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Abstract

Life of Sugar: Developing Lifecycle Methods to Evaluate
the Energy and Environmental Impacts of Sugarcane Biofuels

by
Anand Raja Gopal
Doctor of Philosophy in Energy and Resources
University of California, Berkeley

Professor Daniel Kammen, Chair

Lifecycle Assessment (LCA) is undergoing a period of raghdrmge as it strives to become more
policy-relevant. Attributional LCA, the traditional LCAategory, is beginning to be seen as
particularly ill-equipped to assess the consequences ofieypThis has given birth to a new
category of LCA known as Consequential LCA that is desigmedi$e in LCA-based policies but
is still largely unknown, even to LCA experts, and suffemnfra lack of well developed methods.
As a result, many LCA-based policies, like the CalifornianLGarbon Fuel Standard (LCFS), use
poor LCA methods that are both scientifically suspect andbien@ model many biofuels,
especially ones manufactured from byproduct feedstockgu@s made from byproduct
feedstocks, primarily molasses ethanol from Asia and thréoB@an, can contribute significantly
to LCFS’ carbon intensity targets in the near-term at lowts,as desperate need for the policy
ever since US corn ethanol was rated as having a worse gl@valing impact than gasoline.

In this dissertation, | develop the first fully consequédrtfacycle assessment of a
byproduct-based biofuel using a partial equilibrium foation. | find that the lifecycle carbon
content of Indian molasses ethanol is jagC0O,/MJ using this method, making it one of the
cleanest first generation biofuels in the LCFS. | also shaw lttdian molasses ethanol remains
one of the cleanest first-generation biofuels even whergubim flawed methodology ratified for
the LCFS, with a lifecycle carbon content24 gCO,/MJ. My fully consequential LCA model
also shows that India’s Ethanol Blending program, whichrenity subsidizes blending of
molasses ethanol and gasoline for domestic consumptiarmet its objective of supporting
domestic agriculture more cost-effectively by helpingdgurcers export their molasses ethanol to
fuel markets that value carbon. However, this objectivé balachieved at a significant cost to the
poor who will face @&39% increase in the price of sorghumbecause of the policy.

Keywords: Consequential Lifecycle Assessmemiofuels- Sugarcane Molasses Low Carbon
Fuel StandardIndia- Indirect Land Use ChangeGreenhouse Gas Emissions.
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Chapter 1

Introduction



1.1 Motivation

The transportation sector is responsible for 13.5% of dhmpogenic greenhouse gas (GHG)
emissions which is equivalent to 23% of all GHG emissionsiftbe energy sector [Ins, 2007]. In
OECD countries transport’s share of GHG emissions rise®% 8f all anthropogenic emissions
due to the high usage of road transport and diminished emnis$iom land use change

[OECD, 2008]. Further, the marginal cost of abating carbbomfthe transport sector is
substantially higher when compared to the electric powetiose

[Vuuren et al., 2007, Wing, 2006], making it that much hargeachieve the deep emissions
reductions that are necessary from the transport secttatdize the climate. Under these
circumstances, climate mitigation policies have focuseghiy on the electricity sector in the
near term and policymakers have tended to table the diszuesitransport until substantial
technological breakthroughs occur. However, there is grgwonsensus that transport cannot be
completely ignored even in the near term due to various reashief among them being the role
that the fossil fuel infrastructure plays in deepening & pipendence that will make it harder for
clean transportation technologies to make the leap to camatization [Sperling and Yeh, 2009].

In 2007, the California Assembly passed AB32, a bill thauiezg the reduction of greenhouse
gases across several sectors including transportatianii@ssion, 2007]. In designing the policy
to implement the law it became clear that, the point and médegulation, as well as the setting
of GHG targets for liquid transportation fuels had to beeatiint from the electricity sector
primarily due to structural differences between the sescaod the fossil fuel alternatives available
to each [Farrell and Sperling, 2007b]. For the electricggter the end-user of the fuel, the power
plant, is the logical point of regulation but in the case afigportation fuels, regulators are forced
to regulate further upstream since the end-users of fueledreles which are numerous and
mobile. In fact, policymakers are forced to make more suitstachanges relative to the electric
sector in the setting of GHG targets and in the mode of reigmal he anticipated high marginal
cost of reducing GHG emissions from transport relative éziicity has led policymakers to
more confidently set absolute carbon caps on electricityewdrily setting intensity targets for
transportation which is the case in California’s climatame law. The bulk of the GHG
emissions associated with the production, processing sadfall fossil fuels, whether for power
or transportation, occur at the point of end-use [Gopal aachiien, 2010]. Given jurisdictional
and other constraints, simply counting the carbon releas#te end use as the sum total of all
GHG emissions for fossil fuels results in only a minor ernod &ence is optimal for policy
design. If this fact held true for all non-fossil fuels useceither sector or if the full lifecycle

GHG emissions of the alternative fuels were negligiblentjust counting the final carbon
emissions would be optimal for any fuel in the entire sedtor.the power sector these criteria
hold but for the transport sector they do not; necessitatasgly different climate policy designs
for each sector.

For several reasons, primarily due to the existing trartagion infrastructure and lower costs of
production, the most likely near- to medium-term altenegito petroleum in the transport sector
are biofuels from various feedstocks [Farrell and Sperlg@f7a]. Unlike power sector
alternatives like solar PV, solar CSP or Wind, biofuels dohave negligible lifecycle GHG
emissions upstream of the final use. In fact, even when ydwe@rsider the biofuel supply chain,



the majority of GHG emissions that can be associated withnthecur due to the application of
agricultural inputs for growing the crop

[Farrell et al., 2006, Mascia et al., 2010, Wang et al., 208ng et al., 2008]. Faced with this
unusual emissions profile, the consensus among policy exipehe latter half of this decade was
that lifecycle assessment (LCA) based policies were theamsoach to regulate transportation
fuels for carbon [CARB, 2009d]. Under such a policy the ragi adopts an approved LCA
methodology and calculates default fuel carbon conteimtgafor each fuel utilized in the
program. An average of all the LCA fuel carbon ratings wegghby the quantity of each type of
fuel utilized is then calculated to determine the fuel carbidensity of the entire jurisdiction.
Implicit in such an approach are the following assumptions:

1. The lifecycle GHG rating of each transport fuel can be mheiteed using established
lifecycle assessment methodologies.

2. The lifecycle GHG rating so derived can be precise enooagitturately quantify the actual
greenhouse gas impact of using the transportation fuel & the policy requirement.

3. An entity within the jurisdiction of the regulator (likefael wholesaler in California), can
effectively track and affect the entire supply chain of thelfourchased.

The transportation fuels part of AB32, known as the Low Carbuoel Standard (LCFS), was
designed in 2007 assuming the above assumptions hold tnee Ben, questions have been
raised regarding the validity of all three and addressirdp&an be a dissertation of its own.
Within a few months of the enactment of the LCFS, the first agsion above was proved to be
very wrong; existing LCA methods were woefully inadequatdétermine the lifecycle GHG
emissions of fuels used in a low carbon fuel policy. The needétter methods to calculate the
lifecycle GHG footprint of transportation fuels for use ICA based policies was one of the main
motivations for my dissertation.

The LCAs for the LCFS were expected to be performed by the damiLCA methodology at

the time, Attributional Lifecycle Assessment (ALCA). Inrctzone of the reasons policymakers
confidently adopted an LCA based policy for the LCFS was dubdgresence of a widely used
and tested LCA tool for transportation fuels known as GREGfegnhouse Gas, Regulated
Emissions and Energy Use in Transportation). The ALCA apginpwhich is implemented in
GREET, assumes that the material and energy flows assouwidtethe lifecycle of a product are
static relative to the economy. This reduces the problentuidysng the supply chain and
allocating the material and energy flows appropriately eogroducts of interest. In February
2008, Tim Searchinger and his team of researchers at Rsimpeiblished a paper in Science
[Searchinger et al., 2008], that quantified an effect thatecto be known as indirect land use
change (ILUC) emissions. In simple terms, the paper pdsiisGHG emissions that occur due to
land use change far removed from the biofuel supply chaicéused by the biofuel policy are so
high that the lifecycle GHG emissions attributable to eacfuel could have a higher global
warming impact (GWI) than gasoline and diesel [Searchiegeat., 2008]. This ILUC concept
has since been widely accepted by academics, policymakdrsther transport fuel stakeholders
as real and significant [Parliament, 2009, O’Hare et al.02@lofuels, 2010], and all major fuel



policies regulating carbon have agreed that ILUC needs todmporated into their policy in
some form. However, established ALCA tools such as GREEharéesigned to estimate
ILUC, leaving policymakers scrambling to find other methodsnetrics to quantify ILUC. The
methods developed have been unsatisfactory thus far.dfultuC itself is only one “indirect”
effect of a fuel policy and there are others that also reaudtmet change in GHG emissions as |
show in Chapter 5. Hence, there is a great need for the develaiof lifecycle assessment
methods and tools to determine the lifecycle GHG ratingarigportation fuels for policies like
the LCFS. In this dissertation | develop a new LCA tool, whials under the rubric of
consequential lifecycle assessment (CLCA), that impra@& modeling for fuel policies.

As | mentioned before, due to the substantial transportatifvastructure built around liquid
fuels, any near term fuel carbon reduction strategy willedepheavily on first generation biofuels
(i.e. biofuels made from starch and sugar based feedsttwkis}an be reliably proven to reduce
GWI relative to fossil fuels. The menu of such options hasmdigd considerably since the
incorporation of ILUC. The efficacy of US corn ethanol, thesnabundantly produced biofuel
today, to reduce GWI relative to gasoline is in serious dpGBRB, 2009b]. This situation

should have led to an exhaustive search for as many comrtgesiailable biofuels as can be
found to meet the requirements of low carbon fuel policigssimewhat surprisingly, plainly
visible options have been ignored. Large volumes of biafuoehde from byproduct feedstocks
can be manufactured cheaply and the use of these in progitenbeé LCFS can go a long way
toward meeting the programs’ carbon targets over the nexé3/ears. Ethanol from molasses, a
byproduct of sugar production, is one of the most abundaviylable byproduct biofuels with
approximately 8 billion liters of annual production capgggLicht, 2011]. The current LCA
modeling tools and methods ratified by the major low carb@h fuograms cannot be used to
calculate the lifecycle GHG footprint of molasses ethahetéby shutting the product out of these
markets when it can play a major role in reducing the costsagnam compliance in the near
term. In this dissertation, | develop several pioneerindjianovative LCA models of molasses
ethanol followed by recommendations on which approachss figted for LCA based policies.

India, the world’s largest producer of molasses ethanei¢ctu a biofuel blending mandate
known as the Ethanol Blending Program (EBP) in 2003 that eel®a large amounts of
domestically produced molasses ethanol. The policy wastedavith little analysis of its ability
to meet its stated objectives of reducing foreign oil degere and supporting domestic
agriculture or the costs at which these goals would be aetiew this dissertation, | apply my
newly developed LCA methods to calculate the LCA GHG emissiaf Indian molasses ethanol,
to see if the results can provide valuable insights into fhieaey of the EBP. | provide some
suggestions on how the program could be redesigned to meeifais objectives more cost
effectively.

1.2 Research Questions and Contributions

The motivations for the dissertation discussed above cauivenarized by a set of research
guestions | set out to answer. All the research questiotesiliselow were answered as corollaries
to the following specific question that | set out to answeeclily.



What are the lifecycle GHG emissions of molasses ethanadusw attributional
and consequential methods?

My research based on this question neatly allowed me to aredirgd the following larger
guestions.

e How can we build better models and approaches to improvefficaey of LCA-based fuel
policies?

e Can Attributional and Consequential LCAs for biofuels mé&den byproducts be
developed for use in LCA-based GHG fuel policies?

e Can molasses ethanol be a significant near-term contribmteducing GHG emissions
from the transport sector?

e What are appropriate applications each for Attributiomal &onsequential LCA and what
are implications for the LCFS which uses both?

¢ Is there a better policy than the Ethanol Blending Prograitsiourrent form for India to
achieve one or both of its objectives of boosting domesticatjure and reducing foreign
oil dependence?

This dissertation has a wide mix of theoretical, empirical policy relevant contributions. The
major contributions are listed below.

¢ | show that current modeling approaches ratified by the Qaili& Air Reources Board
(CARB) for the LCFS are a scientifically incoherent mix of éttitional and Consequential
LCAs that cannot capture the actual GHG impact of using aifuttle policy.

e Based on the above finding, | develop the first fully consetjadifecycle assessment of
molasses ethanol based on a bottom-up partial equilibrimehetn This method is the best
current approach to calculate the actual GHG impact of nselasthanol in the LCFS.

e The partial equilibirum modeling tool substantially impes consequential LCA
methodology, which in turn, is essential to improve the afficof LCA-based fuel GHG
policies.

¢ | develop the most comprehensive attributional lifecyctedel of a sugarcane factory that
flexibly co-produces sugar and ethanol. So far, lifecyckeasment studies of sugarcane
ethanol have narrowly focused on specific regions and fgadtqres primarily in Brazil.
This model has been adopted by CARB to rate molasses etlratalill be sold under the
LCFS.

e By studying the same product using both Attributional and€smuential LCA, | compare
the two approaches in depth and provide greater claritydaggthe relevance, strengths
and limitations of each in various applications.



¢ | find that India’s Ethanol Blending Program can be redesigneaise taxpayer money
much more efficiently to boost the domestic sugarcane saantbthat domestic molasses
fuel ethanol is not the best option to reduce India’s foragmlependence.

¢ | find that molasses ethanol can indeed be a significant ofiareet the near-term targets
of California’s LCFS cost effectively.

1.3 Dissertation Overview

This dissertation consists of seven chapters includirgyithioduction. Following the
introduction, in Chapter 2, | introduce the theory of Attritnnal and Consequential Lifecycle
Assessment, a review of seminal papers in each method artdiedeliscussion on the premise
and applications of each. In Chapter 3, | present the atioibal LCA model of sugarcane
factories that are fully flexible in sugar and ethanol prdgiucand present the results of the
model when applied to a typical Indian sugarcane factorys mtodel is the first in published
literature to explore the issue of co-product allocatiotwieen sugar and molasses in depth. In
Chapter 4, | use the GTAP model, which is currently the onlyleleatified by California to
estimate the indirect land use change emissions of all fisdd in the LCFS, to derive the
consequential LCA GHG emissions of Indian molasses etramibhighlight its inability to do
this for any byproduct based biofuels. In Chapter 5, | dgvaeldottom-up partial equilibrium
model of molasses and related markets in India to deriveuthednsequential lifecycle GHG
emissions of Indian molasses ethanol. This is not just teedansequential LCA of molasses
ethanol but also the first attempt to analyze India’s Eth&tehding Policy. The results of the
model strongly point toward the redesign of the policy. Ira@ter 6, | discuss the feasibility of
LCA based fuel policies based on my model results. | alsogmtes menu of options that
policymakers should consider to improve current LCA basadtigs. In the final chapter, |
present my opinion on how biofuels should be treated in igdow carbon fuel policies and
conclude with a discussion of how this work can be extended.



Chapter 2

Theory and Evolution of Lifecycle
Assessment



2.1 Chapter Summary

Lifecycle Assessment (LCA) is a fairly young field of studyrdequential lifecycle assessment
is the newest category of lifecycle assessment. It is so hatnmiany LCA experts do not know
how to clearly define it. In this chapter, | define Attributad. CA (ALCA) and Consequential
LCA (CLCA), discuss the main methods used in both and higitlilge lack of widespread
understanding of the distinction between the two with exXaswhere they are mixed
incoherently. | also discuss other hot-button LCA issuadapth and finish with a summary of
the main contributions my dissertation makes to the field@AL

2.2 Definition and History of Lifecycle Assessment

Definition of Lifecycle Assessme#iiccording to the International Standards Organizati@O()
Standards, Lifecycle assessment (LCA) is a tool to helpsagbe total resource use and
environmental effects associated with products througtimir entire life cycle, from raw
materials extraction, through production, transportgticse, and disposal [ISO, 2006a].

The first lifecycle assessment in the USA, known at the time Resource and Environmental
Profile Analysis (REPA) was commissioned by the Coca-Cola@any in 1969 to help inform a
decision regarding the manufacture of beverage cans [Huaht 4996]. The company wanted to
understand the full lifecycle resource and environmemtalications of self-manufacturing
beverage cans. This study led to subsequent REPASs in thes @1ty viewed as a tool to be used
by private sector clients to reduce the environmental ihpatheir supply chain with the solid
waste consequences of packaging being the key variabléspést. However, with corporate
interests at stake, neither the methodology nor the restiétsy of the studies were made public,
leading to little widespread interest in LCA as a field of amadt and politicial inquiry. In 1972,
the Environmental Protection Agency (EPA) commissioned®/Rto compare refillable glass
bottles and disposable cans with the aim of designing palicyregulations for them. After an
exhaustive study and an extensive peer review, the firsigiyblailable LCA study was released
as an EPA report in 1974 [Hunt et al., 1996]. The OPEC Oil Embalrew attention to energy
consumption in REPASs, resulting in a set of studies that canbe known as energy profile
analyses. However, toward the latter half of the decaderest in REPAs faded because of two
reasons. Oil prices crashed, reducing public interestémggnand the EPA decided that
regulation based on REPAs was inferior to directly regatapollution and solid waste at the end
of the chain [Hunt et al., 1996]. Inability to control actdlsoughout the supply chainis a
recurring problem in LCA based regulation and one that isreéto the LCFS.

Public sector and academic interest in LCA remained low 4888 when a renewal of public
concern about solid waste and toxic releases by compamiés Bn explosion of government and
academic studies on the lifecycle effects of solid wastpatial options like landfilling, recycling,
reusing, etc. In August 1990, the Society of Environmentxidology and Chemistry (SETAC)
convened its first meeting to discuss REPA methodology andtehed it with the new name:
Lifecycle Assessment [Hunt et al., 1996]. Rebirth of LCAetUS, which was mostly



concurrent with gaining popularity of the method in Europas driven by an interest in using the
tool in public policy design and analysis. Most LCAs fromtthene were unable to shed any light
on social outcomes, a primary concern of policymakers, &mtiesd environmental outcomes as
though they were unaffected by socio-economic factors. & @t take such an approach came
to be known as Attributional LCAs (ALCA). It was only in thetéa1990s when LCA methods
that explicitly attempt to quantify the effect of a decisiam environmental outcomes started to
be developed. LCAs with such an objective came to be knowrbasé&juential LCAs (CLCA).
ALCA and CLCA are two distinct LCA categories which start tytasking completely different
guestions of the same product.

2.3 Categories of Lifecycle Assessment

2.3.1 Attributional LCA

From the first Coca-Cola REPAo most studies performed today, the dominant approach to
LCAs is Attributional. An ALCA? inventories and analyzes the direct environmental effefcts
some quantity of a particular product or service, recufgiveluding the direct effects of all
required inputs across the supply chain, as well as theseudirect effects of using and
disposing of the product [ISO, 2006b]. Phrased differemtlyALCA attempts to answer the
following question:

What are the environmental effects of making a unit of somgtfrom scratch,
relative to the world being otherwise exactly the same ardytiod not made at
all?

An ALCA is performed in the following steps
[ISO, 2006b, Guinée, 2001, Pedersen Weidema, 1993]:

1. Define the product to be studied (e.g. Corn ethanol maturfset from corn grown in the
US Midwest)

2. Decide on the functional unit of study (e.g. 1 MJ of corregitil)

3. Decide which environmental parameters to quantify (@G emissions, fossil energy
consumed)

4. Assemble the Lifecycle Inventory (LCI), which is all thetarial, process and
environmental data that are inputs to the LCA

1The decision so analyzed is usually a public policy decision

2The Coca-Cola study was used to inform a decision as are aatib€As and an ALCA is innately incapable of
helping inform the outcomes of decisions

3Until the mid-1990s ALCA was the only category of LCA. Fronetimid-1990s to 2004, ALCA was rechristened
as Retrospective LCA. It was only in 2004 that the currenttategories of ALCA and CLCA were named as such.



5. Determine the ALCA methodology to be employed (e.g. EI@I.Erocess-based, hybrid,
etc)

6. Apply the chosen ALCA method to the LCI and generate a tesul
7. Perform an uncertainty analysis or provide an argumemntdoperforming one

8. Interpret the result based on the objective and redo atigresteps if necessary

While the steps above appear to be fairly straightforwarehsof disagreement and subjectivity
are widespread in LCA, especially in steps 4, 5 and 6. As dtréaio studies that study the same
product with the same objective rarely arrive at the saneeyitle result. | discuss some of the
hot-button issues and controversies in LCA later in the tdrapor now, | provide an overview of
methods employed to solve ALCA problems.

2.3.1.1 ALCA Methodology
Process Analysis

In this method, the processes involved in the productioaaml disposal of the product are
mapped out and analyzed in detail. The material and enengyg #ong with the environmental
impacts of each process in the full production tree requingatoduce the product atimearly
scaled to the functional unit being studied. The environtalerariable of interest is then tracked
throughout the boundaries of the problem and summed torotitaiL CA result. GREET
employs such an approach for the fuel sector to derive thietexthnk and well-to-wheel LCA
impacts of various environmental metrics associated wéthsportation fuels.

The processes that need to be modeled to perform a comprehe@A extend beyond just the
ones that are directly associated with the product of stlidlynecessary to recursively model
processes further up the supply chain and during the useigpdsal phases as well. In the case
of petroleum this may include processes directly dealirty wil production like drilling, with
gasoline production like refining, with gasoline delivelkeltransportation and with gasoline use
like combustion but for the study to be an LCA it also needsithude any process linked to this
first level of processes and any processes linked to the déewal and so on. In a highly
interlinked global economy, this can frequently lead totaagion where almost any process in the
global economy should be included in the LCA of the produatdpstudied. In practice when
implementing this method, the process diagram pyramidusliystruncated after the first one or
two levels under the assumption that processes furthernvedrfoom the final product will
probably have a negligible impact on the LCA of the final praidu

[Suh et al., 2004, Ekvall and Weidema, 2004]. The vast mgjofiLCAs performed to date,
including the one | perform in Chapter 3, use the Processaddthendrickson et al., 2006].
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Economic Input-Output LCA (EIOLCA)

In order to relieve the analyst from arbirtarily having taike where to truncate the process
diagram and draw a system boundary [Suh et al., 2004], a téa@se@archers at Carnegie
Mellon’s Green Design Institute developed the Economiatiputput (EIOLCA) method to
solve LCA problems [Hendrickson et al., 2006]. The EIOLCAthuel uses economic
input-output (10) tablesof entire economies linked with environmental impact taliteat map
onto the original IO tables. In this way, all economic ad$ivh a region linked to a product are
captured. To extend the system boundary to encompass ihe etinomy, the EIOLCA method
ends up aggregating several processes into one and is fx@ealise of the structure of SAMs, to
connect environmental impacts linearly to financial flowsportantly due to its coarse
resolution, new technologies or processes cannot be studiag EIOLCA since these will either
not be included in the IO tables or their innovations will betlin the noise. Also, EIOLCAs tend
to become grossly inaccurate if a significant proportiorhefrnaterials and energy associated
with a good is imported, since the 10 tables are usually juatl@ble for specific countries.

Hybrid

Suh et al (2004) [Suh et al., 2004], proposed a hybrid apprtzet combines the strengths of the
Process and EIOLCA methods while minimizing their weakass3$his is possible because the
strengths and weaknesses of the two methods occur at coeigim parts of the analysis. They
argue that Process LCAs provide the most insight if appliebealevel directly associated with
the product under study beyond which process modeling gesviapidly diminishing returns.

So, they recommend the use of EIOLCA beyond the first or setmwad of process modeling to
obtain the LCA result in a hybrid manner.

2.3.1.2 ALCA Today

ALCA was the original LCA category and continues to be the tdasninant one used today.
There is now substantial disagreement on its efficacy whewnites to prospective or
consequential analyses [Reap et al., 2008a, Delucchi, )34l and Weidema, 2004,
TILLMAN, 2000, Weidema, 2000b], especially in the realm ailgtic policy, but ALCAs
continue to be used for such purposes.

2.3.2 Consequential LCA

The revival of LCA in Europe and the US in the late 1980s washarily driven by the need to
take action to reduce solid waste production and toxic diggds, in most cases through public
policy action. It soon became clear to some LCA practitisribat a simple static study of the
supply, use and disposal chains does not provide any irssiigiiat the environmental impacts that

4This type of |0 tables are also known as Social Accountingrides (SAMS).
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will result from changes caused by policy actions to the potidn patterns of the main product
and its related products [Pedersen Weidema, 1993]. As an@gaif the Government decides to
ban the use of wood pencils in order to save forests it wilbphdy result in the increased
consumption of plastic pens that will increase oil productiand the solid waste burd&rif an
ALCA was used to quantify the policy effect, the environnamnpacts of the increased pen
consumption will simply be ignored since that is not parthaf supply, use and disposal chain of
pencils and the policy will appear to be an unqualified sugcksvas not until the mid-1990s
when a group of Scandinavian scientists coalesced sevethbuats that would have shed insight
on the higher pen consumption that will result from the pleman into a new category of LCA
which they named Prospective LCA [TILLMAN, 2000]. ProspeetL CA was renamed as
Consequential LCA in 2001 and the original LCA approach veahristened as ALCA at the
same conference in Cincinnati [Ekvall and Weidema, 2004].

A CLCA estimates the environmental impact of a new decidhah thanges the quantity
produced or the technology employed for a product over itseslifecycle. A CLCA attempts to
answer the following question:

What are the full lifecycle environmental effects of a chamngsome aspect of a
product’s production, use or disposal?

The original proponents of CLCA, envisioned it to be a suppmwl for decision analysis
[Ekvall and Weidema, 2004] which naturally implied that &aswvell suited to inform policy
decisions. While there is substantial doubt regarding gegulness of CLCA as a tool in policy
analysis, CLCA can attempt to inform policy decisions wileCA simply cannot because it
asks a different question at the outset. Given these vaiffityeht starting points, the methods
employed to perform CLCAs are also very different from ALCAs

2.3.2.1 CLCA Methodology

To perform a CLCA well, it is necessary to describe the wobefore and after the change in the
product that is the centerpiece of the study. Hence, it iDatralways necessary to use models to
perform CLCAs as opposed to ALCAs where IO matrices coulficifIf the change or decision
in question has already occurred and been studied bef@eribbably best to use statistically or
econometrically estimated models to isolate the effechefchange. However, such a scenario is
very unlikely because if the particular decision or changg &ready occurred there is probably
no need for a CLCA. Given that CLCAs are most relevant for gleos or changes that have
never been made before it is necessary to have a model thptegiot the causal environmental
effects of a decision.

Partial Equilibrium Models: Partial Equilibrium (PE) Models are economic models that
describe the interactions of a select set of markets andneg@ind treat the rest of the world as

SPetroleum is a major input in plastics production
SPlastics are non-biodegradable while wood is biodegradabl
“Usually just a subset of the world where the greatest imsaetpected
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exogenous. PE Models are generally used for academic ainy ppplications and hence tend to
delineate markets and regions in accordance with the jatisd of major policymaking entities.
For example, a popular PE model known as FAPRI is an agriallsector PE model with

nations as the regional unit. PE Models were built to assesgalsand economic welfare changes
caused by policy decisions on issues like trade, subsieiesAlthough they do not contain any
environmental information, they frequently serve as thekbane of CLCAs because they exist to
quantify the supply and demand responses to structurall@ypdanges in the mark&tOutputs
from a PE model are then combined with an environmental da&ato compute CLCA results.

General Equilibrium Models: General Equilibrium (CGB models were born in response to the
truncated system boundary in PEs which ignore the global@oy outside of the few markets
they focus on. CGE models typically encompass all econouticity in the world but they are
able to do so and remain computationally feasible by havaagser resolutions on markets and
regions. Using a CGE Model as the backbone of a CLCA insteadRE model is analogous to
choosing the EIOLCA method instead of the Process methoalf@&LCA. In both cases, the
system boundary truncation is eliminated in return for searesolution. CGE models are
beginning to be widely employed for CLCAs, particularly foerforming biofuel LCAs

[Mascia et al., 2010].

One of the main reasons for the paucity of CLCA studies is tmpiexity of determining

baseline and decision outcomes. When PE and CGE modelseat¢aidefine baseline and
decision scenarios, the resulting uncertainty is subisiaarid in some cases, irreducible. Perhaps
in an attempt to avoid complexity, most CLCAs do not perfomy sort of economic modeling

and hence consider only one consequential effect whiclertiiied through expert knowledge of
a sector or region [Plevin, 2010]. However, this simply tsun false precision and

unquantifiable inaccuracy.

2.4 Hot-Button Issues in LCA

In both ALCA and CLCA, a wide range of issues are controvérglantified as areas needing
improvement or standardization, or seen as unresolvable p&rsistence of controversies and
issues led to the formulation of ISO Standards for LCA in otdenarrow the differences between
studies of the same product and to create best practicelmaisi§Guinée, 2001]. Despite these
Standards, a substantial number of LCA issues remain umegsand lack consensus. | discuss
here the state of discourse on the major LCA issues, with gshasis on biofuel LCAs.

2.4.1 Extensive Data Needs

Both ALCA and CLCA require substantial amounts of data to @déggmed defensibly. In the
case of the Process method of ALCA, material and energy datrhost all processes in an

8Since products have to exist in a market, changes in prodizeitijy and technology are captured by PE models
9General Equilibrium Models are generally called Computabéneral Equilibrium Models or CGE Models
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economy could be relevant to the product studied if the LC#&thée comprehensive.
Assembling the Social Accounting Matrices (SAMS) to builtional and regional 10 tables used
in an EIOLCA takes years and hence by the time one is compligiechlready out of date. In the
case of CLCAs the data intensity is even higher; detailecketaand balance of trade data are
needed in addition to the material and energy flows discuasisede. Gathering this amount of
data is usually infeasible for any study and so an early stegpy LCA is to assess the optimal
amount of data that needs to be gathered to still providesoredoly accurate or insightful result
[Reap et al., 2008b]. However, drawing the system bounslavith the aim of keeping the result
useful is more art than science since you can never cleaohy #iat influences from outside your
system boundary do not have a substantial impact on your l&SAltr[Zamagni et al., 2008]. In
general, most LCAs, including those in this dissertati@sume that second and third order
effects?, technologies or flows do not affect the final result signiftba and articles that
challenge this assumption [Reap et al., 2008b, Reap et0@l82 Suh et al., 2004] do not suggest
any alternative approaches. Note that an LCA can have bsotdes data needs even if the system
boundaries only include first- and second-order effectenyranalyses, | make the same
constrained optimization decision on relevant data basdti@r contexts and objectives as other
analysts have done.

2.4.2 System Boundaries

While data burdens seem to be the only driver in determingstesn boundaries, it is sometimes
not even the main driver, especially in the case of CLCAs flkand Weidema, 2004]. In the
case of ALCAs, the primary determinant of system boundasiése balance between the time
and effort burden of analyzing all related effects and thktglbo obtain a defensible and accurate
result. When using the Process method, analysts usuallyttier system boundary around the
first-order level of process€gPlevin, 2010, Wang, 2001], and do not count the environalent
impacts further removed under the assumption that only dl éraetion of the impacts occur
outside the first-order. Several researchers questioredhtitity of this assumption

[Reap et al., 2008b, Suh et al., 2004] and used it as motivatidevelop the EIOLCA method.
While the EIOLCA method does expand the system boundaryiderably, in practice even this
method suffers from arbitrary system boundary truncatinoesthe 10 tables used usually do not
encompass the entire global economy.

To perform a comprehensive CLCA, the system analyzed ysna#ds to be the entire global
economy and environment as in the case of ALCAs but in addit@.CAs also need to forecast
the time evolution of the environmental parameter of irdene decision and baseline scenarios.
As discussed in Section 2.3.2.1 above, CGE models have Iffeeadas an option to feasibly
expand the system boundary to the entire economy. Howéngr,doarse resolution results in
huge, hard-to-quantify uncertainty and they are simphgdlipped to handle many different
products as | show in Chapter 4. Hence, a CLCA analyst frettjuprefers to choose a smaller

0This includes consequential effects that are outside thplgwchain but can still be categorized as first-, second-
and third-order effects
First-order refers to any processes that are directly secgso produce the product being studied.
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subsystem for analysis where most of the effects can bereapivhile keeping the model
feasible. Up to this point, the system boundary problemiigedrby the data burden similar to
ALCAs but unlike an ALCA, the subsystem that is analyzed ns&doe centered on the supply
chain of a product.

To perform a CLCA, both a product and a decision need to beetfias a result, the subsystem
that you choose to analyze can be different for the same ptdiised on the decision that is
taken. As an example, when performing a CLCA of increasiraglian sugarcane ethanol
production to meet demand from the US Renewable Fuel Stdr{B&S), the subsystem is
centered on increasing sugarcane acreage in Brazil anaéheses is centered on land and
agricultural markets within Brazil. If we instead want tafeem a CLCA of the introduction of a
production tariff on Brazilian sugarcane ethanol, the gatesm analyzed is likely to be centered
on US corn ethanol and its related land and agricultural etadkecause the tariff will make corn
ethanol cost competitive and result in exports from the UBrazil. Hence, to perform CLCAs
feasibly and credibly, the section of the global economyr@sdurces where you expect to see
the maximum environmental effects from the product andgiecineeds to be identified first.
The key factor to note here is that this subsystem may be emibved from the supply chain of
the product being studied, like in the second instance oéxaenple above.

The data burden and the drawing of system bondaries ardatexddut not perfectly so. The
decision regarding both issues in every study is subjeatinkedifficult to universalize and hence
it is left to the analyst to justify his or her choice of promieesolution and system boundary. In
this dissertation | develop some guidelines on making tbhsees for both Attributional and
Consequential LCAs of biofuels made from low-value bypradu

2.4.3 Co-product Treatment

Co-product treatment is perhaps the most controversiagissALCA [Ekvall, 2001]. In the case
of CLCAs, methodologies to deal with co-products is lessigpdte. Hence the discussion in this
section primarily deals with co-product treatment for ALEACo-products here refer to all the
products produced from the same process or facility as thduet being studied. When
performing an ALCA on such a system, the LCA analyst needsakena decision regarding if
and how the main product being studied gets credited silms aseful products are co-produced.
There are several methods to address this in an ALCA but@essies arise because it is hard to
prescribe objective, universal methods for co-produetttment. In this section | will discuss all
the possible co-product treatment approaches when it ctori@sfuel LCAs except for the
system expansion method which | will discuss in a differemitext later in the chapter.

2.4.3.1 Mass-based Allocation
In the mass-based allocation approach, the LCA environmhentnergy burden upstream of the

production process is allocated to each co-product baséd orass-output share. Mass-based
allocation is the most commonly used co-product treatmeasthod in LCAs to date but it is not
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very common in the case of biofuel LCAs. For this approach aé@sense, all the co-products
need to have actual mass (e.g. cannot be electricity) angathes of the co-products should
ideally by correlated to their mass share. These two ram@ly tnue in the case of biofuel LCAs
and hence the mass-based method is rarely considered auegptthe case of most biofuel
LCAs.

2.4.3.2 Energy-based Allocation

When studying any energy generation or fuel productionneldgy useful products like
electricity and heat that have no mass are produced. Thgybased allocation method
overcomes that shortcoming of the mass-based approadfisiméthod, the LCA environmental
or energy burden upstream of the production process issaflddo each co-product based on its
energy output share. Energy output is usually measuredaasbetent for materials and joules or
kWh for energy products. LCAs of oil refineries and power pdaaimost always use this method
since most of the products are intended as energy produutsmiethod is difficult to justify if

one or more of the co-products are not valued for their eneogyent which is common for
biofuel LCAs because some of the co-products produced aislysiot energy products.

2.4.3.3 Market value-based Allocation

In market value-based allocation approach, the upstreaimoeamental or energy burden is
allocated to the output products based on their share ohuevio the facility. This method avoids
the problems of the two previous methods when there is adggaeous mix of co-products.
Further, this method is useful when the LCA should attrilauggeater share of the environmental
effects to the primary product than the byproducts [Gopdllkkammen, 2009]. The primary
product will most probably have the largest revenue shaanfy\ét al., 2010]. For example, the
LCFS encourages the use of low-value feedstocks to prodotigels and hence the use of the
market value method to determine the LCA GHG emissions oédd®ck will help meet this
objective [Gopal and Kammen, 2009]. This is one of the primaasons that | use the market
value-based allocation method in the ALCA of molasses ethituat | describe in Chapter 3.

2.4.3.4 Process-purpose-based Allocation

When the use of equipment and resources at all stages ofdahbgdie can clearly be partitioned
for different products then the process-purpose basedapbpiis best. This is akin to being able
to separate all stages of the lifecycle into single prodathyways which when possible usually
means that each product is manufactured at separateiés;iétiminating the need for co-product
allocation. In most biofuel cases, multiple products amdpced from the same process in fixed
proportions making it impossible to identify processesasately for each product. Hence, rarely
do we get the opportunity to use the process-purpose-b#leedtaon method.
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Figure 2.1: LCA GHG Emissions of Biofuels using various Goguct Treatment Methods.
The figure shows LCA GHG emissions of various biofuels and ti@wesults are affected by
changing co-product allocation methods.

Co-product treatment in practice

The ISO attempted to set guidelines for co-product treati®0®, 2006b] in the hope that the
methods would be standardized. Instead, the guidelines sweply not applicable to a variety of
cases and the use of any of the co-product treatment metbattsrove reasonable depending
on the context [Wang et al., 2010, Edwards et al., 2007ajh Wie disputes showing no signs of
abating, some authors published studies that appliedeaidiproduct treatment methods to the
same product to show that the results did not vary signifigant

[Wang et al., 2010, Curran, 2007, Shapouri and Duffield, 2088wever, these studies could not
prove that the agreement between results using differept@duct treatment methods were
anything other than sheer coincidence. In fact, in many roases, changing co-product
treatment method can radically change the LCA result [Zameigal., 2008, Wang et al., 2004].

The co-product treatment disputes are no less heated im#ieeat biofuel LCAs and in some
cases are more heated since LCAs are used to set biofuef palicfuel producers stand to gain
or lose a lot of money based on their LCA fuel rating. Figurk faken from Wang et al (2010)
[Wang et al., 2010] shows the LCA GHG emissions of Corn Eth&witchgrass Ethanol, Soy
Biodiesel, and Soy Green Diesel using multiple co-prodllotation methods for each. The
figure shows that the relative LCA ranking of each producta@ange based on the co-product
method chosen. Hence, the choice of co-product method giasisant revenue implications for
fuel producers.
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2.4.4 Uncertainty in LCA

It should be clear from all the categories of LCA, the methaid issues discussed in this chapter
that no LCA, Attributional or Consequential, can be perfedwith both precision and accuracy.
Uncertainty, both parametric and epistemic, is inevitabkl LCA studies but few studies nor
the ISO standards address uncertainty systematicallyifR?[2010, ISO, 2006a]. One of the main
reasons for this is the lack of methods to address unceytaimiCA as well as the possibility that
a time consuming uncertainty analysis may produce no negtitss Uncertainty analyses on
LCAs are almost always extremely complex, time-consundiagg hungry and demanding of
computing resources. Any LCA method requires large voluaiesmata where most parameters
are uncertain so Monte Carlo simulations are the primargaamty analysis method for LCAs.
When it comes to CLCAs, the uncertainty becomes substhnaatjer because these require a
large socio-economic model in addition to the same levebtd fior ALCAs. Numerous
researchers argue that uncertainty in LCA is intractabtehmiresults are still insightful and
useful [Melillo et al., 2009] while others argue that uneétty is so large that point-estimate
LCA results are meaningless [Plevin, 2010].

When an LCA is used in regulation of policies, | agree that aceutainty analysis must be
performed. In fact, developing a consistent framework @rabterize uncertainty in LCAs is an
urgent need where some excellent work has already been B et al., 2010, Plevin, 2010]
but more needs to be. However, methods to build CLCAs atlesstilnderdeveloped that |
believe that there is also substantial room to improve thestherefore better CLCA methods
should be developed in parallel with better uncertaintynififacation methods. In my dissertation
| focus on the former.

2.4.5 Mixing ALCA and CLCA

There are several areas and issues in LCA where an ALCA agipisdlended with a CLCA
approach including in the ISO Standards [ISO, 2006b, ISO62D Since these two categories
ask orthogonally different questions right at the outsketding of the two categories at any level
is scientifically incoherent but is widely prevalent. Thegerhaps a testament to the slow
evolution of LCA from its original attributional roots towébeing policy relevant. System
expansion co-product crediting and the LCA GHG rating methogy used by the CA LCFS are
both examples of blended ALCA and CLCA.

2.4.5.1 System Expansion

System expansion, which is also known asghbstitutiormethod as well as théisplacement
method, is a co-product treatment method that is applied RLZCA. In fact, the ISO Standards
recommend the use of the System Expansion method as therpdet®-product treatment
approach in any LCA where a decision on co-product treatinasnto be made [ISO, 2006b]. |
use Figure 2.2 as a reference to show how system expansioplismented in an ALCA.
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1. Designate the product whose LCA is sought as the primagraduct which, in this case,
is ethanol made from corn.

2. Assign 100% of the ALCA GHG emissions (assume that thisessnvironmental
parameter being studied) calculated to ethanol.

3. Identify all secondary co-products, which in this casearily Distillers’ Grains and
Solubles (DGS).

4. For the byproduct DGS, ask the question; What currentidpeced product will be replaced
by the introduction of DGS into the worléf?Here, this replaced product is Soy Meal.

5. Decide the ratio in which DGS replaces Soy Meal (assuntelthg of DGS replaces 1 kg
of Soy Meal).

6. Calculate the GHG emissions avoided by the terminatiggmaduction of 1 kg of Soy Meal.

7. Convert the GHG value calculated in step 6 to ethanol hgatlue equivalents and
subtract this value from the original ALCA GHG emission ofrt@thanol calculated in
step 2 to obtain the ALCA GHG emissions of corn ethanol usysgesn expansion
co-product treatment.

The main scientific inconsistency in the system expansiathoaks that it sums one LCA impact
derived using an ALCA method (i.e Corn ethanol) and a secd®d impact derived using a
(poorly performed) CLCA method (i.e DGS). System expang@romoted by numerous LCA
practitioners as the preferred co-product treatment nagtihan ALCA without addressing this
incoherence in the approach. In fact, | have seen instanicesevpeer-reviewed publications
conflate system expansion applied to an ALCA as equivaleattmmplete CLCA

[Thomassen et al., 2008] which is a sign of deep misundaisigrof these concepts at a systemic
level. Finally, by assuming that DGS, will successfullylese asinglemarginal product,
Soymeal, and that all the GHG emissions saved by the praducfiDGS will only occur in the
Soymeal supply chain, system expansion is in factry poorapplication of CLCA. If it were
somehow justifiable to use CLCA only for co-product treattrather than for the entire problem
(which it is not), the GHG consequences of DGS productiomukhoot be assumed to occur only
from the supply chain of Soymeal. A properly performed CLCH allow for the replacement of
DGS in several markets, a possible increase in demand fibe &a¢d due to the lower price of
DGS and, the possible reversion of cropland to forest duegedduced production of soy. Hence
the net GHG consequence of DGS introduction can, and moaphp will, extend way beyond
the Soymeal supply chain.

12This question is very similar in intent to the CLCA questiohere instead of simply assuming that one single
marginal product will be replaced due to a decision to precarmother product, the researcher is interested in the total
global change in GHG emissions due to the introduction ofde product no matter how many different products
are replaced and in consequential emissions that occuewlogproduction occurs.
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Figure 2.2: System Expansion Co-Product Treatment in a Etranol LCA.
The figure shows how system expansion is applied to a cormeitda.CA. The method reasons
that soymeal production and all its GHG emissions will be@ed if DDGS enters the market.

2.4.5.2 Indirect Land Use Change Emissions from Biofuels

Since the publication of Searchinger et al (2008) and Faméei al (2008)

[Searchinger et al., 2008, Fargione et al., 2008] and th@rgiof the term ILUC, there has been
furious, heated debate on land use change and biofuels {Metsal., 2010]. The debate,
however, has centered ¢and usealone without much understanding of the consequential LCA
mode of thought that led to the recognition that land use ga@missions could be causally
assigned to the decision to produce crop-based biofuels.hHs led to the generation of the
following concepts that are simply false.

1. Land use change emissions are the only source of GHG emsstfiat can occur outside
the biofuel supply chain when a biofuel policy is enacted.

2. Itis scientifically sound to perform an ALCA to assign almanr rating to a biofuel for use
in a policy for all aspects except for land use change whicgeparately calculated using a
CLCA approach. The LCA results obtained from these two naglean then be summed
to obtain a total lifecycle rating for the fuel.

The above myths are so widely accepted that the first fuetypthiat counts carbon, the CA
LCFS, rates its fuels based on the sum of a Process ALCA fasupply chain and a CLCA for
land use change emissions [CARB, 2009d]. InterestingéyQhlifornia Air Resources Board
(CARB) has been assailed by critics on how poorly their lasel thange emissions calculations
are performed but there has been very little criticism ofrtfeze fundamental error in the policy
design; its incoherent mix of ALCA and CLCA. In subsequeritiges, especially for the US
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Renewable Fuel Standard 2 (RFS2), the LCA analysts substamniproved their approach and
adopted more complete CLCAs to derive LCA ratings for fuelSEPA, 2009].

In this dissertation | develop an analysis for molassesetithat can be directly used to rate the
fuel in the CA LCFS. While | developed the model primarily ftimmediate policy value, | also
juxtapose it with the first fully consequential LCA of a bydruat-based biofuel to highlight the
differences in methodology and intent betweent the two L@#egories.

2.5 Contributions to LCA in this Dissertation

Chains of causality are ignored in an ALCA. If the decisiomtanufacture a product results in a
change in environmental impacts it will not be captured iM&A. In the dissertation | argue
through a demonstration of an ALCA, a partial CLCA for lan@ ekange, and a full CLCA of
the same product, that CLCA is the only LCA category that &hbea used in biofuel policy if the
policymaker determines that an LCA based policy is the bastaach to the probleth

| built the ALCA model of any mix of cane juice and molassesaethl described in Chapter 3 to
add a lifecycle pathway for the product that would fit withive framework of the CA LCFS.
After working with CARB for almost two years, this pathwayaisout to be ratified by them for
use by molasses ethanol producers to sell fuel under the LCFS

| estimate the consequential land use change emissionafi@asses ethanol using Global Trade
Analysis Project (GTAP), the CGE model used by CARB for thd=SCto demonstrate the
structural limitations of the CGE approach to CLCA whenmiing to model byproduct-based
biofuels thereby highlighting the absence of any methogetéorm a CLCA of byproduct-based
biofuels. In Chapter 5, | develop the first full CLCA of a byduxt-based biofuel, using a
bottom-up PE model method that can be replicated in conoeptiier byproduct based biofuels.
In Chapter 6, | present my perspective on whether LCA basefddli policies should be

employed at all and how to design them better if such a poksygh makes sense.

13In a later chapter, | argue that LCA-based regulation shoatde a first-choice option for fuel regulation
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Chapter 3

Attributional Lifecycle Model of Sugarcane
and Molasses Ethanol
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3.1 Why we need an ALCA of Molasses Ethanol

The production of raw cane sugar from sugarcane juice esuthe formation of molasses, a
byproduct that contains minerals regarded as impuritieawnsugar [Hugot and Jenkins, 1986].
The sugar production process results in the loss of somevaigle disaccharides and
monosaccharides from the final raw sugar product that end tiggimolasses. The fermentable
sugar content of molasses varies inversely with the effagie the sugar-making process.
Molasses is a low-value product that is used as a cattlesepglement, as a feedstock for
beverage alcohol, in specialized yeast propagation or asarithg agent in some foods

[Troiani and Gopal, 2009b]. Although the sucrose in the reeds cannot be further upgraded to
raw sugar, it can be converted to ethanol in a distillery. ¢¢emtegrated sugarcane factories that
have sugar manufacturing co-located with an ethanol lgistican use both molasses and fresh,
mill-pressed cane juice as feedstocks for ethanol proaiic significant number of sugarcane
factories in Brazil and several hundreds of others arouadvbrid are of this type

[Szwarc and Gopal, 2009]. Since molasses has a substafdiaér opportunity cost than raw
cane juice, ethanol manufactured from it needs a differénbational lifecycle assessment
(ALCA) model than the one for sugarcane ethanol. The cuGREET model for sugarcane
ethanol does not include this pathway [Wang and Gopal, 208&B, 2009a].

In this chapter, | build a model that uses GREET as the baekbmoalculate attributional
lifecycle greenhouse gas (GHG) emissions for integratgdm®ane factories that use any
proportion of molasses and cane juice to make ethanol. eptése model results for a typical
Indian sugarcane factory that is assumed to have full flixilim using its cane for either ethanol
or sugar productioh | find that an Indian distillery that uses only molasses aedd$tock has
farm-to-pump ALCA GHG emissions of jug2 gCO,-eqg/MJ, making it one of the cleanest first
generation biofuels in the Low Carbon Fuel Standard (LCRS). mentioned in earlier chapters,
| built this model primarily for molasses ethanol to recedvi&fecycle carbon content rating under
the LCFS because almost 2 billion liters of molasses etheamofeasibly be used to meet LCFS
targets [Licht, 2006]. As | write this chapter, the Calif@®ir Resources Board (CARB) is about
to approve this model (with some modifications) as the defanlasses ethanol fuel rating
method.

3.2 The Integrated Sugar and Ethanol Factory Process

Sugarcane factories can be broadly classified into thregoges:

1. Factories that produce only raw table sugar (herebyrexfdo as raw sugar)
2. Factories that produce only ethanol

3. Integrated factories that produce both raw sugar anchetha

Flex factories currently exist only in Brazil. Even they dat 100% flexibility but could vary the cane juice share
for either process between 30 and 70% of the total juice
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Figure 3.1: Mass and Process Flow of an Integrated, Fullyilblle Sugarcane Factory.
This figure is a process and mass flow diagram of an integratgal sind ethanol factory that
shows the quantities of intermediate and final productsyred from the crushing of 1 wet ton of
sugarcane.

Approximately 80% of the factories in Brazil belong to thedihcategory [BNDES, 2008]. In

other countries, large factories (crushing more than fivedhed thousand tons of sugarcane each
season), also overwhelmingly belong to the third categbrygigni and Gopal, 2008]. The use of
both molasses and sugarcane juice to produce ethanol ipos$yble in factories belonging to

the third category. Typically all three types of sugarcaawdries meet their process energy
demand by burning bagasse, the ligno-cellulosic fiber ghathiyproduct of sugarcane crushing.
Figure 3.1 is a process and mass flow diagram of an integraget and ethanol factory that
shows the quantities of intermediate and final productsyred from the crushing of 1 wet ton of
sugarcane.

In Figure 3.1:

x = fraction of cane juice sent to manufacture raw sugar

n; = cane crushing yield (tons of fermentable sugars in cane juien of sugarcane)

1, = raw sugar manufacturing effciency (tons of sucrose in finghbs / ton of sucrose entering
sugar section)

n. = ethanol distillery efficiency (dry tons of EtOH / ton of suseoentering distillery)

In integrated factories, sugarcane is crushed at a millgtwtuces both sugarcane juice, which is
rich in sucrose, and bagasse, which is used to meet the etenggnd of the entire factory.
Factories could then split the juice into two streams semdime part for raw sugar production and
the other part to the ethanol distillery. Currently, mostdaies in India are sized to maximize
sugar production, and are inflexible, so all the cane juidesssent to sugar factory. It is likely
though if sugarcane ethanol becomes more valuable in Ind&kets that factories will be made
flexible. Molasses, which is a byproduct of raw sugar produds then sent as additional
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feedstock to the distillery. The yield of ethanol from femtegble sugars in molasses is almost
identical to the yield from fermentable sugars in cane j{iiceiani and Gopal, 2009a].

3.3 ALCA Model of Ethanol from Fully Flexible Sugarcane
Factories

GHG emissions upstream of the factory are already well destin GREET. The sugarcane
factory process calculations, however assume that onky gace is used as a feedstock. | use
GREET to model the processes upstream of the sugarcaneyfacid then build my process
ALCA model of the factory, ethanol transportation and dlsttion and final use. The factory
model includes a key parametethat is currently implicitly set to a value of 0 in GREET, whic
is the fraction of sugarcane juice by mass that is sent to faature raw sugar. All emissions
associated with raw sugar manufacturing need to be alld¢e®veen raw sugar, the primary
product, and molasses, the byproduct. | choose to makedfpsaduct allocation based on the
market value method. Since, as discussed in Chapter 2 athigirallocation is a hotly debated
issue in ALCA, especially in the case of biofuels, | discussgystem expansion and market
value methodologies in detail within the context of this @agnd present my reasoning for the
one | choose. Note that co-product allocation based on teggrrontent of sugar and molasses
would lead to a solution identical to that of GREET’s sugaecathanol model where cane juice
and molasses are indistinguishable from an LCA standpoint.

3.3.1 Co-product Treatment by System Expansion

Recall from Chapter 2 that using system expansion to dellawitproducts is an incoherent mix
of ALCA and consequential lifecycle assessment (CLCA) rod¢h Those are sufficient grounds,
in my opinion, to disqualify the use of system expansion iy AbhCA. However, given that one

of the goals of this model is to have it used in the LCFS, whioh@with the ISO Standards

[ISO, 2006a, CARB, 2009d] prefers that researchers useytera expansion method where
possible, | considered applying it here as a first choicedund that the market value approach is
more appropriate here.

Molasses is used in several applications in addition toretharoduction and, in each case is
easily substituted by a variety of other products. It is caniyn used as a feed supplement for
both feedlot and pasture cattle where it normally congtg4t% of the feed mix [Fox et al., 2001]
and is highly substitutable with products made from corneattor barley

[Surry and Moschini, 1984]. Further, it is difficult to staaad transport and hence only about
15% of the molasses sold worldwide is traded internatigrigited, 2002]. Molasses has three
further uses where the total demand for it is insignificanewhompared to the volume
demanded by the cattle feed industry. It functions as a gatlesnh the propagation of yeast, as a
flavoring or coloring agent in some food products, and a lypigbhcentrated form of it called
high-test molasses is sold for use in baking. Due to all tfeesters demand for molasses is
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highly elastic. Perhaps more importantly, molasses sesasibstitute for several products across
several industries making it nearly impossible to isolasengle marginal product that it will
substitute in the market.

Note that using system expansion for molasses is the regétise more typical application of the
method for the DGS co-product from corn ethanol. In the tatéese, aroutputof the process of
interest (ethanol production) is the co-product (DGS) teptaces soymeal on the market. In the
molasses case, theputto the process of interest is the co-product of another gso(aigar
production). Here, an application of system expansion dowlolve finding the marginal

product that enters the market to replace molasses. Thiglsasrare occurrence in ALCA and,
system expansion is so narrowly defined that such an appliciatnot considered to be system
expansion even though all the theoretical underpinning&xactly identical. Hence, in a strict
sense, system expansion is undefined for molasses ethanol.

3.3.2 Market Value-based Allocation

The strongest criticism of co-product allocation based anket value is that it does not represent
environmental outcomes. While this criticism of the mankadtie method holds true here, itis
also true that for reasons described above, the system&gpanethod is both undefined and
difficult to apply and will result in grossly inaccurate résun this case. Further, a major
motivation for this model and the LCFS is to reward produd¢ershe use of a waste or low-value
biofuel feedstock. While not perfect, price is the most casive and best available indicator of
how much of a waste product molasses is. If there is a surgenradd for molasses by ethanol
producers looking to take advantage of the better lifecsati@g, the price of molasses will rise
relative to sugar to a point where it can no longer be consitlarwaste or low-value product. The
system expansion method will be blind to such an effect hilmafregulation is set based on the
market value method, this relative price increase will rdthe lifecycle GHG advantage of
molasses ethanol. In fact, if the relative price increasarge enough, we will reach a breakeven
point where molasses and cane juice ethanol are indisshghle from a lifecycle GHG
perspective. This is shown in Figure 3.5. The potential fitdy policy design is also the primary
reasoning of Nguyen and Gheewala (2008) [Nguyen and Gheag®2@0D8] for adopting the

market value allocation method for sugar and molasses.

3.3.3 Model Derivation

| estimate the lifecycle emissions of ethanol from any carabon of molasses and cane juice
using three steps. First | estimate total GHG emissionsgreot sugarcane input based on mass
flow estimates as shown in Figure 3.1 followed by an aggregati associated individual process
emissions. Next | calculate the ethanol yield per ton of aapat, which then is used to estimate
GHG emissions per MJ of ethanol produced. Finally, | add thessions associated with the
transportation and distribution, and the final use of ethdbguations 3.1, 3.2 and 3.3 represent
each of the above steps.
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The Total LCA GHG Emissions of the Ethanol produced priorttipping from the distillery is
given by Equation 3.1.

LCAp = Ull=a)+a(U+8) | st e (1 — a2 LHvanhgzd X)nenj)]
3.1

where

LHVy,hya = Lower Heating Value of Anhydrous Ethanol

U = All GHG emissions upstream of factory calculated by GREET

S = Raw Sugar Production Emissions

E = Ethanol Production Emissions

P, = 18-month moving average price of raw sugar on the market

m, = Mass fraction of sucrose in final sugar product

P,, = 18-month moving average price of standard molasses on tHeema
m,, = Mass fraction of fermentable sugars in standard molasses

GREET assumes a fixed ethanol yield of 24 gallons of hydrdwemetl per ton of cane which is
reasonably accurate when cane juice is the only feedstamkelier, when molasses is also used
as a feedstock, the ethanol yield depends on the fractioars iice sent to raw sugar
production as well as the process efficiencies of each ptmaustage. The efficiency of the
distillery in converting fermentable sugars to ethanoffisaively the same for molasses and
cane juice. The lower concentration of fermentable sugansdlasses does not affect the
performance of the distillery.

The distillery’s ethanol yield in MJ of Anhydrous Ethanolrfien of cane processed is given by
Equation 3.2.

106
947.8

To obtain the total farm-to-pumifecycle greenhouse gas emissions for ethanol from any
combination of molasses and cane juice in GREET equivalaitd af gCQ-eq / MJ of

anhydrous ethanol, | divide Equation 3.1 by equation 3.2adtlemissions due to transportation
and distribution of the fuel. This calculation includesisportation of anhydrous, denatured
ethanol by rail and truck within India and then by ocean tan&ealifornia. Once in California,
the ethanol is blended with gasoline and then transportddietributed by truck, which is also
included in the term” in equation 3.3. The dehydration and denaturing are asstmiszldone at
the distillery in India.

EtOHyield = LHV:znhyd X TleNj [(1 - W)s)] X (32)

Equation3.1

LCAr =
T Equation3.2

4T (3.3)

where
T = GHG emissions due to transportation and distribution obRth

2The pump here is a gasoline station in California
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Table 3.1: ALCA Molasses Model Parameter Values

| Parameter | Unit | Value |
Ns tons of sucrose in final sugar / ton of sucrose entering Sugios) 0.86
Ne dry tons of EtOH / ton of sucrose entering distillery 0.48
n; tons of fermentable sugars in cane juice / ton of sugarcane 0.13
U gCOs-eq / ton of cane 88630
E gCO0,-eq / mmBtu of anhydrous ethanol 2430
S gCQO,-eq/ ton of cane 3700
T gCQO;,-eq / MJ of anhydrous ethanol 3.1
P, Indian Rupees (INR) / ton of raw sugar Rs. 17,865
P, INR / ton of standard molasses Rs.2,478
3.4 Results

Based on my field research and published data from sugaraeatwgiés in India, | determined
average values for each of the efficiency parameters in thatiens above. These are shown in
Table 3.1. GREET ignores raw sugar production and hencerdudesport raw sugar process
emissions. | estimate raw sugar process emissions by asgtinait all of it is due to the non-CO2
emissions from bagasse combustion, which, in reality, dosee up the majority of sugar
production emissions. Additives like lime and flocculardtthre consumed in the sugar
production process make up the rest of the emissions, whialvéry small part of the total
emissions for sugar production.

The farm-to-pump ALCA GHG emissions of Indian molassesmbhdelivered to California are
22 gCO,-eg/MJ. Table 3.2 shows that the LCA GHG emissions value will insesaon-linearly

if the Indian factory could increase the share of cane juatative to molasses as the ethanol
feedstock. When = 0, we get the GREET calculated ALCA GHG emissions for Indian
sugarcane juice ethanol. Such a result is applicable ifritiah factory operated in a Brazilian
configuration where only cane juice is used to make etharmml.cén also see from Table 3.2 that
only emissions upstream of the distillery vary based on &fegive mix of cane juice and
molasses. The ethanol processing, transportation arribdistn emissions are unchanged.
Figure 3.2 shows the non-linear relationship betweamd the ALCA GHG Emissions as is
evident from Equation 3.3 whenefeatures both in the numerator and denominator.

Figure 3.3 shows that the yield of ethanol and sugar arerlyeariant with respect ta.
However, you can also see from Figure 3.3 that there is alfemgdstock available to produce
ethanol even if you choose to maximize sugar production.

Figure 3.4 compares the 100% molasses and 100% cane juazeekl.CA emissions for Brazil
and India. Indian cane juice ethanol has a substantiallydrigarbon footprint compared to
Brazilian cane juice ethanol. However, Indian molassearaihhas lower lifecycle GHG
emissions than Brazilian sugarcane ethanol and since émilygproduces molasses ethanol, this
is the key comparison from the perspective of the LCFS. Bhaa very little molasses feedstock
but even if some Brazilian producers switched to 100% mekagbeir ALCA GHG rating only
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Figure 3.2: ALCA GHG Emissions of Indian Ethanol based om$teck mix.

The figure shows the relationship between the fraction o gaice used for sugar in a factory
and the ALCA GHG emissions of the ethanol produced. Unlessattory primarily exists to
make sugar, with a little bit of ethanol on the side, it haselito gain on a lifecycle carbon rating

basis when compared to a ethanol-only sugarcane factory.
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Table 3.2: Farm-to-Pump ALCA GHG Emissions of Indian EtH&roduced from a Mix of Cane
juice and Molasses

Fraction of Aléz'ggg'nc; Ethanol Trans;)no(;tatlon Total ALCA
cane juice Processing D GHG
upstream of o Distribution L
sent to Sugar - Emissions o Emissions
distillery Emissions
Factgry (For (gCO» (gCO,- (gCO, (9CO,-
India =1) eq/MJ) eq/MJ) eq/MJ) eq/MJ)
1.0 16.2 2.3 3.1 21.6
0.9 32.5 2.3 3.1 37.9
0.8 39.8 2.3 3.1 45.2
0.7 43.9 2.3 3.1 49.3
0.6 46.6 2.3 3.1 52.0
0.5 48.5 2.3 3.1 53.9
0.4 49.9 2.3 3.1 55.2
0.3 50.9 2.3 3.1 56.3
0.2 51.8 2.3 3.1 57.1
0.1 52.4 2.3 3.1 57.8
0.0 53.0 2.3 3.1 58.4
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Figure 3.3: Ethanol and Sugar Yield Based on Feedstock Mix.
The figure shows the linear relationship between ethanokagdr yield and the fraction of cane
juice sent to make sugar. Even if 100% of the cane juice wasgenake sugar, molasses is still
produced which can be used to make ethanol.
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Brazil and India ALCA GHG Emissions of Ethanol
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Figure 3.4: Comparison of Indian and Brazilian Ethanol.
The figure shows the ALCA GHG emissions of sugarcane and isedaethanol for Brazilian and
Indian cases. Brazilian sugarcane ethanol has a higher AtaElBon rating than Indian molasses
ethanol.

drops from 28 gC@eq/MJ to 20 gC@-eq/MJ. This is because, unlike India which has a
protected sugar market, Brazil has an open sugar marketthats in a lower sugar to molasses
price spread. From an LCFS point of view, a molasses ratiogiges little marginal benefit to a
Brazilian producer when compared to an Indian producer.

The key parameter of interest in this model is the ratio obsyngice to ethanol priceP;/F,,). In
Figure 3.5, | show the sensitivity of the results to this paeter for a factory that uses only
molasses as feedstock. Based on the average sugar andea@asss in the Indian market over
the last 18 months, the LCA GHG emissions of 100% Indian nselegthanol is 22
gCO2-eg/MJ. The red dashed line in Figure 3.5 represenfatimeto-pump GHG emissions for
100% Indian cane juice ethanol. Note that once the sugar tasses price ratio drops below the
point where the red and black lines intersect, it is worsanfa lifecycle GHG standpoint, to
produce molasses ethanol than cane juice ethanol.

3.5 Issues in Applying the Model to the LCFS

This model works with GREET’s current outputs and hence odiaily be applied on the same
scale, using a single value for many producers over a regfiosed in this manner, all the
parameters and inputs to my model and in GREET would just lmggregate central tendency
measure for all the factories in the area of regulation. @itlany modification of the model, it
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Sensitivity of ALCA Result to the Sugar-to-Molasses Price Ratio
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Figure 3.5: Sensitivity of ALCA Result to changes in the SuigaMolasses Price Ratio.
The figure shows the sensitivity of the results to the sugalasses price ratio. When the ratio
drops below 2, molasses ethanol becomes ‘dirtier’ thanrsaga ethanol.

can also be applied at the factory level to determine aniddatl ALCA. This is the first,

complete farm-to-pump ALCA of sugarcane ethanol when nsalass used as any fraction of the
feedstock. It was built to be used in a plug and play manneetivelan LCFS rating. In the case
of Brazil, most integrated factories tend to favor ethamobjpiction over raw sugar and hence are
likely to see very little improvement in their rating oveetburrent value. However, for producers
in India, Indonesia, Thailand, Guatemala and several aihntries, molasses is the majority
feedstock for ethanol production. Many producers in thegéns have both the interest and the
capacity to export their ethanol to California and this mad# more accurately describe their
fuel. In fact, after | developed this model, the Sugar Groom@anies, with whom | worked
during the development phase, has applied to CARB for a camdting for their molasses
ethanol.

A number of concerns exist if firms are given credit for the osmolasses. First, firms may
begin using more and more molasses to make ethanol, dinmgigk status as a low-value
product. This is the strongest argument for doing the calpeballocation based on revenue ratio
as | have, since higher molasses demand will simply raigiite relative to sugar, which will
result in increased fuel lifecycle GHG emissions.

Second, firms may re-engineer their process as to direct camejuice to the raw sugar factory
but deliberately produce raw sugar less efficiently leavitagge fermentable sugars in the
molasses (also known as intermediate molasses) which tiighen use to make ethanol. Such
re-engineering will need substantial capital investmerfictories that are operating at full
capacity to allow the sugar factory to handle a greater tjinput of cane juice than its original
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design capacity. A vast majority of sugarcane factorieddvade operate at full capacity since
their sugar and ethanol markets are predictable and, thapideant to under-utilize capital. The
additional revenue gained from their improved GHG ratingriBkely to justify such investment.
So, even a sporadic audit of molasses ethanol firms shouldffi@ent to prevent any fraud.
Several Brazilian factories do have additional sugar ahdreil capacity but production of
intermediate molasses is still non-trivial due to the maehy used in sugar production and can
only be done on the time-scale of several months. Brazibatofies, however, have little to gain
from using molasses so such actions on their part are uplikel

If this model is to be used in regulation, it will be importaotexamine the volatility of sugar and
molasses prices in order to determine how often the fualldke rating should be adjusted. If the
prices are too volatile relative to each other, the priceg haae to be averaged over longer time
scales in order to make the regulation feasible in pract\deile it is impossible to predict future
trends in molasses and raw sugar prices, | analyzed thetpeiogs of the two commodities over
the entire 2006-07 harvest season on the Indian marketrd=8y6 shows Indian prices for
standard molasses and raw sugar from Oct 2006 to Sep 200%.tRedfigure we can see that
there is enough relative volatility in the spot price thatill be better to employ moving averages
for regulation, but not so much volatility to make it infealgi to use this model in regulation. |
concede that past trends are no indication of the futurelaadriticism that the market value
method could result in volatile ALCA calculations is notutdd in this case.

Indian Sugar and Molasses Prices
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INR 20,000 |

INR 17,500 n |

INR 15,000

INR 12,500

INR 10,000

INR 7,500

INR 5,000

INR 2,500
A A A A A A
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Figure 3.6: Sugar and Molasses Prices in India for 2006-d7elsaseason.
The figure shows molasses and sugar prices in the Indian tnaike trends are reasonably
correlated keeping the market-value allocation stable.
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3.6 Conclusion

From my perspective, this ALCA model of molasses ethanalesetwo major objectives:

1. Molasses ethanol is inexpensive and abundant, withi8iiters of it being produced
annually in 2010 [Licht, 2011]. It is a much superior bridgesecond-generation biofuels
than corn ethanol in terms of costs as well as GHG emissidms L CFS and the RFS2 can
now use my model to rate molasses ethanol for use in theiecéisp programs.

2. This ALCA model of a byproduct-based biofuel allows me ightight the differences in
methodology and approach with the CLCA models | develop ditassequent chapters.

| have been working with CARB for the last year to ratify thisdel as the molasses ethanol
pathway for the LCFS and they are about to do so. The immedtiedetical relevance of the
molasses ALCA model does not mean that this is the right madelethod for the use of
molasses in a fuel carbon policy. In fact, | argue in subsetcigapters that it is not. However,
the entire regulatory methodology of the LCFS needs to bemged before better methods of
rating molasses ethanol can be used under that program.
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Chapter 4

Consequential LCA of Indian Molasses
Ethanol using General Equilibrium
Analysis
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4.1 Chapter Summary

| find that the consequential land use change emissions @frimdolasses ethanol used for the
Low Carbon Fuel Standard (LCFS) is jus2 gCO,-eq/MJ using the computable general
equilibrium (CGE) model, GTAP-BIO. | use this method, whistihe only one ratified to
calculate indirect land use change (ILUC) emissions in t8€8§, to highlight the numerous
shortcomings of the GTAP-BIO modeh estimating the ILUC of molasses ethanol. | conclude
by highlighting that even though CARB would use this exacthrod to assess ILUC for molasses
ethanol, the use of CGE models to perform CLCAs of biofuelauf@ctured from byproducts is
inappropriate without substantial improvements in theseeis.

4.2 Computable General Equilibrium Models and CLCAs

4.2.1 General Equilibrium Basics

A market for a single homogeneous good is said to be in equitibwhen its price is at a point
where neither producers nor consumers have any incentaléstotheir decisions. This
equilibrium price is also the price at which the supply anthded curves for that one good
intersect. An economy is said to be in general equilibriurkY@hen all markets operate at their
equilibrium price simultaneously. Since demand for anydysadependent on the demand for
every other good, with the same being true for supply, a chamthe equilibrium price in one
market will typically result in changes in the equilibriummiqes in all other markets with some
markets more affected than others. Eventually, the econwithgesettle at a new equilibrium
point.

This expectation of general equilibrium is governed by \A&ilt. aw which states that in an
economy of 'n’ markets, if 'n-1" are in equilibrium then thast market also has to be in
equilibrium. In mathematical terms, Walras’ Law hinges bba fact that the sum of excess market
demands and the sum of excess market supplies both equaHaoe, GE is a fundamental part
of microeconomic theory and is a state that can describe tine @eonomy at any given moment.
One of the main applications of the GE concept is to assedan@an an economy-wide basis
and changes to welfare from policy decisions and other &trakalterations of the economy.

4.2.2 Purpose and Scope of CGE Models

CGE Models are constructed primarily to assess the welféeets of policies and other changes
in the economy (such as innovation, anti-competitive bedragtc). Therefore, at a minimum
they model the economic behavior of consumers, producersh@government. By definition,
CGE models have to cover and model all financial flows in thegleconomy. Many models,
however, achieve this wide coverage by sacrificing detadsMMCGE models, including the one |

IMany other CGE models share the same shortcomings as GTAP
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use in this analysis, primarily aim to describe the effetsazle policy and so are strong in
characterizing the costs of trading. CGE models are usatdljc and are benchmarked to the
specific year from which all the financial or physical flows ab#ained from. In addition to a
financial or physical flow database, CGE models charactérebéehavior of actors in the
economy by using parameters derived from econometricesuaid government databases.

In summary, CGE models are very data intensive and requidgtantial computing power. Their
primary purpose is to describe the economic implicatiors @écision regarding the economy.
However, CGE models by themselves do not contain much enwviemtal information aside from
guantities of natural resources used for production.

4.2.3 CGE Models for CLCAs

CGE models help us understand the consequences of a deeisgnwithin the economic
system. Since the environmental consequences of a deasiatly get filtered through markets
and the economic system, CGE models are a promising staoihgp perform consequential
lifecycle assessments (CLCASs) [Weidema and Ekvall, 2088]l discussed in Chapter 2, they
eliminate the system boundary truncation problem by cogettie entire global economy but do
so by having less detail at the microeconomic level. This@thdr reasons in favor of CGEs led
to the adoption of a CGE framework by CARB to assess ILUC fofusls in the LCFS. Such a
ratification of CGE models for the land use aspect of CLCAs higa-profile policymaking body
has led to an explosion in the use of CGE models to perform GLCA

[CARB, 2009d, Al-Riffai et al., 2010].

A frequent hurdle in the use of CGE models for CLCAs occurdatsecond stage; finding an
environmental database or model that can use the outpuie @GE model to calculate an
environmental impact. Environmental databases usuallyolonap onto the sectors and regions
of a CGE very well thereby rendering large parts of a CGE tesulsable for a CLCA. The
GTAP-BIO model which I use in this chapter, was built to estienthe only the land use related
environmental consequences of biofuel policies [Birur gt2®08a]. There is no feasible way,
short of compiling an LCI for each sector in each region of &8d@odel, to estimate other
environmental consequences of biofuel policies like iaseal fertilizer demaricbr rebounded
gasoline demarfdusing CGE models. An even more frequent issue, which odeuny analysis,
is when the particular decision of interest simply cannasibpeulated satisfactorily by a CGE
model. This can occur because products, regions and sec&otso aggregated or because the
magnitude of the decision is too small for the model to pickAp discussed in Chapter 2, the
choice of CLCA methodology is very context dependent andXG& approach is the best in
some circumstances but not in all.

2Fertilizer demand increase because farmers strive to ghehiields because crop prices have risen.
%Increased use of biofuels in the US because of the RFS2, @sdi gasoline demand, which, drops oil price,
which, results in higher gasoline demand in the rest of thédwvd his is known as the rebound effect in economics.
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4.3 The GTAP Model

The Global Trade Analysis Project (GTAP) model is widelyaetpd as one of the best CGE
models of the global economy. The model is a collaboratiteative of Purdue University’s
Agricultural Economics Department and Monash Univerditly. Tom Hertel, Professor of
Economics at Purdue, created GTAP to have an open-souroel arudl database to improve
transparency and verifiability in the CGE modeling commyfAtbo, ]. This was an essential
step in improving the credibility of CGE models becauserthreimense data needs and
complexity frequently result in counter-intuitive resuthat skeptical audiences found difficult to
digest without detailed explanations. This open-soursgaeof GTAP is, in my opinion, the
biggest reason for GTAP’s popularity relative to other CG&oeils.

The backbone of the GTAP model is the GTAP Data Base. The GTéR Base describes
bilateral trade flows, production, consumption and intelfia@ie use of commodities and services.
The database is in the form of social accounting matriceM§Awhich are denominated in US
Dollar flows. A new version of the database is released apmately every 4 years and on each
occasion, more regions and commodities are added. The lakease, GTAP Data Base 7,
consists of SAMs for 113 regions and 57 commodities with & lyasr of 2004 [GTA, ]. Note
here that the development of the database is so cumbersatrtbdibase year is usually 4 to 5
years earlier than the release year. If major structuratgds occur in the global economy in the
interim, the database is already out of date when relead®d.iSTa major drawback of
comparative static CGE models like GTAP. They cannot be tsetbdel new commodities,
regions or technologies.

The GTAP database is linked to the GTAP model which desctheesiteractions between actors
in the economy. Demand is modeled through a Regional Holgs@toch in turn consists of
private consumption, government consumption and savidggply is modeled through a
Producer who can use imports, domestic intermediates,rieghontermediates and primary
factors to produce goods. All the main flows captured in the@ehare shown in Figure 4.1.

Private Household demand is modeled assuming that prefesdallow a constant-difference of
elasticity (CDE) implicit expenditure function. Governnie€onsumption is modeled assuming a
Cobb-Douglas Utility function. A third component of demasdavings which are all reinvested
by an omniscient Global Bank. Production is modeled assgrmamstant returns to scale and
each sector is restricted to producing one odtplihe production structure consists of several
sub-trees each of which has a constant elasticity of subistit(CES) functional form

[Hertel, 1997]. GTAP assumes that technology is weakly isdpe from primary factors and that
firms decide their mix of primary factors before deciding ntermediate inputs

[Brockmeier, 2001, Hertel, 1997]. The most restrictiveexdp of the production structure in
GTAP, pertinent to my dissertation are the fact that sedtave production functions that have
limited adaptability and are designed to produce only onelpct. GTAP experts have modified
the model for co-products from biofuel sectors but this rexgusubstantial modification of the
model. Trade is a key component of GTAP but its detailed meickare beyond the scope of this
chapter.

4Co-products cannot be included in GTAP without substangigtogramming of the original model.
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Figure 4.1: Flows and Actors in the GTAP Model (Source [Broeker, 2001]).
The figure shows the major financial flows in the GTAP model.
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GTAP is a comparative static CGE model and hence the econoes/ribt undergo structural
change in the model and therefore there is no time compoAdmhodel results use the base year
of the GTAP Data Base in the simulation as the starting péietice, researchers are constrained
when explaining the meaning of a model result that impliesgies occurring over time.

No biofuel commodities are in the original version of evea ldtest GTAP data base. Corn
ethanol, sugarcane ethanol and soybean biodiesel weodurtied into GTAP Data Base 6,
forming the new GTAP-BIO Data Base, using a GTAP softwarktyitalled SplitCom.
SplitCom creates a new commaodity by scaling input-outpoietaof some other commodity
already in the model that is surmised by the researcher tods¢ similar in structure to the new
commodity. This means that none of the biofuel commoditiedased on real data but are
simply an adaptation of other sectors already in GTAP.

To further highlight the lack of detail in production, cortihanol in GTAP can use any coarse
grain as feedstock because corn does not exist as a separateodity in GTAP. The corn
ethanol sector itself is derived from the input-output Bate and production structure of tioed
processing sectdiTaheripour et al., 2008], which was the chosen sector by B&Rperts as the
input to SplitCom to create the corn ethanol sector. | wiliug later that GTAP, in any of its
current variations, is incapable of modeling biofuels fropproducts but note that even though
non-byproduct feedstocks like corn could be modeled in GB&En their biofuel sectors are only
built by expert judgement and not with real data.

Sugarcane and sugar are included as separate sectors in[EIABase 6 but no sector existed
for sugarcane ethanol. For GTAP-BIO, the sugarcane etlsaubbr was also built using
SplitCom in a procedure similar to corn ethanol. For sugagegthanol the 10 data and
production structure are derived from ttieemicals, rubber and plastisgctor

[Taheripour et al., 2008]. Similarly, soybean biodiesalésived from thevegetables and oilseeds
sector. | do not highlight how these sectors were constducteriticize GTAP-BIO, but simply to
guestion its efficacy as a tool in performing CLCAs of bio&uel

Most importantly from the perspective of this dissertatwhile coarse grains and sugarcane are
commodities included in the original GTAP model even if trenversion to biofuel is not,
molasses and any commodity that is a byproduct are comypleteluded from the GTAP model
and Data Base. In any CLCA, the model should include subssitior the product under study
since they are likely to be the marginal products that repiadNo substitute for molasseis in

the GTAP Data Base.

4.4 CLCA of Indian Molasses Ethanol using GTAP-BIO

4.4.1 Origin and Purpose of the GTAP-BIO Model

In order to examine welfare questions surrounding climateyy Burniaux and Truong (2002)
[Burniaux and Truong, 2002] improved the representatioan&frgy in the original GTAP

SExamples are sorghum in beverage alcohol production arid gitlp as cattle feed supplement
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Figure 4.2: The Standard GTAP Production Structure (SolyiBreckmeier, 2001]).
The figure shows the structure of the production tree foregitars in the original GTAP model.
Each sub-tree is a CES production function.

production structure and added GHG emissions to develo@TAd®-E model. The production
tree for all industries in the standard GTAP model is showRigure 4.2. This production
structure only allows for substitution among all internegds and among primary factors with
both these categories being weakly separated. In the GTARdeI, a capital-energy composite
is added to the primary factors tree and all non-energynmeeliates remain in the intermediates
tree as shown in Figure 4.3. This capital-energy compasiédf ihas a sub-production tree that
models the energy sector in some detail as shown in Figure 4.4

Birur et al (2008) [Birur et al., 2008b] extended the GTAP+&duction structure to include
biofuels from corn, sugarcane and soy. They also modifiecadeno include these new
commodities which they introduced into the GTAP Data BassifguSplitCom as described in
Section 4.3. Further, Taheriour et al (2008) [Taheripowl e2008] introduced the co-products
DDGS and soymeal to the corn ethanol and soybean biodiehedtines respectively. Finally,
land supply was improved with separation of land into 18 Agcological zones (AEZs) and also
into forestry, pasture and cropland within each AEZ. Thiglified database and model, whose
production structure is shown in figure 4.5, was christehed3TAP-BIO model and was built
explicitly to model the consequential land use change chhgédiofuel policies

[Birur et al., 2008a].
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Figure 4.3: The GTAP-E Production Structure (Source: [Baur and Truong, 2002]).
The figure shows the additional sub-trees added in GTAP-Ergyrgets moved to the
value-added sub-tree.

4.4.2 Method, Inputs and Reasoning
4.4.2.1 Commodity Modeled and Shock Applied

A CGE simulation involves the application of a 'shock’ onbe tlatabase, model version,
parameters and closure are defined. The 'shock’ is the chiarlge economy whose economic
effects the researcher is interested in modeling. Moreipaty, in GTAP, the modeler applies a
shock to an exogenous variable that best describes tha ctiinge caused by the policy or
decision of interest. The effects of the shock are allowe@verberate throughout the economy
and the final results reflect the new equilibrium point of theremy and therefore the full
economic consequences of the decision.

Usually, the main policy lever for biofuels is a quantity ndate or the policy is designed in a way
that allows us to estimate the quantity of a particular tyfdgiafuel that will be produced in a

region to meet the policy requirements. If two differentipigls are expected to demand
approximately the same biofuel volume, then the resulte@ttmulation can be interpreted as

the consequential effect of either policy by itself but regdther. Here, the production of Indian
molasses ethanol for either the Indian Ethanol Blendingfm (EBP) or the LCFS is expected

to be approximately.5 billion liters higher than the actual production in my chosen base year of
2006-07 [Aradhey, 2010]. The reasons for the choice of tise lyaar and the shock quantity are
explained in the next Chapter.

As shown in Table 4.1, in GTAP-BIO, neither the right comnipdior the right shock could be
modeled in this case. GTAP-BIO does not include molassesasaodity and it cannot even be
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Figure 4.4: The Capital-Energy Composite Sub-Tree (SoyMeDougall and Golub, 2007]).
The figure shows how detailed the capital-energy composhlidree is. This was done to permit
GTAP-E to assess climate policy better.
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Figure 4.5: GTAP-BIO Production Structure (Source: [Bietial., 2008b]).
The figure shows how GTAP-BIO extends the GTAP-E producttarcsure to include biofuels.
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Table 4.1: Commodity and Shock Modeled in GTAP-BIO

What should have been
modeled

What was modeled in
GTAP-BIO

Commodity

Molasses Ethanol

Sugarcane Ethanol

Production Quantity Increas

D

-

1,500 million liters

24 million liters

added using the SplitCom tool because it is a byproduct adispigpduction. Hence, | model
sugarcane ethanol with GTAP-BIO and apply a post-procgssirrection for molasses. When
SplitCom was used to construct the GTAP-BIO database farsage ethanol, the primary goal
was to scale the secondary data to ensure that Braziliamgtiod in 2001 was correct since the
estimation of ILUC for Brazilian ethanol was the immediataly As a result, actual sugarcane
fuel ethanol production in every other region was not vatifiad the value in the database for
Indian production is just 1.2 million liters, when the adtpeoduction was almost 50 million
liters [Licht, 2006]. GTAP’s solver fails to converge wheppdying a shock of 1.5 billion
additional liters to a base production of just 1.2 millictets. The maximum shock that | could
feasibly apply was an increase of 24 million liters. Hencedgorting emission factor results, |
am implicitly assuming that the CLCA GHG emissions scalediry for Indian molasses ethanol
from 24 million liters all the way to 1.5 billion liters. This clearly unlikely to occur in reality
which is another reason the GTAP approach is inappropratenis particular problem.

4.4.2.2 Economic Parameters Modeled

The GTAP model contains a large number of economic parameterstly elasticities. Examples
are elasticity of supply, elasticity of demand, elastiatysubstitution in the production tree and
thousands more. Many of these are econometrically estthvatere possible but many more are
simply best guesses since no studies estimate them. In afl? Gmulation, the result is more
sensitive to some parameters than others depending onrlkextof the simulation. In a
GTAP-BIO analysis of ILUC caused by biofuel policy, the rik$simost sensitive to parameters
related to land supply, marginal land productivity and ¢iedsponse to price [Berry, 2011].
Unfortunately, there are no conclusive econometric stue&imating these in each region.
Therefore, | simulated five scenarios with each key paransetdo the same values chosen by
the GTAP expert modeling team when performing the sugaretivanol analysis for the LCFS.
The parameters and values are shown in Table 4.2.

4.4.2.3 Biofuel Production Time Horizon and Amortization d Emissions

As | discussed in Chapter 2, a key issue to be addressed in €isIAe question of how long the
effects of a decision are expected to last. This probleneaiis CLCAs because some
environmental impacts are step functions. The clearestpbeaof this is the immediate release of
GHG emissions when forest is converted to cropland as a qaesee of a biofuel policy. How
this concentrated environmental impact is then incorgar@tto the CLCA is dependent on our
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Table 4.2: Economic Parameters by Scenario

Scenario | Scenario | Scenario | Scenario ,
Scenario 5
1 2 3 4
Productivity of Marginal India=0.8,
Land over Average Land 0.50 0.75 0.50 0.50 Others=0.5
Yield elasticity with 0.25 0.25 0.25 0.25 0.25
respect to price
Elasticity of
transformation for land 0.20 0.20 0.30 0.10 0.20
cover
Elasticity of
transformation for crop 0.50 0.50 0.50 0.50 0.50
areas

expectation of how much of the new biofuel will be producetbital. The question facing the
analyst is, if a particular environmental impact in the CLAot a function of the quantity of
the product being produced, then how should it be attribtdede product? This is similar to a
net-present value financial cash flow analysis where anarg-investment or loan needs to be
amortized over the life of the project. The starting poirftsuch a cash-flow analysis is to decide
the lifetime of the project and the discount rate to applye €quivalent starting points in the
ILUC example are to decide how long the biofuel productioh egntinue (and therefore how
much biofuel will be produced in total) and how the enviromtaédamage from the up-front
emissions should be valued over time. There is significamtrogery regarding both

[MO’Hare et al., 2009].

The Searchinger et al (2008) [Searchinger et al., 2008]lartivhich was the first to estimate
ILUC caused by biofuel policy, arbitrarily assumed that tieev biofuel will continue to be
produced for 30 years. Many have argued, on either sidethibatuthors offered no defense of
this choice and that the assumed production period shotlidrdde longer or shorter depending
on their point of view. Some have said that biofuels are rketfyi to survive without policy
support, and so the production period should be no longerttielife of the policy that
encourages biofuel production. Others with a pro-biofstsice, like the Renewable Fuels
Association (RFA), have said that once a biofuel plantasagstablished it will continue to
produce for 100 years regardless of the policy environni¢atconsensus has been reached nor a
convincing argument given yet for the right method to decideéhe biofuel production time
period. In the absence of such consensus, the early praagfd@hyears set by Searchinger et al
(2008) [Searchinger et al., 2008], has been adopted byddailif policymakers for the LCFS.
Since | want my analysis to be relevant to the LCFS and allove&sy comparison to other LCFS
analyses, | also choose the same 30 year production period.

Searchinger et al (2008) [Searchinger et al., 2008] alsa petcedent on amortizing emissions
by assuming that any GHG emissions today cause the sameelifamamage as GHG emissions in
the future. Unlike the production period issue, amort@atias, in my opinion, been scientifically
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improved from the original assumption. O’Hare et al (2008 Hare et al., 2009], convert
GHG emissions over time to their climate forcing effect owere and find that early emissions
cause substantially more climate damage than later emssgibich implies that the up-front
ILUC release needs to be assigned an interest rate overdtdagiion period. Once again,
however, CARB has adopted the Searchinger precedent ftuGR& and so | also take a
no-discounting approach for the up-front ILUC emissionghis analysis.

4.5 Results

The CLCA of Indian molasses ethanol for use in the LCFS usieddGE approach only yields
consequential land use change GHG emissfonseasons already outlined in Section 4.2.3. As |
described in Section 4.4.2.2, | ran 5 scenarios and avetagaésult to estimate the ILUC GHG
emissions of Indian sugarcane ethanol. | followed this ®iffost-processing steps to obtain the
ILUC GHG emissions of Indian molasses ethanol.

4.5.1 Post-processing Adjustment for Indian Sugarcane Yld Changes
from 2001 - 2007

The base year for the GTAP-BIO database is 2001 and hencadhecsine yields correspond to
that year. Short of updating the entire database to my baseoy@006-07, | adjust the results for
any yield changes in sugarcane in a post-processing ste@r&unil, there has been substantial
yield gains in the last decade and so the original GTAP-BKltevould have been reduced
correspondingly. Figure 4.6 shows that Indian sugarcarte@nther hand has had a rocky
decade with no net yield improvement between 2001 and 2089 ,[F Hence, | determined that
there was no need to adjust the GTAP-BIO result for improveghscane yields.

4.5.2 Post-processing Adjustment from Sugarcane EthanobtMolasses
Ethanol

Since the simulation only estimates the ILUC GHG emissidrsigarcane ethanol, | also had to
develop a post-processing adjustment to account for tluisfeek change. Approximately 14% of
the fermentable sugars in the sugarcane plant remain in tfeesses to make ethanol so |
attribute 14% of the ILUC GHG result of sugarcane to molasshis post-processing adjustment
is a very weak attempt to correct for the inability to modelasses as a commodity which is one
of my main arguments against the use of GTAP here. So, | présemnesults both prior to and
after the adjustment in Table 4.3.
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Figure 4.6: Indian Sugarcane Yield from 2001 to 2009 (Sayie&0, ).
The figure shows the annual average sugarcane yield in Irai@2001 to 2009. Unlike Brazil,
there is no clear upward trend but a more cyclical trend.

4.5.3 Indian Molasses Ethanol CLCA GHG Emissions Factor

Prior to the feedstock post-processing adjustment, TaBlslbws that the average ILUC GHG
emissions of the 5 scenarios8$ gCO,-eq/MJ for Indiansugarcaneethanol when its
production is caused by the LCFS. After the feedstock antjast, the ILUC GHG emissions
factor of Indianmolassesthanol is just..2 gCO,-eq/MJ. Indian sugarcane ethanol has a
substantially lower ILUC GHG emissions factor than the m&daiP-BIO simulation for
Brazilian sugarcane ethanol, which w&& gCO,-eq/MJ [CARB, 2009c].

4.5.4 Landcover Changes

The main factors driving the difference in the result beve®lian and Brazilian sugarcane are
sugar policy, the carbon content of forest in each countdytha total forest area in each country.
India has an extremely protective sugar market that effelgtisolates Indian sugar price from
the rest of the world, while Brazil has an open market thattprally determines the world sugar
price. So, farmers within India are the only ones who recaiggong price signal to plant more
sugarcane as a result of which most of the land conversiorofand occurs within India itself.
Since both the total forest area and the carbon content bfdtrest cover are lower in India
compared to Brazil, the carbon released from conversioropl@nd in India is substantially
lower. In fact, in all 5 scenarios, India is pretty much théyaegion where cropland grows at the
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Table 4.3: ILUC GHG Emissions Factors for Indian SugarcareMolasses Ethanol

| | Scen. 1] Scen. 2| Scen. 3| Scen. 4| Scen. 5| Avg

CLCA GHG Emissions
Factor for Indian

molasses ethanol

(9CO-eq/MJ)

9.8 7.5 12.6 6.3 6.5 8.5
sugarcane ethanol
(9CO-eq/MJ)
CLCA GHG Emissions
Factor for Indian 14 | 10 | 18 | 09 | 09 | 1.2

expense of forest and pasture. In the Brazilian analysith@other hand, forest and pasture are
lost to cropland within Brazil and all over the world [CARB)@9c].

4.6 Limitations of CGE Models for CLCASs of

Byproduct-based Biofuels

CGE models initially appear to be the ideal tool to estimat@gsequential economic effects for
CLCAs. On closer scrutiny, however, there are several situgin which they are the wrong tool

to assist in a CLCA as | discuss throughout this Chapter. tmnsary, CGE models need

substantial improvement before they can be used for CLCAwypfoduct-based biofuels:

1. CGE models need to model both the production and demacatpfoductsn all sectors,

especially agricultural sectors.

2. CGE models need to have sufficient low-level detail to de slbbmeaningfully model the
weak signals originating from byproduct markets.

3. CGE models need to map onto LCIs that can calculate thecemaental impact of sectors

other than land.

In the next chapter | develop a bottom-up partial equilibri{PE) model to develop the CLCA of
molasses ethanol from India that overcomes all of the sboritigs of CGE models listed here.
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Chapter 5

Full Consequential LCA of Indian Molasses
Ethanol
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5.1 Chapter Summary

| perform the first full consequential LCA of the greenhousas ((GHG) emissions of Indian
molasses ethanol for use in the Low Carbon Fuel Standard$)@fd find that it i$
gCOs,-eq/MJ. | develop a bottom-up partial equilibrium (PE) model to Histanalysis, an
approach that | argue is substantially superior to the GIbABed approach ratified by the
California Air Resources Board (CARB). The results alsofconthat molasses ethanol is one of
the cleanest first-generation biofuels from a carbon pets@e This is entirely expected since
the economic and environmental consequences of higherrdefoaalow-value productike
molasses are not substantial. Finally, | find that using ss@a ethanol domestically will do little
to reduce India’s foreign oil imports. A far more effectivayvof achieving the Ethanol Blending
Program’s goal of boosting domestic agriculture is to supih@ export of molasses ethanol to
fuel markets that price carbon.

5.2 Motivation for Developing this CLCA Method

The CLCA method | develop in this chapter is the most sigmnific@ntribution of this
dissertation, although the attributional LCA (ALCA) of nagkes ethanol developed in Chapter 3
has been adopted for the LCFS while this approach is unliketye adopted similarly. This is
because CARB strictly restricts the LCA modeling methodsmied to rate fuels in the

program. However, for both CLCA methodology improvemert better policy design, the
modeling approach | develop here is a substantial leap frbat Was been done in this field
previously. Here are my main motivations for developing fRAE-based CLCA method for Indian
molasses ethanol.

¢ In the last chapter | highlighted the various ways in whichED@odels are ill-equipped to
perform a CLCA of molasses ethanol. Here, | develop a PEebagproach that overcomes
many of the main weaknesses of the CGE approach, and allows amalyze important
aspects of both the Indian Ethanol Blending Policy and the&C

— The PE model focuses closely on molasses and related mé&okatzdel their
responses in great detail.

— This model producesfally consequential CA unlike GTAP-BIO which only models
consequential land use change.

— There are no arbitrary restrictions on sectors producingroducts.

e As | have pointed out in this dissertation before, biofuetsdefrom byproduct feedstocks
like molasses ethanol and soybean biodiesel are abundieateomvisible to low carbon
fuel programs because there is no methodology to deternlifexycle carbon rating for
them. The method | develop in this chapter, although specificolasses ethanol, can be
easily used as the theoretical basis to develop CLCA metloodsy product manufactured
from a byproduct.
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e CLCA is a powerful concept that should be the default apgraelecen LCAs need to be
used in policies but so little effort has gone into develgg@LCA methods. One of the
reasons that ALCAs continue to be used in such applicatitnesevthey are entirely
inappropriate is due to the lack of established, reliabl€&lmethods. While it is a far cry
from being a perfect or even the best CLCA method, the modeVékbp here aims to inject
some momentum into CLCA theory and method development aspuoother researchers
to improve on it.

¢ India’s Ethanol Blending Program (EBP) was enacted withmadyssis of the policy and its
implications. Both the results of the PE model by itself damel CLCA as a whole provide
great insight into the effectiveness of the policy as it id how it could be redesigned to
better serve Indian agriculture and the Indian taxpayer.

e The molasses ethanol model | developed in Chapter 3, andatded by CARB, showed
that the state’s policymakers were ignoring a clean, corialyy available biofuel that is
produced in large enough volumes to help feasibly meet L@Fgets prior to the
commercialization of second generation biofuels. In addito simply easing the tight
supply of low carbon fuels, molasses ethanol holds promi&eing the biofuel with the
lowest cost of carbon mitigated since it is produced from @rogiluct. My PE model is the
first to determine if this is indeed the case by calculatiregrtfarginal cost of Indian
molasses ethanol to meet LCFS demand. This result onlyesppithin the range of my
analysis where molasses fuel ethanol production in Indizci®ased by 1.5 billion liters. If
the low carbon rating drives molasses ethanol productiochnhigher than the 1.5 billion
liter increase, then it may no longer be the biofuel with thedst cost of carbon mitigated.

This chapter is organized as follows. | first derive the PE ehadhich is the front-end of the
CLCA and report the major assumptions implied in it. | theblmh the emissions factors which
are linked to the PE model results to obtain the full CLCA GHfissions. Next, | walk through
the steps involved in solving the model which includes auliseon on how | deal with land use
change emissions. Next, | report the PE and CLCA results eudisk their implications for
Indian biofuel policy.

5.3 Model Derivation

In a decision similar to the one an analyst has to make in eegB8LCA, I first had to decide
which markets to include in my PE model and where to draw tladyais boundary. The
immediate effects of an increase in the production of melasshanol wil be felt in the molasses
market and the fuel market. However, the 1.5 billion litesrgase in molasses ethanol that |
model will have little impact on the fuel market but a subsiimpact on the molasses market.
This is because that volume of molasses ethanol is barelyf4étab gasoline demand in energy
equivalent terms [India, 2010] but will need 88% of domestmasses to produce. Hence, the
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strongest consequences of a molasses ethanol mandateauitlio the molasses market and all
the markets where molasses is currently demahdgk three main uses of molasses are:

1. Feedstock for fuel ethanol.

2. Feedstock for industrial and beverage alcohol whichsis khown as rectified spirits in
India.

3. Cattle or poultry feed supplement, not as a source ofiesltut to make the feed more
palatable, to keep dust down and to catalyze cellulosicstiige in ruminants.

In India, however, molasses is not used as a feed suppleme i enainly used for only the other
two purposes. Hence, my PE model of the Indian molassesathmamdate models the following
markets:

1. Fuel ethanol
Rectified Spirits

Molasses

WD

Molasses substitute in Rectified Spirit Production, \tds | determine in section 5.3.3 is
grain sorghum.

The full model includes the cattle feed market and the mddtatitris pulp, which is a substitute
for molasses in cattle feed. In this chapter, however, | delyve the model relevant to Indian
molasses ethanol.

5.3.1 Model of the Molasses Market

The molasses market is one of the trickiest to model primaektause it is a byproduct and
because there is no end-use demand for it. | account for sedatemand by modeling its derived
demand in other markets where it is an input to production.

The supply curve of molasses, shown in figure 5.1, is compiedcansists of 3 separate sections.
Before the total capacity of molasses production is reaaktedupply curve is flat where price

will equal the marginal cost of storage, transport and itistion of molasses, which isyG in

figure 5.1. Qap is determined by the total installed sugar production cidypacindia. It is the
amount of molasses that will be produced if all the sugaofées operated at capacity. If more
than Q.ap tons of molasses are demanded, the price will rise to keeaémronstant since sugar
factories will not respond by producing more molasses yettie purposes of this dissertation
as well as any conceivable real-world scenario, these arerily two parts of the molasses

There is almost no private consumption of molasses. In aiisofises, molasses is an intermediate input in a
production process.
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Price of
Molasses

Quantity of Molasses Qe
Figure 5.1: Molasses Supply Curve in India.
The figure shows the supply curve of Indian molasses. Its bddesreflects the fact that it is a
byproduct subject to capacity constraints.

supply curve that are relevant. If, the molasses price e=aB\, which is the price of sugar
adjusted to molasses equivalent terms based on sucrogmtdhen molasses becomes a more
valuable commodity than sugar. This is unlikely to ever tepput if it does, the third and final
section of the molasses supply curve will be positively stbpnd sugar factories owners will
make supply decisions based on molasses price.

One important thing to keep in mind is that all the molassesufectured in India is demanded
by just two sectors, rectified spirits and fuel ethanol. Rertl assume that once a fuel ethanol
mandate or policy is in place, all produced molasses willdedu So, the supply and demand of
molasses is given by equation 5.1.

Qcar = Qusre + QmsBE (5.1)

The marginal cost, price and capacity of molasses in my sititul base year of 2006-d@re
shown in Table 5.1.

5.3.2 Model of the Fuel Ethanol Market

For the purposes of this model, the fuel ethanol market doesaed to be modeled in its entirety.
| only need to modenolasses$uel ethanol production and demand. Molasses fuel ethanol
production is quite accurately described by a fixed propogiproduction function, which is the
functional form | employ. The yield of anhydrous fuel ethbper ton of molasses is 214 liters per

22006-07 here corresponds to the sugarcane harvest seasgnstdrts in October and ends in June but some
distilleries continue to process molasses until September
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Table 5.1: Molasses market parameter values in the base year

Molasses Price P(Rs/ton) 2478
Cost of storage,
transportation and distribtion 250

of molasses ¢;r (Rs/ton)
Total molasses production

capacity Q 4p (million 10.7
tons/yr)

Molasses demanded by

rectified spirits Q455 9.4

(million tonsl/yr)
Molasses demanded by fuel
ethanol @, 5 (million 1.3

tons/yr)
Sources: [Licht, 2011, Gunatilake, 2011]

Rectified Spirits

Energy || Chemicals | | Feedstock |

_— T~

Saccharified | Molasses |
Starch

/

| Starch feedstock |

Figure 5.2: Production Tree for Rectified Spirits in India.
The figure shows the way | model production of Rectified Spirtindia. It is a fixed-proportions
production function.

ton of molasses [Verma, 2010]. The marginal cost of all ismiher than molasses are assumed
to be independent of the volume of ethanol produced by eatbrfaand it has a value of Rs.
10.5 per liter of anhydrous ethanol [Gunatilake, 2011]. Yokeime of molasses fuel ethanol
produced in India is the variable | use to shock the PE modgisadenoted by);srx. In a
post-processing step, | calculate the marginal cost ofimdiolasses fuel ethanol.

5.3.3 Model of the Rectified Spirits Market

India’s rectified spirits market is dominated by molassethasnain feedstock. So, increased
demand for molasses from fuel ethanol will have substamiphacts on this market. The supply
of rectified spirits is also governed by a fixed proportioredorction function with molasses
being replaced by a perfect substitute based on cost. FigRrghows the way | model rectified
spirits production.
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A key step in solving this CLCA was to determine what produitt e the molasses substitute

for the rectified spirits industry. The options includedesg¥ starch and sugar feedstocks such as
sugarcane, rice, wheat, barley, corn, millet and sorghumed data from the Indian Ministry of
Agriculture to arrange all of these feedstocks in ascendrdgr of their average price in 2006-07
[India, a]. Millet and sorghum were priced much lower thaa tbst with sorghum having a
slightly lower annual average price. | deduce that sorghulirboe the molasses substitute from
the following factors.

e Several sorghum based alcohol plants already exist in lmitliea total production capacity
of 500 million liters per year [India, 2011]. Millet couldsd be used as a feedstock in these
plants but the cost of saccharification is higher for mil\étrima, 2010].

¢ All the existing grain-based distillery capacity in Indgin the state of Maharashtra, which
is also the main sorghum growing region. This was caused bgta golicy to subsidize
grain ethanol production that was initiated in 2003 andathsioued in 2006 in the face of
widespread protests.

Once | was able to determine that sorghum would be the maasdstitute, | looked at several
studies to obtain its supply elasticity in India. Kumar efkaimar et al., 2010], study all of
India’s major crops and econometrically determine theppdy elasticities from 2001-08 and
derive a value of 0.35 for sorghum. | use this value afterssigecking with the IFPRI elasticity
database for sorghum supply elasticity worldwide, whicls @z.

The final step in having a complete model of the rectified tpimarket is to estimate its demand
elasticity in the Indian market. Rectified spirits are usethbn industrial applications and as the
base for alcoholic beverages. In India, the split betweerilo uses has been approximately
equal throughout the last decade [Aradhey, 2010, Sing]200my simulation base year of
2006-07, 1 billion liters of rectified spirits went to indtiat use and approximately the same
amount went to beverage production [Gunatilake, 2011]Justrial alcohol demand is normally
measured to be more price elastic than beverage alcoholndkwtzch can be an addictive good.
While there are several studies looking at each demandaigsieparately, there is only one that
estimates the demand elasticity of rectified spirits indnmbmbined for both uses [Mino, 2010].
Mino [Mino, 2010], estimates a value of -0.55, which | use ip model.

5.3.4 Emissions Factors

The PE model described above calculates the change inlaguiti quantities and prices for all
the commodities but does not furnish any environmentakmégion. Calculating the
environmental impact (GHG emissions in this case) reqa@rescond model that uses the PE
results as inputs. The marginal emissions changes couldribémear in more sectors than land
use. For example, the introduction of the fuel ethanol pogwill, in all likelihood require the
construction of ethanol dehydration plants, which resuligp-front emissions that need to be
amortized over the lifetime of the plant. If any of the indies that supply materials or services
to the fuel ethanol industry are close to a capacity congttaen the policy will necessitate
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Table 5.2: Emissions Factors used in Analysis

Process Emissions

Product (gCO,-eg/anhydrous
liter)
Molasses Fuel Ethanol 115
Molasses Rectified Spirits 110

Sorghum Rectified Spirits [N
995

land use change]
Sources{Menichetti et al., 2009, Gopal and Kammen, 2009]

additional capital investment, which in turn, will likelgad to up-front emissions. Exploring all
such possibilities is extremely time consuming and datnisive but | did examine many of these
sectors in detail. Very little data is available but | waseatdl determine, to the best of my efforts,
that non-linear effects are unlikely to be significant sitteechanges in quantities of sorghum,
fuel ethanol and rectified spirits were small relative toslee of the industries that provide
material inputs and services to them. The only case wherdinear effects seemed likely, as is
common with any agricultural markets, was in land use chérage one type to another to
accommodate higher sorghum demand. | discuss my land uselimpthter in sections 5.5.1 and
5.6 but table 5.2 shows the emissions factors for all otheddl@eir sources.

5.4 Model Assumptions

My PE-based CLCA model for Indian molasses ethanol incluageserous assumptions. | list the
most important ones here and verify the validity of each whmrssible.

1. All the markets modeled propagate prices only within draid are sufficiently isolated
from world markets for the same commodities. Table 5.3 shbasthe import tariffs for
all cereals that could be used for alcohol production, otifreg spirits, on sugar and on
molasses are all very high in India.
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Table 5.3: Indian Import Tariffs for all Markets Modeled

Import Tariff
Commodity (ad-valorem
%)
Sorghum bicolor 70
Pearl Millet 70
Broken Rice 80
Spirits (ethanol volume >
80%) 150
Ligquors (ethanol volume <
80%) 150
Sugar 100
Molasses 30

Indian agricultural policy fiercely protects domestic puodrs of these commodities and the
Government has frequently adjusted the tariffs to prevapbits in the past. It would be
reasonable to assume that such actions would be taken aghimiding my assumptions.

2. The production function for rectified spirits and fuelaatbl are assumed to be of
fixed-proportion between inputs and outputs in my modelnfdata that | have collected
from distilleries in Indonesia and India [Troiani and Ggq@008], this assumption is very
close to reality for both the feedstock and other supplement

3. I assume that no significant consequential GHG emissictig @utside of the markets that
| model. In a situation similar to the process LCA system latarg decision, it is
impossible to prove this is true without actually expandimg system boundary infinitely.
For example, sorghum in Maharashtra may displace rice,edastic staple in India, for
which forests may be cleared in southern India to expandageeage. Such an occurrence
is conceivable but unlikely.

4. Finally, | assume that the molasses fuel ethanol poli@sdwt cause a structural change in
the economy even in the long-run. For example, one may exipatsustained high prices
for sorghum could spur the development of higher yieldingetees and lower other costs.

5.5 Solving the Model

Prior to simulating the policy scenario, | had to:

1. Choose the base year and,

2. Benchmark the model to the base year.
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| chose the base year for the simulation to be from Oct 200@p2®07 which is the latest
sugarcane season when all the required data was availabtee@sugarcane factories operated
close to capacity throughout the season. The capacityrfatBugarcane factories was an
important criterion because the fuel ethanol policy isliike improve capacity factors due to the
increased revenues accruing to the sugarcane sector. Hexncan expect to see high capacity
factors in the long-run if a molasses fuel ethanol policyhstituted.

| used data from the Indian Government, FO Licht’s IntexecMolasses and Feed Ingredients
Database and the USDA's India Biofuels Annual reports t@iokthe price, quantity and land use
data for all commodities in 2006-07

[India, b, India, 2011, India, a, Licht, 2011, Singh, 2009adhey, 2010]. | parameterized the
supply curve for sorghum and the demand for rectified spisteg base year data. The total
molasses production for the year and the amount of ethaedlfos fuel ethanol production were
both calculated using the model and verified to match theaaproduction values closely. |
solved the entire PE model after calibration and found theatrésults closely matched actual
production and prices for the base year.

To simulate the molasses fuel ethanol policy scenario, ltbakcide which variable to shock in
the PE model. Both the Indian EBP and the LCFS translate npgsbgriately into a molasses
fuel ethanol mandate. | chose a fuel ethanol productioreas® ofL.5 billion liters per year, a
value that neatly simulates the EBP or the use of the fueluheéd_CFS. The EBP mandates that
molasses ethanol should constitute 5% of gasoline supplyplyne in 2010 which corresponds
to approximately 1.5 billion liters per year. If all of therdand only originated from the LCFS,
that would also only result in approximately the same préidndncrease since 1.5 billion liters
per year will consume 88% of India’s molasses supply and artiiér demand for fuel

production will create a molasses shortage that the Govemhmill move to ameliorate.

| introduced a molasses fuel ethanol production shock obillibn liters and solved the

non-linear PE model using MATLAB (source code in Appendixnultiplied the change in
production of molasses fuel ethanol, molasses rectifieitspnd sorghum rectified spirits with
their corresponding emissions factors from table 5.2. éffitial step | calculated land use change
emissions from the additional sorghum cultivation.

5.5.1 Land Use Change for Sorghum

All ILUC studies of biofuels published to date agree thatheigprices for an agricultural
commodity cause two separable effects related to land wsersim figure 5.3; intensification and
extensification.

Intensification is the higher yield that is the outcome of a farmer’s respoosegher crop
prices.

Extensification is the increase in the cultivated area of a crop because béhagmand for it.

The studies also agree that the intensification effect adinst, because farmers initially try to
grow more from existing land and avoid the transaction cass®ciated with extensification.
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Intensification

Higher Sorghum
Prices and Higher
Demand

Extensification

Figure 5.3: Land Use Consequences of Higher Sorghum Prices

Additional demand beyond that fulfilled by intensificati@met from new, extensified land that
is assumed to have lower yields. Unfortunately, while mesburce economists agree
gualitatively on these dynamics, there is a real scarcigtadies that quantify intensification and
extensification. The few studies that do estimate yieldtieiaswith respect to price focus on the
US and Europe. | could find no studies that estimate sorghetd glasticity with respect to price
specifically in India. Recently, some economists have atatienged the assumption that new
lands have lower yields. They argue that conversion of ighdductive forests or pastureland,
like those in Brazil, to cropland may not result in any yieldjl

[Barr et al., 2010, Nassar et al., 2011, Berry, 2011].

5.5.1.1 Intensification

With no studies that estimate intensification for Indiargboim, | looked for studies that estimate
it for sorghum grown anywhere. Keeney and Hertel (2008) fiésreand Hertel, 2008], reference
a 1997 study that estimates the yield response to price fgham grown in the Southeastern US
to be 0.19. Sorghum yields in India are some of the lowest pirgorld region. India’s average
sorghum yield in 2006 was just 800 kg/ha, compared to a glaedage of 4000 kg/ha

[ICRISAT, 2010]. Indian resource economists argue thatthén cause for poor yields is
sorghum’s low price because several higher yielding calg\are widely available in India at
modestly higher prices than the dominant sorghum bicoloetyaplanted today. This claim is
backed by data that shows Indian sorghum yield followingtélatons in price [ICRISAT, 2010].
Given this evidence and the lack of yield response estintdtieslian sorghum, | chose to use
Keeney et al’'s reasonably high value of 0.19 in my analysis.

5.5.1.2 Extensification

CGE models generally do a poor job of modeling land use dyositrécause of many reasons
discussed in Chapter 4 but they have one advantage relatike tnodels. Since they include
almost all of the world’s land, their post-simulation laritbeation is internally consistent and
ensures that total land supply does not grow or shrink. My PHehonly includes land supply

60



for sorghum and the simulation tells me how much additionaglsum land is needed in India but
the model is incapable of deciding where this expansion &voatur. Fortunately, sorghum
acreage has been shrinking in India and recent years frorakagie.6 million ha in 1984 to just
8.5 million ha in 2006 [ICRISAT, 2010]. | looked at a histaldime series of maps of sorghum
land from the Indian government and was able to determirntestrghum has mostly been
replaced by millet and tropical corn [India, a]. Higher daugn prices will likely first re-occupy
lands ceded to millet since it currently fetches only a glighigher price than sorghum and
because these millet lands are in Maharashtra, the onbywttt distilleries that can accept
sorghum. The displacement of millet will cause two effe€i3:intensification and (2) reduced
millet consumption because of its increased price. Theeeeffects absorb much of the demand
for new millet land resulting in much less millet extensifioa than the original millet acreage
displaced. Every subsequent cropland displacement wiliitén diminished extensification each
time. If we assume that intensification and demand redust@oe the first responses to crop area
displacements then it is possible for the economy to reacweeguilibrium after a small
sorghum extensification without any net increase in togblemd. | argue that this is the case in
my results in section 5.6 because the extensification defieaisdrghum after the mandate is less
than 0.01% of India’s cropland. In most cases, conversianagland from one crop to another
will not result in any net carbon release [Fargione et alo8Mence a new equilibrium without
any net change in total cropland implies no net GHG emisdiolesto land use change.

5.6 Results

5.6.1 Full CLCA GHG Emissions

An increase of 1.5 billion liters in molasses fuel ethana@darction in India does not cause
additional molasses production but substantially alteesshare of end-uses for the commodity.
Figure 5.4a shows that 88% of Indian molasses was used tofatane rectified spirits while
12% was used to manufacture fuel, in 2006-07. After the fttredmol mandate, this share is
reversed (Figure 5.4b), with 81% going to fuel productiod 8% going to rectified spirit
production.

The full consequential lifecycle GHG emissions of Indianlasses ethanol using my PE-based
approach aré gC0O,-eq/MJ. The consequences in emissions terms of the 1.5 billion lite
increase in molasses fuel ethanol production in each affiesstctor is shown in table 5.4. It is
important to note that not all consequences result in ire@&HG emissions, a fact usually not
highlighted in biofuel LCAs. The cutback in molasses reetifspirits production results in
savings of 5.5 gC@MJ. However, the added production of sorghum rectifiedtspand molasses
fuel ethanol more than outweighs those savings. The emississociated with sorghum rectified
spirits shown in table 5.4 include the added fertilizer aggtion associated with intensification.

The total additional sorghum demand induced by the fuelnethaolicy is 0.5 million tons of
which 98% is absorbed by intensification. The intensificagfiect from increased sorghum

3“small” is subjective but anything less than 1% of total kmlcropland applies here
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Molasses Uses in India before Fuel Ethanol Mandate
Total Production = 10.7 million tons

i Rectified Spirits
i Fuel Ethanol

(a) Molasses End-use Shares Prior to Mandate.

Molasses Uses in India after Fuel Ethanol mandate
Total Production = 10.7 million tons

i Rectified Spirits
i Fuel Ethanol

(b) Molasses End-use Share After Mandate.

Figure 5.4: Molasses End-uses in India before and after tlasses fuel ethanol mandate
The figures show the substantial diversion of molasses fhamectified spirits industry to the
fuel ethanol industry after the molasses fuel ethanol mianda
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Table 5.4: Full Consequential LCA GHG emissions of Indianidsses Ethanol

Consequential emissions due to
molasses fuel ethanol production
Consequential emissions due to
reduced demand for molasses -5.5gCQ/MJ
rectified spirits
Consequential emissions due to
sorghum intensification and 6.0 gCQ/MJ
production processes
Consequential land use
extensification emissions
Total CLCA GHG emissions 5gCO,/MJ

+4.5 gCQ/MJ

negligible

prices and demand raises Indian sorghum yield from 0.87harte 0.93 tons/ha. As a result, the
extensification demand is ju8200 hg which is0.01% of India’s total cropland area. | apply the
argument outlined in section 5.5.1.2 to argue that thergbaiho land type changes other than the
conversion of cropland from one crop to another. Hence theeguential land use change
extensification emissions for Indian molasses ethanahegégible

To derive this result, | use linear (scale independent) gions factors because | assume that a
production increase of 1.5 billion liters is not enough tslpany of the markets | model into a
non-linear step change. An example of such a non-lineargghewould be if fertilizer supply was
at capacity prior to the molasses ethanol mandate, the thitgmeand for fertilizer because of the
mandate caused the construction of a new fertilizer plathith& emissions associated with the
construction of the new fertilizer plant would have to bduged in my CLCA since it’s
construction is a consequence of the mandate. It is bey@nstcthpe of this work for me to
explore every affected market to check if my linear emissi@ctors assumption would be
violated in any of them even with a 1.5 billion liter molaséesl ethanol increase. However, the
chance of emissions factors being non-linear, which irsgeavith higher molasses fuel ethanol
production, introduces an important caveat in my resule ThCA carbon rating for Indian
molasses ethanol derived is only valid as long as the emis$aztors in table 5.2 remain linearly
dependent on the quantity of molasses fuel ethanol produced

5.6.2 Economic Impacts

Important outputs of PE model are the equilibrium quargitiad prices of commodities. Price
and cost increases caused by the fuel ethanol mandate mnathodities are summarized in table
5.5. The biggest beneficiary of the fuel ethanol mandatetheneised for India’s EBP or the
LCFS, is the sugarcane industry which more than tripleeitemues from molasses sales.
However, it is not clear how much of this additional revenukfilter down to the sugarcane
farmer, who is intended to be one of the beneficiaries of IadiBP. If the design of the EBP
remains as it is, the 119% increase in the marginal cost cassek fuel ethanol would be
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Table 5.5: Price and Cost Increases caused by the Fuel Etiandate

Price of Sorghum 39% increase
Marginal Cost of Fuel Ethanol 119% increase
Price of Rectified Spirits 125% increase
Price of Molasses 221% increase

absorbed by the taxpayer since the government guarantextsaaol price to refiners. Perhaps
the result with the most significance to the poor is the 39%epted price increase for sorghum.
Sorghum is overwhelmingly consumed by the poor since it isesap substitute for wheat. So,
while the CLCA GHG emissions may be low, showing Indian mséssethanol to be a clean fuel,
its use as a fuel comes at a real social cost by stretchingtteldudgets of the poor.

5.7 Implications for India’s Ethanol Blending Program

The EBP was instituted in 2003 with two main objectives whach identical to the initial
objectives of Brazil's 185 Proalcool program and of the USrgy Policy Act of 2005.

1. The Indian Government wanted to increase the blend ofibisfin the transportation fuel
mix in order to reduce India’s foreign oil imports.

2. The government also wanted to boost domestic agriculties process.

My analysis provides insight into how well or poorly the mylican achieve both these objectives.
The government decided to have only molasses ethanol umel&BP because it anticipated an
outcry if it allowed any food crops to be used for fuel. Altlgbumy analysis shows that even a
molasses ethanol mandate can raise food prices, suchdheiffects are usually not detected and
so are not a political liability. However, even if all the raskes in India is used to make fuel, only
4.5% of national gasoline demand will be displaced [Ind&.@. So, by restricting the EBP to
molasses, almost no significant reductions are made in pibita. The EBP needs to be
redesigned radically in order to meet its first objective.

As | mention in section 5.6.2, under the current design oBB®, the government guarantees a
price ceiling to refiners and covers the difference with &gy funds. Even with a much more
modest increase in molasses ethanol production than lidnditers, producers are already
pricing ethanol higher than the price ceiling [India, 201y model estimates that even if
producers price competitively at marginal cost, a 1.5dmilliter boost in molasses fuel ethanol
production will drive its price up by 119%, that will increathe already heavy taxpayer burden
on this program.

A lifecycle carbon rating of 5 gC&MJ makes molasses ethanol the cleanest first generation
biofuel of all currently rated on a lifecycle basis. Fuel grams that explicitly favor low carbon
fuels like the LCFS, the EU RED and the RFS2, are natural ssus€demand for Indian
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molasses ethanol once the fuel is rated by the regulatifgatyt. In all of these programs, and in
the case of the LCFS in particular, price premiums commaadechversely proportional to the
fuel's carbon rating. So, a clean fuel like Indian molassbarmol will need no government
support if sold in these markets. Based on the CLCA and ecan@sults | have presented, the
Government can meet the second objective of the EBP much eosteeffectively by assisting
molasses ethanol producers in getting their fuel rated meaporting the product to California,
the US and Europe.
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Chapter 6

LCA-Based Climate Policies: When they
are a Good Idea and How to Make them
Better
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6.1 Chapter Summary

Current LCA-based fuel policies, the Low Carbon Fuel StaddaCFS) and the Renewable Fuel
Standard 2 (RFS2), are very problematic due to the use ofgMc@#A approaches and because of
the large parametric and epistemic uncertainty in the LCAlef®memployed. In this chapter |
portray the ideal way to regulate the global warming imp&at) of fuels, a regulatory regime
that has no need for LCAs. However, this ideal scenario igipally infeasible at this time,
necessitating the use of LCAs to meet some fuel policy olest Given that, | present my
suggestions, drawn from previous chapters and developlegp@ndently, on how to improve
LCA-based climate policies in general and fuel carbon pediin particular. These suggestions
can be summarized in two main points. When designing an L&ged climate policy:

1. Make sure that the policy is entirely CLCA-based, and,

2. Do not use CLCA point estimates as a performance metriptmatluce stochastic CLCA
results that can help develop risk profiles for the produadtitity to meet the policy’s
objectives.

6.2 LCA-based Policies are only Required in a Second-best
World

6.2.1 The ldeal Scenario for GWI Regulation

The monetary cost of a fuel or, any product for that mattéleces the prices of every service and
input that was used in its manufacture no matter where in trdveach supply chain activity
occurred. This happens because every business in the stifgityonly provides the demanded
service or input for the fuel if they get paid. If the globalmwang externality was priced for all
economic activities, the GWI caused by the fuel from cradledmbustion would already be paid
for, since the GWI would be passed through as a monetarymesery transaction leading upto
and including combustion. Hence, the ideal way to regulatesportation fuels for their GWI is
not through a fuel carbon policy at all, but through glob#tsactoral climate regulation.

In other words, if greenhouse gas (GHG) emitting activitiasall sectors and all regions of the
world were regulated, there would be no need for highly uaget CA calculations because
GHG emissions would be measured and priced everywhereisliddal scenario, all of the
following must hold true:

e Every nation must agree to regulate climate change in ewatps including the most
controversial of all; land use.

1Even more ideally, non-GHG climate changing activity likleexlo changes should also be regulated according to
their climate forcing effect, but leaving non-GHG actigitiout will not introduce too much error, certainly not of the
scale of LCA-based policies.

67



¢ All the policies regulating GHG emissions should be eq@mahcross regions and sectors.
For example, we cannot have the Chinese power sector redudatan intensity basis while
the US power sector operates under a carbon tax. Carbondad bagulation can be
reconciled with a cap-and-trade regulation. Ideally,¢heill be just a single global policy
for regulating all anthropogenic climate change insteadiational or continental ones.

e The policy should be designed so that the global warmingeatiy is priced correctly.
This means that the tax or carbon price lies at the intexsecfi the marginal abatement
cost curve and the marginal abatement benefit curve. Thi®tiameasy task since neither
curve is easy to determine in many cases.

It is important to note that even in this ideal scenario wigabstantially reduces uncertainty
relative to that seen in CLCAS, uncertainties are not elatéd. One source of uncertainty is
whether the damages caused by climate changing activieesoarectly monetized as discussed
above. A second source of uncertainty is in the measuremi&tG emissions. While,
emissions from smokestacks and tailpipes can be measwerdhtaly, NQ emissions from land
use changes are difficult to measure and therefore are ancert

[De Klein et al., 2006b, De Klein et al., 2006a, WiniwarteD0Z]. Despite these uncertainties, if
such a regulatory regime existed, it would be far superiw@é-based fuel policies.

This type of global, all-sectoral climate policy regime idilkely even in the distant future. The
UN climate talks, which have stalled, propose nothing tleetsgthis far. According to current
negotiations, in a global climate agreement, developinmtiees are not expected to meet any
absolute GHG reduction targets and there is no proposadifar ise GHG emissions to be part of
the same regulatory regime as the energy sector. Hences abence of a coordinated global
effort, entities with smaller jurisdictions, like Califioia, that want to regulate for GHG emissions
must turn to alternative policy designs.

6.2.2 Rationale for LCA-based Policies: From the Perspeacte of the LCFS

When only some jurisdictions in the world try to regulate gtwbal pollutants like GHGs, policy
design options are numerous but littered with pitfalls. Tiest popular area of research is in the
design of carbon tax or cap-and-trade programs and how id #we many pitfalls associated

with them [Jaffe and Stavins, 2008, Stavins, 2008]. Nume#guticles deal with these issues, with
some focusing specifically on California’s planned cap-ttade program for the electricity
sector [Bushnell et al., 2008, Bushnell, 2008]. | will foauy discussion on when LCA-based
climate policies make sense and some of the factors thatdraeeged from the LCFS that make
them problematic, atleast in the case of fuels.

An LCA-based climate policy should only be considered if podicymaker needs to regulate:

1. Climate changing activity outside his/her jurisdictfonthe policy to be effective

2. Climate changing activity that is not regulated by anyeotiody
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Point 1 above is really important because if only the secoagvrue and if a climate policy can
be effective even if GHG emissions occur outside the jucisai, then a carbon tax or
cap-and-trade policy would be preferable to an LCA-basdidyds | point out in Chapter 1,
simply counting GHG emissions from the final combustion a&ibfuels accounts for around
85% of GHG emissions associated with the fuel [Gopal and Kamr010], hence point 1 does
not hold if only fossil fuels are regulated for GWI. If the néwssil fuel options also cause limited
GHG emissions outside the jurisdiction like solar PV and é\fiower, then point 1 still does not
hold and there will be no need for LCA-based policy. This is/io one proposes the use of an
LCA-based policy for the electricity sector. For altermas to petroleum in transportation fuels,
and especially in the case of biofuels, point 1 is unequiNyptaie [Farrell et al., 2006,

Gopal and Kammen, 2010, Mascia et al., 2010, Wang et al.,,2088g et al., 2006]. There are
other sectors like food where point 1 holds but none of thesewarently being considered for
climate regulation.

When LCFS policy was being designed, the designers rejectadbon tax or cap-and-trade for
the reasons mentioned above and because the LCFS was asitynsésndard that does not lend
itself easily to a carbon tax policy. Further, the only waktmw if the LCFS was met, was by
calculating the lifecycle carbon intensity of all transjadion fuel used in California. Hence, it
was natural to design the LCFS as an LCA-based policy beauk€A result was required to
know if the state was in compliance.

When an LCA-based policy was recommended and accepted I8tdkes all participants in the
process assumed that:

1. An ALCA was an appropriate LCA approach to calculate thed éarbon content, and

2. The LCA results would yield point estimates of actualdifele fuel carbon content with
little uncertainty.

Two issues were overlooked by the initial LCFS designers éefore the publication of
Searchinger et al (2008) [Searchinger et al., 2008] semyexe back to adjust course as |
describe in Chapter 1.

1. More than a decade after the birth of CLCA, all the LCA expawvolved in the original
design of the LCFS still did not clearly understand the défe purpose of each LCA type.

2. Even if ALCA was accepted as appropriate for the LCFS, AU€sults are still too
uncertain to be assumed to provide accurate determingstidts.

These two false assumptions and the mid-course correatwnpied by the emergence of ILUC
highlighted the most problematic aspects of the LCFS demghwould apply to any other
LCA-based climate policy designed similarly. First, it @entifically untenable to have an
LCA-based policy that sums the result of an ALCA and a CLCAc®wl, even if the right LCA
category was used, the policy should not have been designtéeb@xpectation of accurate point
estimate results.
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6.3 Uncertain Science and Policy

Uncertain science has been used in policy before althowghdiacuss in this section, scientific
uncertainty does not mix well with politics. However, thegnaude of the uncertainty for the
LCFS is higher than other policies based on uncertain seiand unlike other successful policies
it explictly refuses to acknowledge uncertainty. Here ama examples of how policies address
uncertainty.

In some policies, uncertainty can be reduced by better meamnt. In the Acid Rain program,
the main source of uncertainty is the quantity of,S0d NQ, emitted from power plant
smokestacks which is reduced by using continuous mongaystems and more precise
instruments. Another source of uncertainty arises if tlexpthat is regulated does not meet the
policy objectives perfectly. The mechanism by which acid ra caused is well understood and
limiting SO, and NQ, meets the objective of the program with little proxy uncietia

In the regulation of Particulate Matter (PM) concentrasiomder the Clean Air Act, the public
health burden of PM is understood but a little uncertain. ¢é¢ethe Clean Air Act explicitly uses
a probability distribution function of PM concentrationgeo 24 hour periods. The law requires
that the 98th percentile of PM concentrations in a 24 houpganust not exceed 35g/m?,
instead of using a central tendency value like a mean or me#iance such a policy accounts for
uncertainty using a scientific method and prefers to redype Terrrors (the chance that PMs
have a worse human health impact than thought) at the costdased Type Il errors (the
chance that PM concentrations could be higher without adeaffecting human health).

When uncertainty is much higher, especially with regardritical outcomes like public health,
the burden of proof may be reversed in a policy. This is the @dth the European Union’s
Registration, Evaluation, Authorization and RestrictadfChemical Substances (REACH)
approach to industrial chemicals. REACH requires that rfearturers of industrial chemicals
demonstrate that their products pose no undue risks togldilth and the environment. Such an
approach is warranted when meeting the policy objectiva agicuracy is critical even at a high
cost or when it is determined that the product poses a sukastanough risk that its use will
cause the policy to fail. In my opinion, which | express inaikih the next Chapter, many
crop-based biofuels do present a substantial enough riskk& efficacy that the burden of proof
should be placed on the producers.

6.3.1 Politics and Science

While the examples above are of successful policies based@ertain science, there are many
occasions when uncertainty results in political disagme@that adversely affects a policy. The
LCFS, for example, has faced a severe backlash becausekitsflacknowledgement of huge
uncertainties has provided fertile grounds for the pditicpowerful corn ethanol industry to
attack it. Van der Sluijs (2005) [van der Sluijs, 2005] usdesretaphor omonsterdo describe
the four main ways in which stakeholders respond to unceytan the science-policy interface.
In this case, a monster is a hard to tame phenomenon thattéitsna categories that are usually
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considered to be mutually exclusive such as objective vestibge, facts v values, knowledge v
ignorance, etc. A monster arises in the science-policyfaxte when a policy is predicated on
complex science that is uncertain. Van der Sluijs (2005)gddhe response of stakeholders to
this monster in four categories which I explain in the coht#xhe LCFS.

Monster Exorcism. In this response, certain stakeholders believe that waiogrtcan be reduced
enough through research to better inform and defend theypdy developing a new CLCA
method that | believe improves on the current CGE framewsddwby the California Air
Resources Board (CARB), | hold the belief that the new methitidamp down criticism of

some aspects of the modeling and hence can be seen as falthnig category. However, the
monster-exorcists are convinced that using the scientéithod alone will reduce uncertainty to a
non-controversial level, which | disagree with. With thdippas it is, no foreseeable
breakthroughs in thought or methods will eliminate undgetyadriven controversy in the LCFS.

Monster Adaptation. In this response, stakeholders believe that the best agiptoaolving the
controversy is by quantifying uncertainties or produciiféedent model results based on
scenarios that depend on value judgements. This has beessfiunse of the Global Trade
Analysis Project (GTAP) modeling team and CARB staff wheagaus scenarios are run in
GTAP and the mean result is taken as one that has accounteddertainty. However, their
choice of using just a subset of scenarios based on valueioelgts has left them open to the
criticism that many other “important” scenarios were natsidered.

Monster Embracement. In this response, the corn ethanol lobby cites uncertasmth@reason
to delay any action that penalizes their fuel under the LA manifests itself as a
“scientization” of politics [Doremus, 2005], where the fuiel lobby and its supporters in
government ask for a delay in instituting the LCFS or the RES# the “science” has progressed
enough for the uncertainty to be eliminated. The goal of ib&el lobby is to push for a desired
political outcome by falsely presenting themselves asyoxs of the scientific view. Plevin et
al. (2010) [Plevin et al., 2010] have shown that if the lobbglly wanted to pay heed to science,
then they should in fact be asking that corn ethanaagudedrom use in the LCFS while we
wait for the uncertainty to be reduced. This is because, ideashows that the uncertainty in
the LCA GHG emissions of corn ethanol are heavily skewed tdwauch higher values than
previously thought. Doremus (2005) [Doremus, 2005] alsofsmut that the use of monster
embracement to argue against environmental regulatiorawegeated tactic of the Bush
Administration.

Monster Assimilation. In this response, the uncertainty is given an explicit pisa factor in
policymaking. This outcome is portrayed by van der Sluijthesbest of the four but there is no
sign that the LCFS or the RFS2 are inclined to move in thisctioa.

The uncertainty in the LCA modeling for the LCFS and the RF&2tresulted in a worse

political outcome than in the case of some other similargiedi because the uncertainties in the
LCFS are irreducibly large and the policy itself made no plan how to deal with them. The
positive aspect of all the attacks on the policy is that it brsight the huge uncertainties inherent
in LCA into the spotlight and will not permit LCA experts toaee them unacknowledged in the
future. Importantly, any future LCA-based policy will likebe designed very differently after the
experience of the LCFS.
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6.4 Guidelines for Designing LCA-based Policies

First and foremost, as | have already argued in this chagmdrCA-based policy should not be
considered unless other options with less uncertaintylarénated. In the event that an
LCA-based policy is determined to be the best approach, ¢ deswn on my research to develop
a set of guidelines to design such policies.

e Any LCA-based policy should empldully consequential methods perform the LCA. It
is possible that the consequences of a policy will only tasdinear marginal effects in
which case an ALCA can approximate to a CLCA but if this wasdage, then policy is
itself likely to be inconsequential. It is important to rgmize that CLCA methods are still
in their infancy and LCA and other interdisciplinary resgears should be provided with
incentives to develop better methods, given its immediatieyrelevance in many
contexts.

e No LCA-based policy should be designed assuming that an L@l4mvide accurate and
precise results. As a result, the policy should not detegrgunantitative performance
metrics or metrics for compliance expecting determinisggults from the LCA. The LCFS
does exactly this by calculating the average fuel carbamsity of fuels in the state using
LCA-based fuel carbon ratings.

e Do not use an LCA-based policy if the environmental impaat ffou are regulating has
geographically variable impacts like fertilizer runofés; pollution, etc. LCAs are not well
designed to translate this geographic variation into aulsgfvironmental impact metric.
LCA-based policies work best when applied to well-mixedogliopollutants like GHGs.

¢ If the uncertainty in the CLCA is quantifiable and you are dblproduce probability
distribution functions of the results, these need to beieitlyltaken into the policy design.
As in the case of the Clean Air Act, the policymaker could thenide if Type | or Type Il
errors are more important and set the compliance threshatbchastic terms rather than
simply choosing a central tendency estimator. If there axkiphe criteria with stochastic
outputs, then these can be used to develop a risk ratingdgrtiduct that is then used as
the main decision variable for the policy.

¢ In many cases, uncertainty in CLCA results is simply irradiec All CGE models are
abstractions of reality and their results can never actialverified. Hence, it is
impossible to build probability distribution functionsrfany structural assumptions in the
model. If this is the case, a policy that uses the model shioelldesigned to accommodate
uncertainty that is not quantifiable. The policymaker caagl each individual producer to
undertake actions that bypass the LCA. An example is a soltitir a biofuel producer to
be granted exemption from the ILUC penalty that | heard fa@tnf my advisor, Dr.
Michael O’'Hare. A Brazilian sugarcane ethanol producel mglgranted a waiver of its
ILUC penalty if it purchases pastureland in Brazil and isiéas the number of cattle heads
per acre by an amount specified by CARB.
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Chapter 7

Conclusion
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7.1 Contributionsto LCA

Many LCA experts still do not understand the theoretical pratttical differences between
attributional LCA (ALCA) and consequential LCA (CLCA) asidenced by the poor design of
the Low Carbon Fuel Standard (LCFS) and the continued usé&.G34to inform policy

decisions. This dissertation clearly differentiates ALE&mM CLCA, the theoretical foundations
of each and which approach applies in specific situations.pravalence of such widespread
confusion even among experts regarding the two approachksshis clear separation of ALCA
and CLCA, the primary contribution of this dissertationhe field of LCA. Perhaps the most
important rule that emerges from my study of the theorefmahdation and purpose of the two
approaches is:

Only Consequential LCA should be used for LCA-based policie

The CLCA model developed in Chapter 5 is one of the few fullpsenuential LCA studies
employing an economic model that have been developed fopaduct and the first one for a
byproduct-based biofuel. Early development of methodplagny field is much more difficult
but also provides a much larger marginal benefit to the fiedd thter additions. The model in
chapter 5 is an example of such an early methodological imgonent in CLCA. My initial
motivation, however, was to develop a method that can rgtedolyct-based biofuels in low
carbon fuel programs and this dissertation makes two spedifitributions in this regard.

1. 1 develop a modeling framework, a partial equilibrium JR&undation linked to emission
factors, that can serve as the basis to solve CLCAs for ansobyet-based biofuels.

2. | show that a partial equilibrium model is a much superridation for a CLCA model of
byproduct-based biofuels than a computable general eguitn model.

7.2 Official LCA Rating Method for Molasses Ethanol in the
LCFS

When | started work on this project, | found it astounding tha California Air Resources Board
(CARB) did not know what molasses ethanol is, even thoughli®mliiters of it was being
manufactured annually. Worse, they and other policymakestook molasses ethanol to be the
same as sugarcane ethanol. | developed the ALCA model int@ha@and the GTAP-based
approach in Chapter 4 primarily for the immediate policevance of the results that would make
it possible for the cost of complying with the LCFS to be loeeésubstantially in the near- to
medium-term. The biggest contributions of the LCA studre€hapters 3 and 4 are their
immediate, practical relevance to the LCFS.

1. The models from Chapters 3 and 4 have been ratified by CARiffiagl methods to be
used in rating molasses ethanol for the LCFS. The resulis besn adopted as the default
ratings for the fuel.
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2. The ALCA model in Chapter 3 is the first LCA model that actyieécognizes that
sugarcane factories can use two different feedstocks,ssedaand cane juice, to make
ethanol. Hence, for the first time, molasses ethanol islgléatinguished from sugarcane
ethanol in the eyes of policymakers.

3. The ALCA model in Chapter 3 is also the first to calculateltB& GHG emissions of a
fully flexible sugarcane factory.

4. Molasses ethanol has a similar LCFS rating to cellulaiarol but is much cheaper and
already commercial. Hence, my work has started a processdh#d lower the cost of
compliance for the LCFS atleast until molasses ethanolaypamits are reached.

A second reason | performed the analysis of molasses ethéiih CARB’s methodological
constraints was to highlight:

1. The LCFS’ fuel carbon rating method is poor and needs tdhbaged irrespective of what
is decided regarding how it deals with indirect land use gegiLUC),

2. GTAP cannot be realistically used as it is or feasibly rfiedito estimate ILUC for
molasses ethanol and,

3. CARB had no methods to rate byproduct based biofuels liasses ethanol and soybean
biodiesel.

7.3 Full CLCA of Indian Molasses Ethanol

The fully consequential LCA of Indian molasses ethanol tliggvelop in Chapter 5 has many
direct uses and indirect implications. The model serve®toahstrate that a full consequential
LCA can be done for biofuels and that methodological diftiesl should not be put forth as a
reason to keep the LCFS unchanged. In short, if the LCFSmaesito be an LCA-based policy,
using fully consequential methods for fuel ratings are amsugerior and more scientifically
defensible approach than the current one. On a practioall line CLCA results provide
numerous insights into Indian molasses ethanol and InBit&vanol Blending Program.

1. The CLCA model shows that Indian molasses ethanol is otteeafleanest first generation
biofuels from a consequential lifecycle carbon perspectiv

2. After molasses fuel ethanol production is ramped up imaltalmeet policy demand, my
PE model predicts that the marginal cost of the fuel will @ase by 119%. Based on
current molasses ethanol prices, that increase impliestanpandate marginal cost of
approximately$l per liter. While this does not make Indian molasses ethanol cheager th
corn ethanol, it still becomeasne of the cheapest LCFS fuels on the basis of cost per ton
of carbon abated
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3. The use of Indian molasses fuel ethanol either for the BEBReoLCFS does come at a cost
to the poor. My PE model projects that the policy alone vaise sorghum prices by 39%

4. Domestic molasses ethanol will not make a significantrdaution to reducing India’s oil
imports because even if all the domestic molasses capaagyused to make fuel, only
4.5% of the nation’s gasoline demand would be displaced.

5. Domestic agriculture can be boosted most cost-effdgtiweencouraging producers to get
their fuel rated by low carbon fuel programs like the LCFS argdort their fuel to these
markets. Forcing domestic use of molasses ethanol is eixpersd does not help reduce
foreign oil dependence.

7.4 My View on the use of Biofuels in Low Carbon Fuel
Programs

In this section, | elaborate on the opinion | stated in Chaptdat crop-based biofuel producers
should bear the burden of proof on the use of their fuel in lavbon fuel programs. First and
foremost, even if you are of the view that carbon fuel progratmould be concerned with GWI
alone, Plevin et al (2010) [Plevin et al., 2010] have shovat the probability distribution of

ILUC GHG emissions of crop-based biofuels are skewed hg&vilhe right making them much
more likely to be worse than currently assumed. If you adree] do, that the LCFS and similar
programs while remaining primarily concerned with carb&imuld consider other environmental
and social impacts when deciding how to deal with uncenantrounding a biofuel, then there
are other compelling reasons to make biofuel producersthedurden of proof for allowing

their product into the LCFS.

The ecological impacts of biofuels extend far beyond ILUithekte damage

[Fargione and Plevin, 2010]. Their water demand is subisticartd sometimes result in very
polluted runoff [Fingerman et al., 2010, Fargione and RIe2D10]. Specifically, the demand for
irrigation of first generation biofuel crops is higher on eage than many grain crops

[Service, 2009]. Biorefineries also emit substantial giti@stof air pollutants even if these are
not of the same magnitude as oil refineries.

Recent research has claimed that many cellulosic biofeglscike miscanthus and switchgrass
show a high propensity to become invasive species

[BARNEY and DITOMASO, 2008, Buddenhagen et al., 2009]. Wttgs is coupled with the
fact that both first and second generation biofuel crops ssecated with reduced levels of
biodiversity [Groom et al., 2008], purpose grown energypsrappear to be just as bad for the
local environment as any other crop.

Finally, while the economic effects of increased land cotitipa are much less certain than the
environmental impacts described above, a large scalesitiveof land from food to energy crops
will inevitably result in higher food prices. When even theewf molasses ethanol, a
non-crop-based biofuel can indirectly raise sorghum pgrittes hard to imagine how direct
competition for land by biofuel crops will not have a worsteet.
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7.5 Next Research Steps

| have formed a collaborative partnership with Dr. Sergiod@aat the University of Sao Paulo to
extend this work in two ways. Dr. Pacca and | are building amemic optimization model of
the entire Sao Paulo sugarcane sector that predicts thagirma quantities of sugar, hydrous
ethanol and anhydrous ethanol of each factory based onittesmf all three commodities. The
model will also be able to calculate the share of molassesane juice used for ethanol
production based on prices for sugar and ethanol. | planapleany ALCA model with this to
obtain an ALCA GHG emissions factor for each factory’s etfiamply based on sugar and
ethanol prices. Since prices are public information, thigled will be a useful tool for the
regulator to perform a first-order audit of each firm. Dr. Raand | are also going to extend the
same model to stochastically predict investment decisiotise Brazilian sugarcane sector.

| am also working with Dr. David Laborde and his team at IFPRbvare the developers of the
MIRAGE model, which is a dynamic CGE model with a focus on agjtural policy and trade.
We plan to include molasses as one of the commaodities in MIRAGto couple my PE model
with MIRAGE so we can have a model that has the granularitygo&Rd the completeness of
CGE.
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Table A.1: Indian Ethanol GREET Outputs and Calculations

India Sugarcane ethanol results from CA-GREET

LCA results from
sugarcane farming
before applying

LCA results from
sugarcane farming afte
applying downstream

LCA results from Ethanol
r manufacturing,
transportation and

LCA results from
ethanol storage

o and
downstream loss factof loss factor cells distribution cells fransportation
cells EtOH’AI197-210’ | EtOH'AI197-210" with | EtOH'AJ197-210’ with only (g/mmBtu
with region as SE Asia region as CA Petroleum region as CA Petroleum Anhyd)

(g/mmBtu Anhyd) (g/mmBtu Anhyd) (g/mmBtu Anhyd)
Loss factor 1.0
VOC 446.6 447.1 57.5 2.3
CO 5723.6 5729.4 93.5 6.5
NOx 303.6 303.9 144.3 57.6
PM10 490.6 491.1 113.7 4.3
PM2.5 246.4 246.7 54.2 3.2
SOx 68.0 68.1 18.9 14.2
CH4 206.0 206.2 39.3 3.4
N20 30.4 30.4 4.9 0.1
CO2 34173.9 34208.1 3251.5 3148.9
Total GHGs
(gCO2-eg/mmBtu) 48382.6 48431.0 5680.6 3255.3
Calculation of Gopal-Kammen Model parameters

U (gCO2-eqg/ton of cane) -
lifecycle GHG emissions
upstream of sugarcane facto

88633.1
ry

E (gCO2-egq/mmBtu anhyd
EtOH) - lifecycle GHG
emissions from ethanol

production only

2425.3

T (gC0O2-eg/MJ anhyd EtOH
- lifecycle GHG emissions
from the transportation and

distribution of ethanol only

3.1




Table A.2: ALCA Model Parameters for Indian Flex Sugarcaaetéry

Gopal-Kammen Model Parameters for India ALCA

U (gCO2-eqg/ton of cane) 88633.1 nl (tqn; O.f fermentable sugars 0.13
in juice/ton of cane)
ns (tons of sucrose in final
S (g CO2-eg/ton cane) - not 3700.0 sugar/ton of sucrose into | 0.86
from CA-GREET, see papel sugar factory)
for source
ne (dry tons of EtOH/ton of
E (gCO2-eg/mmBtu of anhyd 2425.3 fermentable sugars into 0.48
EtOH) distillery)
Lower heating value of anhyd
T (gCO2-eg/MJ of anhyd 3.1 EtOH (mmBtu/dry ton EtOH) 25.4
EtOH)
ms (tons of sucrose in final
Average Ps (INR/ton of | INR 17,864.49 sugar/ton of final sugar 0.95
sugar) in Indian Market for product)
06-07 season
mm (tons of fermentable
Average Pm (INR/ton of INR 2,477.90 | sugars in std molasses/ton ¢of 0.50

standard molasses) in Indig
for 06-07 season

1

std molasses)
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Table A.3: Sugar, Molasses and Ethanol Yields from a FulgxiEle Indian Factory

Yield of raw sugar, standard molasses and Hydrous Ethamebkponse to fraction of cane

juice senttom

ake sugar

Fraction of cane juice

sent to make sugar
with rest going
directly to EtOH

Raw Sugar Yield (tons
of raw sugar/ton of

5 Molasses Yield (tons
of standard

EtOH yield (liters of
hyd EtOH/ton cane)

distillery (for India = cane) molasses/ton of cane)

1)

1 0.118 0.036 114
0.9 0.106 0.033 18.4
0.8 0.094 0.029 25.4
0.7 0.082 0.025 32.3
0.6 0.071 0.022 39.3
0.5 0.059 0.018 46.3
0.4 0.047 0.015 53.3
0.3 0.035 0.011 60.3
0.2 0.024 0.007 67.3
0.1 0.012 0.004 74.3

0 0.000 0.000 81.3
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Table A.4: Brazilian Ethanol GREET Outputs and Calculadion

Brazil results from CA-GREET

LCA results from
sugarcane farming
before applying

LCA results from
sugarcane farming afte
applying downstream

LCA results from
r Ethanol manufacturing
transportation and

LCA results from
ethanol storage

o and
downstream loss factof loss factor cells distribution cells fransportation
cells EtOH’AI197-210’ | EtOH'AI197-210’ with | EtOH'AJ197-210’ with only (g/mmBtu
with region as SE Asia region as CA Petroleumregion as CA Petroleum Anhyd)

(g/mmBtu Anhyd) (g/mmBtu Anhyd) (g/mmBtu Anhyd)
Loss factor 1.001

VOC 734.1 734.8 57.6 2.7

CO 9606.5 9616.1 91.8 8.1

NOx 301.8 302.1 149.0 65.7

PM10 813.5 814.4 110.1 4.5
PM2.5 406.9 407.3 52.5 3.4

SOx 47.5 47.6 19.2 14.7

CH4 291.1 291.4 39.2 4.6

N20 21.5 215 4.7 0.1

CO2 8340.6 8349.0 3818.4 3707.3

Total GHGs
(gCO2-eg/mmBtu) 22033.6 22055.6 6193.4 3848.8
Calculation of Gopal-Kammen Model parameters

U (gCO2-eqg/ton of cane) -
lifecycle GHG emissions
upstream of sugarcane facto

ry

40404.2

E (gCO2-egq/mmBtu anhyd
EtOH) - lifecycle GHG
emissions from ethanol

production only

2344.6

T (gC0O2-eg/MJ anhyd EtOH
- lifecycle GHG emissions
from the transportation and

distribution of ethanol only
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Table A.5: ALCA Model Parameters for Flex Brazilian Factory

Gopal-Kammen Model Parameters for Flex Brazilian Factory

j (tons of
U (gCO2-eq/ton of 40404.2 fermenntable sugars ir 0.14
cane) .
juice/ton of cane)
S (g CO2-eg/ton cane ns (tons of sucrose in
- not from final sugar/ton of
CA-GREET, see 3700.0 sucrose into sugar 0.86
paper for source factory)
ne (dry tons of
E (gCO2-egq/mmBtu EtOH/ton of
of anhyd EtOH) 2344.6 fermentable sugars 0.48
into distillery)
Lower heating value
T (gCO2-eg/MJ of 36 of anhyd EtOH o5 4
anhyd EtOH) ' (mmBtu/dry ton '
EtOH)
Ps (US$/ton of sugar ms (tons of sucrose ir
in Sao Paulo $330.00 final sugar/ton of final 0.95
Mercantile Exchange sugar product)
mm (tons of
Pm (US$/ton of $90.00 fermentable sugars ir 0.50

standard molasses)

std molasses/ton of

std molasses)
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Table A.6: Sugar, Molasses and Ethanol Yields for Flex BiaziFactory

Yield of raw sugar, standard molasses and Hydrous Ethamekponse to fraction of can

juice senttom

ake sugar

Fraction of cane juice

sen_t to make Sugart paw Sugar Yield (tons Molasses Yield (tons EtOH yield
with rest going of raw sugar/ton of of standard (Iiters of hyd
directly to EtOH EtOH/ton
- cane) molasses/ton of cane)
distillery (for Sugar cane)
Group=1)
1 0.127 0.039 12.3
0.9 0.114 0.035 19.8
0.8 0.101 0.031 27.3
0.7 0.089 0.027 34.8
0.6 0.076 0.024 42.4
0.5 0.063 0.020 49.9
0.4 0.051 0.016 57.4
0.3 0.038 0.012 64.9
0.2 0.025 0.008 72.5
0.1 0.013 0.004 80.0
0 0.000 0.000 87.5
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Appendix B

Full CLCA Model MATLAB Source Code

B.1 The PE Model Function Code

function F = pemodv2( moletghg,QmO0607,Qfem,Jmfe,Jmdimg,gbe,Cbenf,Qgto)
%pemod PE Model of molasses related markets in India

F = [moletghg(1) - Qm0607;

moletghg(2) - (Qfem/Jmfe);

moletghg(1) - moletghg(2) - moletghg(3);

moletghg(4) - Imsbe*moletghg(3) - Jgbe*moletghg(5); @gihg(6)+Chg)/Jgbe -
moletghg(7)/Jmsbe;

(moletghg(6)+Chg)/Jgbe + Cbenf - moletghg(8); moletgheg(8.345e7*moletghg(8) - 3.1e9;
Qgto + moletghg(5) - 171.4*moletghg(6) - 5.9€6];
end

B.2 The PE Model Solving Code

clear all;

QmO0607 = 10.7€6;
Qfemdt = 1906€6;

Qfem = Qfemdt + 267.1€6;
Jmfe = 204;

Jmsbe = 214;

Chg = 1050;
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Jgbe = 350;

Cbenf=09;

Qgto = 7.4e6;

moletghg0 = [10.7e6; 1.309e6; 9.346e6; 2e9; 0; 8634.72] 2420.58];
options=optimset('Display’,iter’yMaxFunEvals’, 1@D, MaxIter’,2000);

fn = @(moletghg)pemodv2(moletghg,Qm0607,Qfem,Jmfehén@hg,Jgbe,Cbenf,Qgto);
[moletghg, fval] = fsolve(fn,moletghg0,options)
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