Double Croj

in Both Years

Alfalfa

37-Year Growth of Alfalfa (Establishment and Production)

Mixed Perennial

37-Year Growth of Mixed Perennials (Alfalfa and Switchgrass

Establishment and Bduction)

Switchgrass

37-Year Growth of Switchgrass (Establishment and Production)

Willow

23-Year Growth of Willow (Establishment and Production)

4.3.4 Model Scenariosi Management

For the rotations selected, each has its own management file which anarszennTables 42

and 43.
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Table 4.2: Management schedule for annual crop scenarios listed in Tdble 4

2-Year Corn - Soybean Rotation
Year | Day of Year Operation Description
142 Tillage No-till (Depth 0.06m)
1 Planting Soybean
Varies Harvest Soybean Grain
135 Fixed Fertilization | 70 kg Nha?
Tillage Conservatiortillage (Depth 0.12 m)
Planting Corn
2 142 : . -
Fixed Fertilization | 10-20-20 (10 kg Nha?)
162 Fixed Fertilization | 33-0-0 (16.5 kg Nha?)
Varies Harvest Com
Double Crop (2Year Corn - Soybean Rotation with Winter Rye)
Year | Day of Year Operation Description
90 Fixed Fertilization | 120 kg Nhat
135 Harvest/Kill Crop | Winter Rye
1 142 TiIIag.e No-till (Depth 0.06m)
Planting Soybean
Varies Harvest Soybean Grain
300 Planting Winter Rye
90 Fixed Fertilization | 120 kg Nhat
135 Harvest/Kill Crop | Winter Rye
Fixed Fertilization | 70 kg Nhat
135
2 Tillage Conservatiortillage (Depth 0.12 m)
142 Planting Corn
Fixed Fertilization | 10-20-20 (10 kg Nha?)
162 Fixed Fertilization | 33-0-0 (16.5 kg Nhat)
Varies Harvest Corn
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Table 4-3: Management schedules foerenniakenergy crop scenarios listed in Tablé.4

Day of
Crop Year Year Operation Description
Tillage No-till (Depth 0.06 m)
Alfalfa 1 110 _ Alfalfa (drill - 0.25 in-
Planting 0.00635 m)
1+ Varies | Harvest Alfalfa
No-till (Depth 0.06m),
Mixed 1 115 Tillage cultllpacked |
Perennial _ SWltc_hgrass + Alfalfa (drilt
Planting 0.25 in- 0.00635 m)
2+ Varies | Harvest Switchgrass + Alfalfa
No-till (Depth 0.06 m),
1 115 Tillage cultipacked
Switchgrass _ Switchgrass (drilt 0.25 in-
Planting 0.00635 m)
o4 150 Fixed Fertilization| 67 kg Nha?
Varies | Harvest Switchgrass
100 Tillage Depth 0.22 m
Willow 1 105 Planting Willow
1+ 121 Fixed Fertilization| 50 kg Nha?
5+ Varies | Harvest Willow

4.3.5 Data Processing

Output data was uploaded into Ex@dicrosoft Excel 2018for processing. The output data

from Cycles was in the form of specific amounts of cropdyagid nutrient amounts lost or

gained through specific pathways. Average yield results are shown visually as maps, created in
QGIS (QGIS Development Team 2018) to show spatial variation across the watershed. The rest
of the data was analyzed in later plgaskthe research. The maps give a general idea of how
yieldsvary across the landscape.

4.4  Phase Il: Crop Budgets for Model Scenarios

4.4.1 Crop Budget Identification and Adaption

Multiple sources were combined to create hybrid crop budgets that followeatizgement for
each of the scenarios. The specific sources used for each budget is located at thef leaitbm
crop budget in the appendicéss addition to crop budgetannualcrop, winter rye, and alfalfa

selling prices were updated in each crop butigetflect the prices in Eastern Pennsylvania
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(USDA NASS 2017; USDANASS 2018)For the perennial energy crops, an average value of
$90 Mg* was used for both switchgrass and will@werall, each crop budget was used to
determine the estimated total erpes and total profit based on the management used to run
each scenario. Since Cycles reports all values in dry weight (0% moisture content), the selling
prices for each crop was adjusted according to the expected moisture content whtn sold.
sensitivityanalysisfor feedstock pricevas performed for the oth#reeperennial crop systems

(mixed perennialswitchgrass, andillow) which is described in section 4.4.3.

4.4.2 Calculation of Change in Average Farm Profit for BusinessAs-Usual and Corn

Silage Soy Rotations vs. Double Crop Scenarios
The average size of a farm within the three counties that make up the Mahantango Creek
Watershed is 131 acres or 53 hectatéSOUA NASS2012). The total average annual profit per
hectare for the businessusual and corsilagesoy rotation, with and without double crops,
was multiplied by 53 hectares to get the total profit on a typical farm size. The total added profit
from adding winter crops was calculated as a percent increase of farm profit between the

scenarios

4.4.3 Sensitivity Analysis and Annual Flood Frequency Impacts

For winter double crops, the parameters considered for the sensitivity analysis were feedstock
yield and selling price for winter rye. The impact of a 10% increase and decrease for these values
on theoverall profitability were measured. To compare annual row crops to perennial crops,
flood frequency and selling price were evaluated respectively. For annual crops, crop budgets
and average yield were adjusted forgear and 3/ear flood frequency. Fahe 5year flood
frequency it was assumed thatadinualcrops were lost once every five years (with crops being
lost once every three years for thgear flood frequency). It was assumed that crops would not
be harvested for the flood year, which wascdunted from the crop budgelis.addition, crop

loss frequency graphs were used to show how various amount of crogridsarious perennial
feedstock selling pricevould impact profitability For themixed perennialswitchgrass, and

willow scenariosselling prices were adjusted up and dd@0. This was used to simulate

changes in the market for these feedstocks.
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4.5 Phase lll: Economic and Environmental Scenario Comparison

4.5.1 Crop Yields and Profitability

The businesssusual and double crop, as wedl the corn silageoy and double crop scenarios

were compared based on the yield of each crop in the rotation, the total yield of all crops, and the
average profit per hectare per year. Winter double crop and energy crop scenarios were analyzed
separatelyirst, and then together in one chart to give an overall impression of the profits and
yields associated with each scenalmoaddition, box plots were created to show the spread of

the data collected which can be difficult to show with the average vatessnted.

4.5.1.1Comparison of Lowest and Highest Yielding Simulations

Simulations run through Cycles were ordered from lowest to highest based on corn grain and
corn silage yield. These were then broken up into three categories based on their order. These
cakegories were the lowest and highest 20% of yields and the middle 60%. Values for each
category were analyzed as averafgeshat category, with the entire dataset of-sbihate
combinations also presented ascatterplotFor eachscatterplotindication of higher or lower

yields betweelbaseline and the integrated energy gognarioss shown based an

comparisorof simulation output data compared to a 1:1 yield ratio line.

4.5.1.2Yield Comparison Based on Soil Characteristics

To discover the conditianthat led to differengields across the watershed, values were

compared based on soil profile characteristics. The soil characteristics included organic matter,
soil depth, % sand, and slope. Scatterplots were made for each characteristic aikd crop.
polynomial (second degree) regression analysimear regression analysis (based on best fit)
was performed ttest the relationships between the yield and the soil characteristics.

4.5.2 Environmental Factor Comparisons

The average change in soil carbon (kge@r') and the average nitrate leaching (kgeér?)

were compared for all scenaridhis was done using box plots which showed the variation in
values in the output data. In addition, for soil carbon change, values were compared in a bar
graph to shovthe differences between the businassisual, corn silagesoybean, and double

crop scenarios.
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4.6 Phase IV: Stream Aggregation and Total Energy Crop Biomass

The totallandareaand stream lengtbf the Mahantango Creek watersiveeremeasuredising
GIStools Within this area, the CropScape crop layer area wagjabsatifiedin QGIS (QGIS
Development Team 2018) to determine the percent cropland within the watershed. The length of
the stream was then buffered to different widths. The range of widthd t@ste 7.62 53.34
meterg(251 175 fee} in 7.62meter(25-foot) intervals, shown visually in Figu#e3. Future

flood modeling will provide buffer widths for different flood frequency return periods, which

will allow individual farms to consider subfeeconomics and buffer width profit tradeoffs for

their specific fields.

Between the stream edge and the start of these harvestable buffeeatiipsultifunctional

buffer configuration included 10.7-meter B5-foot) wide permanent forest buffers

recommended by the Pennsylvania Department of Conservation and Natural ReSoureash

buffer width of interest, the total area and total cropland area were found and converted into a
percent cropland value. In addition, total crop yields for mixedrpeal (alfalfa and

switchgrass), switchgrass, and willow, as well as the total profit for the entire area were
calculated. This was based on the total area of each area of buffer for eaotasiodr

combination, times the yield that was found from tlyel€ modeling scenarios. Crop budget
values were considered in this calculation. The second variation of trials involves mixes of these
different types within a 30.48eter (106foot) buffer strip. For each of trecenarios that

included both willow and érbaceous energy crgpsillow is used closest to the river with either
switchgrass or mixed herbaceous perennials as an additional layer on the outside of the strip. The
percent composition of the oaypes varies between 25% and 75% for e&ased on th values

found for profit, the fraction profit perdetarefor each buffer strip width was calculated and
graphed to look at the economic impact of increased buffer size. In addition, tables were
converted to graphics that display the crop loss frequenageich vegetation type and buffer

strip width. These are used to show the frequency of crop loss based on flood frequency that
would result in a buffer area being more profitable to plant with perennial crops (and when the
area would have negative projit¥he low, average, and high selling prices from the sensitivity

analysis were combined with these crop loss frequency graphics as well.
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Perennials Buffer

. Willow Switchgrass .

Figure 4-3: Schematic of the model trials for Phase IV. Each square represents 7.62 meters (25

Mixed Herbaceous . Permanent Forest

feet) in width for wilow, switchgrass, and mixed herbaceous perennials. The width for the

permanent forest buffer is 10.67 meters (35 feet).
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Chapter 5: Results

5.1 Phase I: Cycles Agroecosystem Modeling

5.1.1 Background Data Analysis

5.1.1.1Simulation Identification

The selectia process for soil and weather combinations, done using QGIS spatial merge tool
(QGIS Development Team 2018) found a total of 505 uniquensgather combinations within

the Mahantango Creek Watershed. This total was further reduced by considering land use
eliminating combinations that did not include cropland. This resulted in 402 combinations that
were selected for the rest of the modeling work. These combinations represent 145 different soils
and 11 different weather zones in various groupings whiltloe referred to as seweather

combinations.

5.1.1.2Soil File Updatei Steady State

To set a stable baseline against which to assess changes in soil characteristics due to
management changes, each-s@hthercropland combination was simulated for 350 gear
under the businesssusual corn graifi soybean scenario. For each of the soils, soil organic
matter was used as an indicator and steady state was reached withinyear3ithulation run
time. Each of the soil files was updated to reflect theseystate conditions. Figuresb
provides an example of how the files were adjusted.
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Figure 5-1: Original and updated soil organic matter with soil profile depkie uppephoto
shows how the raw organic matter data from SSURGOtisepoesentative of a real soil profile.
The soil shown here has the Map Unit Key (MUKEY) 539699 (same as Figufeorh
Methodology). The updatqucture belowshows a smoother curve and shows a more expected

trend.
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5.1.2 Scenario Grain and Forage Yield Maps

All of the scenario types modeled in Cycles showed spatial variation in crop yield (grain or
forage).In the literature review, it was established that there waa smgnificant amount of
precipitation variation, though there were differences in tleeae annual precipitation between
different weather areas. In addition to annual weather, these differences can be explained by
individual yearly variation in weather or by soil profile characterisfie® following sections

visually represent these vations using maps created in QGIS Desk@@(S Development

Team 2018 For the business as usual scenagsults generally indicated that high corn yield
areas also had high soybean yields, and similarly low corn yield areas had low soybean yields.
Thisyield correlation, and the spatial variation of corn and soybean yields across the landscape
can be seen in Map 1. The same correlation for corn and soybean yields were observed in the
double crop scenario for the corn graimybean rotation, with areaghigh corn yields

producing high soybean yields when a double crop of winter rye was added to the rotation. These
more productive areas also produced more winter rye cover crop as a douljMapdp?).

The maps for the corn silajesoybean scenaridap 43) and the corn silage scenario with

winter double crop (Map-4) had also showed similar relationships, though for the energy crops,
more variation was seen based on weather, with grid lines from the weather data having higher
yields on one sidehan the other. The spatial variation for the alfalfa, mixed perennial,
switchgrass, and willow scenarios can be seen in MapMap 56, Map 57, and Map 5B

respectively.
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(Mg ha?)

(Mg ha')

Map 5-1: Visual results of the businessusual (BAU) scenario for the Mantango Creek watershed, run in the Cycles program in
multi-mode. The yields of both corn grain and soybean showed large amounts of spatial variation across the watershed. The lower
maps are an expanded view of the area shaded red in the top maptiniugteavariation in more detail.
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