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Abstract

The process simulation technique is integrated lifidocycle assessment (LCA) in
this study to reduce biased parameters in procesa dollection and perform a fair
comparison among different processes. Bioetharmdymtion processes from cassava, cane
molasses, and rice straw are studied as an exanglshow the usability of process
simulation. The simulation results are comparedh\aittual bioethanol plant data to validate
the reliability of the technique. The study is angwehensive LCA comparison, based on
unbiased process data from simulations, and mininvaniations in other settings, i.e.,
process fuel type, waste recovery options, etc.rélelts show that cleaner process designs,
using simulations with renewable process energysasthinable waste recovery, improve the
energy efficiency, renewability, and environmenmntdlenign aspects of the three bioethanol
feedstocks. Bioethanol from cassava shows the Wasies of net energy ratio (1.34),
renewability (5.16), and reduced greenhouse gasstonis (410 kg COeq/1,000 L). The
unbiased LCA results from net energy analysis, anglironmental impact assessment,
including emissions/hotspot identification and $visy analysis, are comprehensively
discussed. The simulation technique in this stuglyalso adaptable for future LCA of

new/modified processes.

Keywords. Process simulation, Unbiased LCA comparison, Biaath production, Cassava,

Cane molasses, Rice straw



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

1. Introduction

Life cycle assessment (LCA) is a systematic teamigp analyze environmental
impacts and sustainability improvement approacbeproduction processes (Zidoniene and
Kruopiene, 2015). Recent developments in methodeddgave provided standard guidelines
to effectively conduct LCA (Owsianiak et al., 201Kpwever, conventional inventory data
collection methods for actual production processfd are time consuming and require large
amounts of data through questionnaires, surveyabdses, etc. (Kalakul et al., 2014). These
inventory data undergo variations in different protion process plants due to biased
parameters: plant design, age of individual plagffs;iency degradation based on various
locations/technologies used, production scalegylakills, waste recovery practices applied,
etc. (Silalertruksa and Gheewala, 2009). A faileat@on of LCA among different
production processes needs to minimize these brasadurements. Chemical process
simulation provides unbiased material/energy dafaaduction processes with reduced time
and resource utilization for inventory data coliect(Quintero and Cardona, 2011).
Simulations have the flexibility of effective prasedata predictions based on proper
thermodynamic properties, design parameters, amglgaant conditions for individual plant
designs. In addition, pre-production/modified psxelants can be easily predicted using
simulations to integrate/modify different altermatiscenarios (Kiwjaroun et al., 2009). For
example, additions of new materials, technologes|, recycling options into different
processes can be easily performed, to evaluateltbeefits and decision planning for the
industry (Spengler et al., 1998). Therefore, thislg focuses on using the process simulation
technique to conduct a fair evaluation of LCA favdihanol production from three
agricultural feedstocks, i.e., cassava, cane mggassd rice straw. The reported data on
actual bioethanol plants in the literature areHertutilized to validate the reliability of the

simulation technique.
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Cassava, cane molasses, and rice straw are fagdmaeithanol feedstocks due to less
competition for availability, food security, andittvation land occupation, compared to other
crops (Gadde et al., 2009; Prapaspongsa and Glee2@dl6; Silalertruksa and Gheewala,
2010). Bioethanol production from cassava, caneassas, and rice straw comprises four
main product stages: 1) feedstock cultivationy@ysportation of feedstocks from farm to
factory, 3) feedstock preparation, and 4) bioethaooversion from prepared feedstock to
the final product at factory gate. The cultivatginges of these three feedstocks involve
agrochemicals production/application and energyoorption by diesel-operated farming
machinery (Papong and Malakul, 2010; Silalertruksa Gheewala, 2013; Silalertruksa et
al., 2015). The transportation stages share migelistribution using diesel trucks (Delivand
et al., 2011; Nguyen and Gheewala, 2008; Nguyeah ,e2007a). The feedstock preparation
stages contain uncomplicated mechanical operatmitiéng, chopping, drying, etc. These
product stages consume relatively low amounts efggncompared to the bioethanol
conversion stages (Nguyen et al., 2007b; Nguyeah ,e2008; Silalertruksa and Gheewala,
2013). The unbiased material and energy data stttieee product stages can be easily
determined using widely available inventory datarses. However, the bioethanol
conversion stages of the three feedstocks inclistect process operations. The available
inventory data from individual bioethanol plantdchmany biased measurements
(Silalertruksa and Gheewala, 2009). The bioetheaoVersion stage is the most decisive for
LCA because, it contributes the majority (60-80%ihe total net energy inputs and
environmental impacts (Saga et al., 2010; Silalesa and Gheewala, 2009). Therefore, the
goal of this study is to evaluate LCA with unbiagedcess data of bioethanol conversion
stages using the process simulation technique., inasess simulation can facilitate
unbiased analysis of net energy balance, life ogulegronmental impacts, and sensitivity

parameters.
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Recent studies have conducted individual environat@ssessments on bioethanol
production from cassava, cane molasses, and rene §Papong and Malakul, 2010;
Silalertruksa and Gheewala, 2013; Silalertruksal.e2017). Few studies in the literature
compared bioethanol production from cassava and carlasses (Silalertruksa and
Gheewala, 2009). The existing assessments are basedividual plant designs, unequal
unit bases, and different impact assessment metwd®ll as distinctive scenarios on
different feedstocks. For example, bioethanol cosiga processes from cane molasses and
rice straw are fueled by renewable biowaste/biogesvery within the same process
(Silalertruksa and Gheewala, 2013; Silalertruksa.e2017). In contrast, bioethanol
conversion from cassava has utilized non-renewialels (Papong and Malakul, 2010). The
variations in process fuel type, waste recovergtmas, and biased process data can lead to
an unfair LCA comparison among different feedstpakcesses. No study has been reported
on the unbiased LCA comparison of bioethanol prtdadrom cassava, cane molasses, and
rice straw using the process simulation technidgherefore, this paper introduces the
usability of the process simulation technique fQAL In this study, the unbiased process
data from chemical process simulations with an leguid basis, unvarying impact
assessment method, and minimum variations in ypel/tvaste recovery provide a method to
conduct a fair comparison among the three bioethamogesses. In addition, this study
shows how the simulation technique can be introdwoe&lesign cleaner production
processes/scenarios for pre-production/modifiedgsse plants in different case studies.
Thus, process simulation based LCA in this studyalao be applied for a fair comparison of

other production processes.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2. Materials and methods
2.1 Goal and scope definition

This study adopts the ISO 14040/44 framework as. @¥ methodology (Guinee,
2002). Figure 1 shows the defined cradle-to-gaséesy boundary for bioethanol production
from cassava, cane molasses, and rice straw. Teédoal unit (FU) is 1,000 L bioethanol
at 99.7 vol% purity for all inventory calculationBhe cultivation yields (kg/ha), feedstock
inputs (kg/1,000 L), and inventory data for cultiea, transportation, and feedstock
preparation stages of the three bioethanol feekistaie selected from referenced data
sources (years 2007-2017) related to Thailandhewisin Table S1 in the supplementary
material. Inventory calculations consider real pmions of the feedstock used for bioethanol
production in each product stage. The cultivatimhdyof cassava is entirely utilized for
bioethanol production. However, cane molassex@@roduct of sugar manufacturing using
sugarcane harvest. Hence, an allocation factor2¥ i@ used to calculate the inventory data
for cultivation, transportation, and feedstock @ugion stages of bioethanol from cane
molasses (Silalertruksa and Gheewala, 2009). Riaw $s also a by-product from paddy rice
cultivation stage, where an allocation factor df3is applied for inventory data calculations
(Silalertruksa and Gheewala, 2013).

Figure 1 (P26)

The data of bioethanol conversion stages are etealussing chemical process
simulations. All inventory results are convertetbithe FU basis and exported to the
SimaPro 8.2 LCA software in order to perform LCAabysis. The ReCiPe midpoint (H)
V1.12 method is used for environmental impact assest (Goedkoop et al., 2008).
Environmental impacts are compared among the thoethanol feedstocks using case-
specific normalization, i.e., percentage of diwislwy-maximum (Norris, 2001). The airborne

pollutants (CQ, SG, NG, particulates, etc.), waterborne pollutants (tesaphosphorous,
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etc.), and soil pollutants (herbicides/pesticidesgvy metals, etc.) are considered as major

life cycle environmental emissions. Unbiased catahs/simulations in this study utilize the

following literature based assumptions.

1.

2.

The carbon neutral rule is applied for biogenic;@®issions (Neamhom et al., 2016).
In herbicides/pesticides application, 100% of activgredients are considered as
emissions into agricultural soil, and their toxydinpacts are evaluated using the
specified characterization factors in the ReCiPépwint (H) V1.12 method
(Rosenbaum et al., 2015).

Agricultural residues and process wastes from eamtthanol process are reused as
much as possible, to manure the same cultivatiotsland supply energy for the same
process (Numjuncharoen et al., 2015; SilalertraétshGheewala, 2011).

Human labor and socio-economic influences on tiseegy boundary are excluded, as
the study is focused on the environmental perspe¢Bapong and Malakul, 2010).

In the scale of study, negligible effects are coased from the infrastructure processes
(Silalertruksa and Gheewala, 2009).

Fermentation efficiency at 90% and dehydratiorcedficy at 99% are maintained for
the same degree of bioethanol separation amorthitbe feedstock processes (Sriroth
et al., 2010; Yoswathana et al., 2010).

Wastewater from all bioethanol processes are uldataipflow anaerobic sludge
blanket (UASB) reactors. The Gldmounts in recovered biogas from each process are
calculated using Equation 1 (Moriizumi et al., 212

CH,4 amount = Wastewater volume x COD x 0.3 x 0.8 Equation 1

Zero wastewater release to the environment is densil, as the treated water is reused

for onsite cooling water (Silalertruksa et al., 21
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8. Recovered biogas from anaerobic treatments aretassmhenerate heat and electricity
for the same bioethanol conversion processes. @hainder of the process energy
requirements are fulfilled by in-plant energy cogetion using renewable fuels, such
as waste wood chips/rice husks, surplus bagassetiesh, and lignin/solid residues,
for bioethanol from cassava, cane molasses, aadtiaw, respectively (Delivand et
al., 2012; Nguyen et al., 2010; Numjuncharoen eP8l15). Biogas and solid fuels are
burned in separate boilers.

9. Surplus electricity after individual plant consumoptis credited to Thai grid-mix
electricity (Gheewala et al., 2011, Krittayakasemalg 2011).

10. The environmental credit for avoiding open fieldring is cancelled out by the
opportunity loss of using for manure, because pfyapg rice straw for bioethanol

production (Silalertruksa and Gheewala, 2013).

2.2 Literature based energy and emission calculations

This study assumes that all farming machinery @d$&tock cultivation, trucks in road
transportation, and post-harvest preparation mashionsume diesel as the fuel, according
to previous studies in Thailand (Silalertruksa &taeewala, 2009). The energy of diesel
consumption Epjes) is calculated using Equation 2 (Thailand Enviremtinstitute (TEI),
2001). The diesel volumes for cultivation and postvest preparation machines are in the
data sources shown in Table S1 in the supplementatgrial. The diesel volumes for road
transportation are calculated using Equation 3.
Epiess = 44.5 (MJ/L) xDiesel volume (L) Equation 2

Distance (km) X Material amount (tonne)

Diesel volume (L) = Equation 3

Truck fuel economy (kTm) X Truck capacity (tonne)
Many agrochemicals for feedstock cultivation andyemes/chemicals for bioethanol

conversion are imported materials to Thailand (&iteuksa and Gheewala, 2009). Energy

8
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consumption for their production are retrieved frimreign databases, as listed in Table S2 in

the supplementary material. Average energy consomfdr nautical transportation

(Enauica) from foreign countries to Thailand is calculatesing Equation 4 (Papong and

Malakul, 2010).

Enauticas = 6,000 (km) x 0.08 (MJ/tonne-km)Material amount (tonne) Equation 4
Emissions to air, water, and soil from agrochensiegdplication in the cultivation

stages are calculated, based on the methodologynsinolTables S3 and S4 in the

supplementary material (Agri-footprint, 2015). Tald5 in the supplementary material lists

the factors to calculate emissions from combusticinansportation fuels.

2.3 Process simulation based data
2.3.1 Process simulations of bioethanol conversion stages

Bioethanol conversion processes from prepared feekisto the final product are
separately modeled in the Aspen Plus V 9.0 (20i&)gss simulation software. All
simulations of the bioethanol conversion procefsgs cassava, cane molasses, and rice
straw utilize the RadFrac rigorous distillationwoin model for distillation processes, the R-
Stoic reactor model for simultaneous saccharifocaind fermentation (SSF) operations,
including other utility equipment models. The NR{rlon-random-two-liquid)
thermodynamic property method is applied for atigiations at standard operating
conditions of actual bioethanol plants. Table SBasupplementary material indicates the
feedstock compositions, operating conditions, dedchemical reactions applied in
simulations. After fermentation operations, extractistillation with ethylene glycol is
selected for bioethanol dehydration to purify bin@etol to 99.7 vol% (Kumar et al., 2010).
The simulation results, including ethylene glycake-up flow (as the net input), and process

energy are used in LCA evaluation.
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2.3.2 Process ener gy calculations

The simulated process energy requirements areisdpging combined heat and
power (CHP) cogeneration, which is an efficient alener energy production technique
(Nielsen et al., 2010). The amounts of processggngeneration are calculated based on
efficiencies of the cogeneration units and averagging values of the selected fuels,
indicated in Table S7 in the supplementary matefiaé emissions from cogeneration are

calculated using the factors listed in Table S&ensupplementary material.

2.4 Scenario description
(a) Base case

The defined system boundary in Section 2.1 is clamed as the base case of
bioethanol production for the three feedstockdia study. The key feature of the base case
is, the entire process energy supply using biofugitsgas from wastewater treatment can
supply a portion of the required process energwliahree bioethanol conversion stages.
The remaining process energy requirements canltiéetliusing surplus bagasse with cane
trash for bioethanol from cane molasses (Silalksaet al., 2017), and using lignin with
solid residues for bioethanol from rice straw (RDefd et al., 2012). However, bioethanol
conversion from cassava requires an external Hibke&ewaste wood chips/rice husks in
order to satisfy the full mode of renewable proassrgy in the base case. Thus, wood
chips/rice husks transportation to the factory comss an additional amount of diesel. In
addition to the base case, two other scenarionésios 1 and 2) are considered by making a
total of 9 different scenarios to conduct compranenLCA. Unbiased alterations are
applied to the base cases of the three feedstocegses to obtain Scenarios 1 and 2 for a

fair comparison.

10



10

11

12

13

14

15

16

17

18

19

20

21

22

(b) Scenario 1 for non-renewable process ener gy supply

Many existing bioethanol production plants stilyren coal as the primary fuel for
process energy (Nguyen et al., 2008; Papong andkdi&l2010; Silalertruksa and Gheewala,
2009). Hence, Scenario 1 replaces the solid bisfwéh lignite coal to supply process
energy for bioethanol conversion stages of theetfgedstocks. Process energy from biogas
and other inventory in the base case are remaineldamged. In this study, Scenario 1 of
cassava, and base cases of cane molasses andaiceepresent the fuel type used in

existing bioethanol plants.

(c) Scenario 2 for waste recovery and toxicity evaluation

Agricultural residues and process wastes, suclssava stems/leaves, 50% cane
trash, vinasse, filter cake, and gypsum from theetlipioethanol processes are reused as
organic manure in the base case. The calculatiums that they can replace an average of
10% of chemical fertilizers for individual feedskocultivations (Silalertruksa et al., 2017,
Trivelin et al., 2013). In many LCA studies, thelheides/pesticides emissions into
agricultural soil are excluded from the emissiangentory due to the absence of a consistent
life cycle toxicity evaluation model (Rosenbaunakt 2015). Therefore, Scenario 2 is
considered with 10% of the chemical fertilizerslagpd by organic wastes, and zero
herbicides/pesticides emissions in all three fertsprocesses. Scenario 2 can also be

considered as a sustainability improvement optioritfe cultivation stages of all feedstocks.

11
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3. Results and discussion
3.1 Process simulation results

Figure 2 illustrates the detailed material flowgiams of bioethanol production from
(a) cassava, (b) cane molasses, and (c) rice sttavdiagrams show the results for
material/resource inventory flows related to afiquict stages (basis: 1,000 L at 99.7 vol%).
The major material/resource inventory flows are swamzed in Table S9 in the
supplementary material. The material/resourcezatiibn by the three feedstock processes are
compared. The comparison shows that in the culbinagtages, cassava conserves
herbicides/pesticides and diesel for farming maatyinand rice straw saves agricultural land,
crop water, and fertilizers. However, cane molassesumes relatively large amounts of
materials/resources in the cultivation, transpmtatand feedstock preparation stages. The
inventory results of cane molasses feedstock patiparincludes the allocated share of
process energy consumption to generate sugaryrap $pH adjusted and purified) after the
final centrifuge operation in the sugar refinerggess. The dash lines in Figure 2 demark the
boundaries of bioethanol conversion stages thag\akiated using process simulations.
Figure 2(a), Figure 2(b), Figure 2(c) (P27-P29)

The detailed process simulation flowsheets for thiameol conversion stages from (a)
cassava, (b) cane molasses, and (c) rice straghawen in Figure S1 in the supplementary
material. The simulation results for energy constiompby individual process operations are
also classified in Tables S10 to S12 in the supptegary material. The simulation based total
process energy consumption is, 12,986 MJ for casda8;868 MJ for cane molasses, and
23,170 MJ for rice straw, to produce 1,000 L bieeihi at 99.7 vol%. The results are
compared with referenced LCA studies related tteceht locations and bioethanol
feedstocks (years 2007-2017) as shown in Tablarstt# supplementary material. The

simulated process energy results in this studycqpprate the actual plant data reported for

12
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bioethanol from: cassava (Liu et al., 2013; Silaldksa and Gheewala, 2009), cane molasses
(Nguyen et al., 2008; Silalertruksa and Gheewd@92, and rice straw (Saga et al., 2010).
The use of energy efficient bioethanol separatmhmologies, such as SSF, extractive
distillation, pretreatment at low temperaturessimulations of this study have resulted in
slightly decreased process energy consumption, ameddo some case studies (Khatiwada et
al., 2016; Papong and Malakul, 2010; Silalertrudesd Gheewala, 2013). Nonetheless, the
simulated process energy results in this studyvéten the process energy data ranges
reported in the literature, i.e., 10,000-20,000fbtJcassava, 15,000-27,000 MJ for cane
molasses, and 10,000-30,000 MJ for rice strawspeetive of location/yield parameter
variations (Khatiwada and Silveira, 2009; Le et2013; Soam et al., 2016). Therefore, the
reliability of the process simulation techniquehrs study is validated to obtain unbiased
process data for a fair LCA evaluation.

The unbiased material/energy results from processlations, along with other
inventory results, are analyzed for energy efficigmenewability, and environmental
impacts. The comprehensive LCA covers the resalisdsscussion: 3.2 net energy analysis,
3.3 environmental impact assessment, 3.4 envirotahemissions and hotspot analysis, and

3.5sensitivity analysis.

3.2 Net energy analysis

Table 1 indicates the net energy balance for tlse bases of bioethanol production
from the three feedstocks. The total net energytspre, 17,716 MJ for cassava, 29,260 MJ
for cane molasses, and 29,797 MJ for rice strasigb&,000 L at 99.7 vol%). The results
exhibit that cassava only consumes around 60%seoffattal net energy inputs with respect to
cane molasses and rice straw. The results also Staivihe total process energy consumption

is 73.3%, 64.5%, and 77.8% of the total net energyt for bioethanol from cassava, cane

13
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molasses, and rice straw, respectively. BioetheooVersion from rice straw is more energy
intensive than other feedstocks due to the enesggumption in pretreatment operations.
The energy performance indicators, such as neggmnvatue (NEV), net energy ratio (NER),
net renewable energy value (NRnEV), and renewsl§iRnh) are calculated for all scenarios
in Table 1, to study the energy performance otlinee feedstock processes.

Table 1 (P31)

The results in Table 1 show that the base caske®ethanol from cassava and cane
molasses have net energy gains, with positive gsadfi&lEV (5,733 MJ and 2,774 MJ) and
NER > 1 (1.32 and 1.09). In contrast, bioethanmirfirice straw indicates a net energy loss,
implied by NER < 1 (0.85). However, all three feted&s display renewability gains in the
base case, denoted by positive NRnEV and Rn >d.1008% use of renewable process
energy is the key reason for the renewability gdirespite the additional diesel consumption
for wood chips/rice husks transportation, bioethdmom cassava demonstrates an enhanced
renewability of 4.96, which is above 1.5 times g¢eeghan that of other two feedstock
processes. The non-renewable energy shares reiatilie total net energy inputs in the base
cases, are 26.7%, 35.5%, and 22.2% for bioethaowl €assava, cane molasses, and rice
straw, respectively. Even though the non-renewabérgy share is high for bioethanol from
cane molasses, there is a greater NRnEV in thedassedue to the surplus energy from
bagasse and cane trash.

In Scenario 1, all energy indicators drop off assult of the lignite coal usage for
process energy. The results show that cassavdiltdrolsl a net energy gain (NER>1) while
cane molasses and rice straw undergo net energgsloSassava shows a renewability gain
of Rn =1.21) in Scenario 1, where cane molass&srabalmost complete renewability (Rn

1. In Scenario 2, the energy indicator resultslideadstocks exhibit increased values

14
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compared to the base case. Bioethanol from cass&@enario 2 obtains the best values of
1.34 for NER and 5.16 for Rn.

Energy indicator results of all scenarios in thiglg show improved NER and Rn for
cassava compared to related studies in the literailne NER and Rn for Scenario 1 of
cassava approximate the values of actual bioethdanots reported in (Papong and Malakul,
2010) and (Silalertruksa and Gheewala, 2009), ctisiedy. However, the NER and Rn for
the base case and Scenario 2 of cassava are gheatehe values reported in the literature.
In addition, bioethanol production from cassavthis study demonstrates an enhanced
renewability, relative to LCA studies of many otliest generation bioethanol feedstocks,
such as cane molasses, maize, sugar beet, andmmatet (Foteinis et al., 2011; Persson et
al., 2009; Silalertruksa and Gheewala, 2009; Warad. £2013). Assessments in the literature
reported that cane molasses and rice straw are energy efficient and renewable
bioethanol feedstocks than cassava (SilalertrukdaGneewala, 2009; Silalertruksa and
Gheewala, 2013). Comparison among individual stidredifferent bioethanol feedstocks is
unfair due to availability of many biased param&tétence, the process simulation based
energy analysis in this study provides useful figgdi for decision making, i.e., the effect of
biased parameters on different processes, unbfasddtock selection, cleaner process

designs, etc.

3.3 Environmental impact assessment

Table 2 indicates the scenario-based environmengalct results of ten major impact
categories for bioethanol production from cassasage molasses, and rice straw (basis:
1,000 L at 99.7 vol%). The results show that cassav¥he base case with renewable process
energy contributes low environmental impacts, combao cane molasses and rice straw.

Starting with the base case of cassava, the clioketege, acidification, and fossil depletion
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impacts are 425.1 kg G@q, 7.0 kg S®eq, and 93.7 kg oil eq, respectively. The resafits
Scenario 1 in Table 3 show that non-renewable fioelprocess energy increase many
environmental impacts. For example, the climatengkaacidification, and fossil depletion
impacts in Scenario 1 of bioethanol from cassaedrarreased to 1,703.6 kg €€xq, 24.9 kg
SO, eq, and 437.6 kg oil eq, respectively. Unlikehia base case, cane molasses shows a
lesser climate change impact of 1,637.1 kg €EQin Scenario 1, compared to that of
cassava. One of the reasons for this lesser cliomatege impact is the relatively low amount
of lignite coal utilization in Scenario 1 by canelasses. Eutrophication and ecotoxicity are
the only impact categories that show insignificatminges in Scenario 1 compared to the base
case.

Table 2 (P32)

Results in Table 2 show that the extent of agroet@mapplication in the feedstock
cultivation stages is also a key factor for toxicrhpacts. The toxicity impacts of all
feedstock processes drastically decrease in Soealtie to zero herbicides/pesticides
emissions, compared to the base case. For thethgeethanol from rice straw, the toxicity
impacts are diminished in Scenario 2, i.e., hunoaicity from 81.2 to 31.3 kg 1,4-DB eq,
terrestrial ecotoxicity from 371.8 to 0.4 kg 1,4-[@B, and freshwater ecotoxicity from 60.1
to 1.2 kg 1,4-DB eq. Hence, this study suggestayta evaluate the net toxicity potentials
of herbicides/pesticides emissions in LCA rathantthe conventional method of excluding
them from the emissions inventory. In addition,r&s® 2 shows a considerable decrease in
eutrophication impacts due to the chemical fediieing replaced by organic wastes. For
bioethanol from cane molasses in Scenario 2, #shivater eutrophication decreases from
1.0 to 0.9 kg P eq, and marine eutrophication dsa®from 10.5to 9.5 kg N eq.

This study has identified the environmental bemgtentials of bioethanol production

from cassava, cane molasses, and rice straw witiased scenarios of fuel type and waste
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recovery, compared to the literature. The clim&i@ge impact (410 kg G@q/1,000 L) for
bioethanol from cassava in Scenario 2 is the mogat@nmental benign, relative to many
LCA studies on different bioethanol feedstocks éhus et al., 2011; Garcia et al., 2011; Le
et al., 2013; Macedo et al., 2008; Persson e2@09; Wang et al., 2013). The climate change
impacts in Scenario 1 of cassava and cane molass@dso less severe compared to the
results from similar studies that used coal asoagss fuel (Nguyen et al., 2008; Papong and
Malakul, 2010). The impact results for bioethamoh cane molasses in this study are close
to those reported in (Silalertruksa et al., 201ithwhe ReCiPe impact assessment method.
However, most of the individual assessments iditbature have followed different impact
assessment methods (CML, IMPACT 2002+, etc.), hedrpact results are not comparable
among cassava, cane molasses, and rice straw. Heiscgudy offers an unbiased
comparison of environmental assessments amongrde production processes with cleaner
bioethanol plant designs using the process sinomaéchnique.

Figure 3 shows the relative environmental impaatgtie base case of bioethanol
production from cassava, cane molasses, and ra.sthe relative impacts were obtained
by computing the percentage of division-by-maximiemthe impact results in Table 3. The
results indicate that all the relative impactstf@ base case of bioethanol from cassava are
less than 80%. Bioethanol from cane molasses ledsighest severities (100%) of freshwater
eutrophication, human toxicity, photochemical oxidformation, and fossil depletion.
Meanwhile, bioethanol from rice straw shows the insesere climate change, acidification,
and terrestrial ecotoxicity impacts in the baseecase severities of climate change impacts
in the base cases of cassava and cane molass¥¥&and 37%, relative to rice straw,
respectively. The environmental impact variation®ag the three feedstocks can be
correlated to the inventory results, using the mmmental emissions and hotspot analysis.

Figure 3 (P30)

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

3.4 Environmental emissions and hotspot analysis

Table 3 presents the total inventory results ofomanvironmental emissions from the
three scenarios of bioethanol production from casseane molasses, and rice straw on the
basis of 1,000 L at 99.7 vol%. Bioethanol from eassin the base case shows comparatively
lower emission levels than other two feedstock® fhatively low greenhouse gas emission
levels, (CQ of 230.7 kg, CHof 1.2 kg, NO of 0.6 kg, and Nglof 2.1 kg) have low climate
change impacts in the base case of cassava. Irasriiioethanol from rice straw in the base
case generates excessive greenhouse gas emisgiQiidt of 46.1 kg, NO of 0.9 kg, and
NH; of 7.7 kg, corresponding to a high climate changeact. In rice straw cultivation, CH
is formed under anaerobic conditions of floodeddyadkce fields, and BD and NH are
released due to nitrification processes afterlieetis application. The majority of GONG,
and SQ emissions in the base cases originate from dmseing in farming and
transportation operations. The relatively lowestssions of NQ (2.8 kg) and S©(0.3 kg)
in the base case of bioethanol from cassava ame#sens for the low terrestrial acidification
impact.

Table 3 (P33)

The results exhibit unfavourable GNCy, and SQ emissions in Scenario 1 of
bioethanol from all three feedstocks. For examible,CQ, NO,, and SQ emissions of
bioethanol from cassava increase to 1,445.3 kgk@.4nd 14.5 kg, respectively. The amount
of lignite coal burned for process energy is thispot for increasing the GONGy, and SQ
emissions. In comparison, cane molasses showseax 0@ emission of 1343.3 kg in
Scenario 1 that causes a lower climate change intipaic cassava. The particulates and
NMVOC levels are lower in Scenario 1 than those tdugiomass combustion for process
energy in the base case. However, the increasetsle/NQ and SQ emissions in Scenario

1 cause increased photochemical oxidant formatihparticulate matter formation for all
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feedstocks. The results also show that the nitetdsphosphorus emission levels in Scenario
2 of all feedstock processes decrease, compatéé tease case. Hence, the nitrates and
phosphorus emissions from chemical fertilizers i@ppibn have major contributions to the
eutrophication impacts. The herbicides/pesticigggieation, as well as heavy metals
leaching from chemical fertilizers, are the majovieonmental hotspots for toxicity impacts.
The scenario-based impact assessment and emissitsp®t analysis clearly
investigated the effect of biased settings witH fyge and waste recovery practices for a fair
LCA comparison of different bioethanol processds Tincertainty parameters also lead to
divergences in energy efficiency, renewability, @m¢ironmental impacts. Thus, life cycle
consequences due to variations in uncertainty petemnare discussed using sensitivity

analysis.

3.5 Sengitivity analysis

The process simulation based LCA can facilitateuthi@ased sensitivity analysis
even for multiple scenarios of different processeshis study, sensitivity analysis is
performed for the base case by varying three majoertainty parameters, i.e., cultivation
yield (tonne/ha), bioethanaol yield (L/tonne), arrdgess energy consumption (MJ/1,000 L).
The uncertainty parameters and their ranges fa@itpéaty analysis are determined, based on
the actual data reported in the literature (Taldl@ @ the supplementary material). These
parameter ranges and their integrated emissioeadh bioethanol process are defined in
SimaPro 8.2 LCA software and decreased/increaseatdingly for sensitivity analysis.

Table 4 indicates the sensitivity results of enwinental impacts, NER, and
renewability for parameter variations in the baggec The cultivation yield holds the highest
uncertainty, and the corresponding variation shewde impact ranges for all three

bioethanol processes. For example, bioethanol assava in the base case shows a climate
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change impact range of 360-569 kg £{#g/1,000 L for cultivation yield variation. Howaye
the corresponding sensitivity range is 394-506 K3 €g/1,000 L for bioethanol yield
variation and 418-427 kg G@q/1,000 L for process energy variation. Thush lsignsitivity
to cultivation yield implies that the majority oh@ronmental impacts of the base case in this
study originate from the feedstock cultivation ssg

Table 4 (P34)

Sensitivity analysis in this study also evaluatesdffect of biased settings (process
data, fuel type, waste recovery) in uncertaintyapaaters on environmental impacts, NER
and renewability. The results show that the biaathgield variation leads to the second
highest sensitivity, and the variations in proaassrgy consumption show narrow
environmental impact ranges in the base case. KHatbtzation of 100% renewable process
energy has decreased the sensitivity of procesggparameter towards the environmental
impacts. Nevertheless, the results exhibit higbtélations in NER when process energy
consumption is varied. A process energy decrease 20,000 to 10,000 MJ/1,000 L for
bioethanol from cassava improves the NER from @8679. In addition, all parameter
variations in the base cases of the three feedstaatain similar sensitivity ranges for the
renewability. Collaborative improvements in botklgiand process energy efficiencies are
recommended, to further promote the renewabilibusl the process simulation based LCA
in this study contributes effective decision makjolganer process designs, feedstock
selection, etc.) for sustainable bioethanol praduacin terms of energy and environmental

perspectives.
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Conclusion

This study shows that the process simulation tegleeffectively provides an
unbiased LCA comparison of different processes. siimeilation results, compared with
actual data in referenced studies, validate thahiéty of the technique. The unbiased LCA
analysis reveals useful findings for cleaner biaath production from cassava, cane
molasses, and rice straw. From the unbiased cosgmartassava is the most energy efficient,
renewable, and environmentally benign bioetharedi$éock, followed by cane molasses, and
finally, rice straw. The relatively low levels ofaterials utilization, energy consumption, and
environmental emissions in the inventory with reztlibiased parameters cause cassava to be
a superior bioethanol feedstock. Renewable prasesgyy, enhanced waste recovery, and
green manuring with low herbicides/pesticides is@re recommended to promote
renewability and mitigate the environmental impaxftbioethanol production from all three
feedstocks. This study contributes decision makinghe sustainability of future bioethanol
industry with cleaner production designs, i.e.diteck selection from unbiased energy and
environmental perspectives, renewable fuels focggs energy cogeneration, options for
maximum waste recovery, energy efficient ethanalvession technologies, etc. The process
simulation technique developed in this study cao &k applied to other case studies on
different processes/feedstocks, in order to obtaiw/modified plant designs and unbiased

inventory data for LCA analysis.
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Material / resources, energy Inputs Product stages

Emissions / wastes

Land Water Sunlight CQO, Used as manure

I S S T

Fertilizers : 50% cane trash
Herbicides/pesticides — Cultivation and harvesting Aﬂ?ﬁ?]
Diesel for machinery (cassava / sugarcane / paddy rice) — e
Emissions to
. air/water/soil
Diesel for trucks —» Transportation Cassava / sugarcane / rice straw
(Farm to factory) T
L4
Feedstock preparation Heat/electricity
Diesel for machinery —» e i
i 5 Y (Packaging, chopping, drying, sugar milling) cogeneration
o l Cassava / cane molasses / rice straw T
rocess water .
Chemicals —» . . b Biogas
Veesh Fozymes Bioethanol conversion <
. » B Recycled | Waste |
ﬁj?:e ihufkss — (Mixing, pre-treatment, hydrolysis, . water shudge
Coal Heat/electricity | — | liquefaction, simultancous saccharification & Distillery T
_’oa cogeneration fermentation, distillation, dehydration) spent wash
Anaerobic
E.nnssmm m, T | waste treatment
air/water/soil Bagasse, lignm/solid residues
Surplus electricity Bioethanol System boundary
(1,000 L at 99.7 vol%)

Figure 1: Cradle-to-gate system boundary for biaedth production
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N:133 kg, P:12.5 kg, K:15.7 kg

Fertilizers

Animal manure: 77.5 kg

Herbicides/pesticides

0.262 ha 2,394 n?

Paraquat: 0.5 kg
Glyphosate: 0.6 kg

Diesel for machinery: 12 L

Diesel for 10 tonne

\ 4
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Land Water Sunlight CO; Manure
v ¥ Y v ¥ 1,200 kg
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l
|
|
|
l
|
|
I
I
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Sun drying | Moisture 15 wt% | 4——| Chopping |«
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L h amehcion] 0 e Eroymes: 1.5 kg|
| > Mixin _— qulOJEfaCtlﬂﬂ G s Yeast: ls(j k -
| Process water 2 85 fc-’glha[m — | saccharification and Nuniehts J
| 7797 ke “30°C, 1 atm ‘_’ or 12,849 kg fer:neqtation (SSF) | 4 _
> Steam 30°C, 1 atmfor48 h
| Rfcg;??i water 1,000 kg Enzymes: 3.5 kg n =90% CO;
3 g
| Ethylene glycol 841 kg
| 599.6 k 12,008 kg | 7.3% (wiw
: 0.4k (wiw)
| 4 Ethanol
| 99.7% (v/v)
| Bioethanol €——— | Dehydration | ¢——— Distillation
| (1,000 L) 799 kg
| 86.4 kg | Spent wash 11,123 kg N
DDGS
Waste d chi ; i —» Animal feed
a;ii\;o}?uslislps Heavekoticiy | o Biogas (65% CHy) Anaerobic waste treatment 234 kg ce
cogeneration D 113 md
1,722 k
£ ¢ Emissions
— — — — Process simulation boundary

Figure 2(a): Material flow diagram for base caséiotthanol from cassava

(Basis: 1,000 L at 99.7 vol%)
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Fertilizers Diesel for transportation: 14.4 L (60 km)

N: 101 kg, P: 71.5 kg, K: 192 kg 1425ha 15,733 o7 Used as
[N:23.3 kg, P:16.5 kg, K:44.2 kg] [0.328 ha]  [3,619 m'] Mamire N: 4g/kg fertilizer
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Paraquat: 7.2 kg [1.7 kg] 13,766 kg
Glyphosate: 11.4 kg [2.6 kg] Su [3,166 kg]
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> 0.23 allocati — Emissi
Diesel for machinery: 167 L [38.4 L] (0.23 allocation) Endisinng 150%
Diesel for 15 t trucks @ 2.5 km/L
iesel for 15 tonne trucks @ » | Transportation Sugarcane Heaobonioty | —
Sugarcane 11574 L [362 L] (60 km) (Farm to ﬁiCtO[y) 987330 kg cogeneration SUI‘]I)]US
Cane trash: 11.3 L [2.6 L] (60 km) [22,616 kg] electricity
Cane molasses ?
Emissions 4,445 kg, Syrup 80 wt% Sugarmilling | Suplusbagasse  Filter cake
Sucrose: 35 wt% process Raw sugar 15,127 ](g 37857 kg
Glucose: 8 wt%o (023 allocation) | —» "o [3479kel [887 kg]
______ Froctose: 10wt%_ _ _ — — _—_— —_ _ _ %
r Enzymes:2.5kg |  Mixing and };_251?4¢ Yeas_t |
| ‘ k' hydrolysis E_ Fermentation g uients |
| Process water: 6,340 § 60 °C, 1 atm pH adjustment R 30°C, 1 atm for 48 h 10 kg |
2h 9
| —»| for v 12017kg o, |
| Recycled water Precipikation: 51 ke 1 =90% b |
| 1,259 kg 857 kg
| 599.6 kg Ethylene ghyeol 11,160 kg | (i) |
| l l 0.4 kg Ethanol :
| 99.7% (v/v)
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| ? 10,275 kg |
||, —— =t ey~ DI =]
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— Biogas (65% CHy) Anaerobic waste
Heat’ele§if}01ty < treatment 11,000L  N:1l.6kg
cogeneration 95 P:1.0 ke
¢ Enussions K:34.1 kg

= — = = Process simulation boundary

Note: [ ] Values in brackets are the data with 0.23 allocation for cane molasses

Figure 2(b): Material flow diagram for base casdiokthanol from cane molasses

(Basis: 1,000 L at 99.7 vol%)
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Fertilizers

N:1199 kg P:35.0 kg, K: 17.6 kg
[N:15.6 kg, P:4.6 kg, K:2.3 kg
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Figure 2(c): Material flow diagram for base casdiokthanol from rice straw

(Basis: 1,000 L at 99.7 vol%)
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Table 1: Energy analysis for base case and scen@asis: 1,000 L bioethanol at 99.7 vol%)

Energy input/output Cassava Cane molasses$ Rice stra
(All units are in MJ) Total Non- Total Non- Total Non-
renewable renewable renewable

Cultivation stage
Fertilizers (NPK, manure) 1,881 1,881 3,893 3,893 ,78% 1,785
Herbicides/pesticides 501 501 2,343 2,343 1,806 06L,8
Farm machinery 534 534 1,709 1,709 970 970
Transportation stage
Feedstock transportation 534 534 1,849 1,611 489 9 48
Process fuel/waste transportation 267 267 757 757 07 1 107
Feedstock preparation stage
Preparation operations 757 757 9277 254 254
Bioethanol conversion stage
Chemicals 256 256 81 81 1,216 1,216
Energy production

Steam 11,929 23,764 21,014

Electricity 3,306 5,936 6,244
Energy consumptidn

Steafh 9,680 6,514 17,467

Electricit§ 3,306 2,837 5,703
Surplus energy

Steam 2,249 7,973 3,547

Electricity 2,861 541
Total net energy inputs 17,716 4,730 29,260 10,3929,797 6,627
Total net energy outptits 23,449 32,034 25,288
Total net bioenergy outplits 23,449 32,034 25,288
Indicator Cassava Cane molasses Rice straw

Base Scenario Scenario| Base  Scenario Scenario| Base Scenario Scenario
case 1 2 case 1 2 case 1 2

NEV? (MJ) 5,733 1788 5,921 2,774 (-9,826) 3,163| (-4,509) (-11,490) -4,331
NRnEV* (MJ) | 18,719 3,607 18,907| 21,640 980 22,029 18,661 (-6,918) 18,840
NER 1.32 1.09 1.34| 1.09 0.68 1.11 0.85 0.65 0.85
R’ 4.96 1.21 5.16| 3.08 1.05 3.20 3.82 0.75 3.92

Energy content of bioethanol = 21,200 MJ/1,000 detihanol (Silalertruksa and Gheewala, 2009).

®Process simulation based energy results.

®Total net energy outputs = 21,200 MJ + surplusg@ner

“Total net bioenergy outputs = 21,200 MJ + surpiogitergy

INEV

= total net energy outputs — total netrggenputs.

°NRnEV = total net bioenergy outputs — total nesfosnergy inputs.

'NER
Rn

= net energy outputs/net energy inputs.

= total net bioenergy outputs/total fassil energy inputs.
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Table 2: Scenario-based environmental impactsgbag00 L bioethanol at 99.7 vol%)

Base case Scenario 1 Scenario 2

Impact category Units Cane Rice Cane Rice Cane Rice
Cassava Cassava Cassava

molasses straw molasses straw molasses straw
Climate change kg CCeq 425.1 558.1  1,501.9] 1,703.6  1,637.1  3,660.7 410.2 05.75 1,488.7
Terrestrial acidification kg SLeq 7.0 14.3 22.2 24.9 25.6 51.4 6.6 13.4 21.8
Freshwater eutrophication kg P eq 0.7 1.0 0.8 0.7 1.0 0.8 0.7 0.9 0.8
Marine eutrophication kg N eq 8.5 10.5 12.4 8.7 10.6 12.9 8.0 9.5 11.3
Human toxicity kg 1,4-DB eq 30.0 94.7 81.2 38.1 100.6 94, 24.2 72.1 31.3
Photochemical oxidant formation| kg NMVOC 3.1 6.9 53 10.8 11.0 17. 3.1 6.6 53
Particulate matter formation kg PM10 eq 21 4.1 5.2 58 6.1 10.9 21 3.9 51
Terrestrial ecotoxicity kg 1,4-DB eq 15.0 117.3 371.8 15.0 117.3 371. 0.2 0.3 0.4
Freshwater ecotoxicity kg 1,4-DB eq 0.9 57.0 60.1 0.9 57.0 60. 0.3 0.6 1.2
Fossil depletion kg oil eq 93.7 168.1 116.0 437.6 437.2 692. 90.0 152.9 113.4
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Table 3: Major environmental emissions (basis: Q,D®ioethanol at 99.7 vol%)

Emissions Base case Scenario 1 Scenario 2
(All units are in kg) Cassava Cane Rice Cassava Cane Rice Cassava Cane Rice
molasses straw molasses straw molasses straw
CG, 230.7 307.8 217.5 1,445.3 1,343.3 2,270.8 224.6 2.127 214.4
Cco 2.1 3.6 4.0 1.9 2.9 34 2.1 35 4.0
CH, 1.2 15 46.1 1.3 15 46.2 1.2 14 46.1
NO 2.8 6.3 4.3 9.4 9.7 15.0 2.8 6.1 43
N,O 0.6 0.7 0.9 0.6 0.7 0.9 0.5 0.7 0.8
NH3 2.1 3.6 7.7 2.1 3.6 7.7 1.9 34 7.5
SO, 0.3 1.8 1.0 145 11.3 24.6 0.3 1.8 1.0
NMVOC? (x10°) 171.3 190.3 285.2 123.3 180.4 183.9 170.1 168.6 84.82
Particulates (x18) 818.7 1,230.4 1,590.3 303.3 724.6 478.4 816.1 1615 1,589.1
Heavy metals (x18) 41.8 104.5 435 43.6 105.8 46.5 37.9 94.8 39.6
Herbicides/Pesticides 11 6.2 4.8 11 6.2 4.8 - - -
Nitrate 35.5 43.1 50.2 35.5 43.1 50.2 33.7 38.8 345.
Phosphorous 5.9 8.9 4.1 5.9 8.9 4.1 5.4 8.2 3.9

®Non-methane volatile organic compounds
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Table 4: Sensitivity analysis for base case (bds@0 L bioethanol at 99.7 vol%)

Varied by cultivation yield Varied by bioethanol yield Varied by process energy

Description Units (tgr;r;]ee/ha) (IE:/;()nnene) (MJ/1,000 L)

Cassava molasses Rice straw | Cassava molasses Rice straw Cassava Cane molasseRice straw
Parameter values in this study 22.9 69.0 3.66 7166. 225.0 260.0 12,986 18,868 23,170
Decreased/increased range 15-30 40-90 3.0-8.0 18a0- 200-280 240-350| 10,000-20,0005,000-27,000 10,000-30,000
Climate change kg CCeq 360-569  436-757  768-1800  394-506  449-628 1118B7| 418-427 514-633 1,283-1,533
Terrestrial acidification kg S£eq 5.8-9.7 12.0-18.0 12.0-26.4 6.5-8.3 11.5-16.16.5-24.1 6.7-7.3 14.0-14.4 20.8-22.4
Freshwater eutrophication kg P eq 0.6-1.1 0.7-1.3 .4-10 0.7-0.9 0.8-1.1 0.6-0.9 0.7-0.7 1.0-1.0 0B-
Marine eutrophication kg N eq 6.5-12.8 8.1-14.4 -B69 7.8-10.1 8.4-11.8 9.2-13.5 8.4-8.5 10.5-10.5 12.3-12.5
Human toxicity kg 1,4-DB eq 23-45 73-129 40-98 ®B-3 76-107 60-88 30-30 94-95 80-81
Photochemical oxidant formation kg NMVOC( 3.0-34 548.6 4.6-5.6 2.9-3.7 5.5-7.7 4.0-5.8 2.8-3.8 6®B-7 4.3-5.7
Particulate matter formation kg PM10 eq 1.9-26 -87 3.7-5.8 2.0-2.5 3.3-4.6 3.8-5.6 1.9-2.7 4D-4. 4.8-5.4
Terrestrial ecotoxicity kg 1,4-DB ef 12-23 90-162 704453 14-18 94-132 276-403 15-15 117-117 372-372
Freshwater ecotoxicity kg1,4-DBeq 0.7-1.4 43.7678 27.6-73.3 0.9-1.1 45.8-64.1 44.7-65|1 0.9-0.9 .057.0 60.0-60.1
Fossil depletion kg oil eq 81-121 137-219 83-129  -182 135-189 86-126 93-94 163-178 90-120
Net Energy Ratio (NER) 1.22-1.38 0.91-1.17 0.820.| 1.13-1.42 1.01-1.27 0.79-1.09 0.86-1.79 0.64-1.4 0.58-2.31
Renewability (Rn) 3.74-5.80 1.98-3.75 3.34-6.18 2445.32 2.86-3.58 3.57-4.97 4.48-5.59 2.30-3.45 0-3.30
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Highlights of the manuscript:

* Integration of process simulation technique into LCA for unbiased comparison.
» Case of bioethanol production from cassava, cane molasses, and rice straw.

* Results were compared, and reliability of the simulation is validated.

» Cassava shows the best net energy gain (1.34) and renewability (5.16).

* All relative environmenta impacts from cassava are less than 80%.



