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Abstract

Purpose Bioethanol demands for transport face uncertainty; additionally, the emergence of electric vehicles is raising concerns
among the ethanol producers towards the future demand and viability of the industry. Thus, there is a need to look for new
pathways of sugar and ethanol utilization. However, the environmental and economic implications of the existing and proposed
systems must be assessed to ensure sustainability. The study aims to evaluate and compare the environmental and economic
performances of sugarcane for three new sugar-electricity-polylactic acid (PLA) systems with the existing sugar-electricity-
ethanol system. The environmental hotspots of the existing and proposed sugarcane biorefinery systems are investigated and
potential measures for enhancing environmental sustainability of the new systems identified.

Methods Life cycle assessment (LCA) is used for evaluating the environmental sustainability assessment of the sugarcane
biorefinery and the eco-efficiency indicator, combining both the economic and environmental performances. The ReCiPe method
with the hierarchist perspective at midpoint and the endpoint levels is used for quantifying the environmental impact scores. The
reference unit is a tonne of cane processed at the biorefinery. The eco-efficiency is calculated based on the ReCiPe endpoint single
score (“Pt”) and the values in “US$” of products from the different biorefinery systems.

Results and discussion The results reveal that the PLA pathways to substitute ethanol and sugar production (PLA scenarios 1-3)
can generate product values of about 83-220 US$/t cane processed leading to increased eco-efficiency values for all three PLA
scenarios as compared to the existing sugar-electricity-ethanol system. The highest eco-efficiency (22 US$/Pt) is obtained for the
pathways of PLA (scenario 3) and sugar-PLA (scenario 2). However, the LCA results show increased environmental impacts for
all three PLA biorefinery scenarios. This implies that the new PLA pathways do not lead to “strong” eco-efficiency improvement,
i.e., the improvement is not in both environmental and economic dimensions. Recommendations are provided to improve the
environmental performances of both the existing and the new PLA biorefinery systems.

Conclusions The sugarcane-based PLA biorefinery could be an option for the case that the existing sugar-electricity-ethanol faces
an uncertainty on ethanol demand. Nevertheless, there is a trade-off between the increased environmental impacts and the higher
price. Strong eco-efficiency improvement must be encouraged to the sugarcane-based PLA biorefinery systems. Using high-
pressure boilers at the mills and changing cultivation practices to avoid the cane trash burning are recommended for the better
decoupling of the environmental and economic performance of the sugarcane biorefinery systems.
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(57 Mt), Australia (37 Mt), Colombia (35 Mt), Guatemala
(34 Mt), and the USA (30 Mt) (FAOSTAT 2018). So far,
sugarcane has mainly been used to produce sugar;
meanwhile, the by-product obtained from the milling,
i.e., bagasse, is used internally as fuel to produce steam
and electricity for running the sugar mill itself.
Sugarcane molasses, another by-product obtained from
the mill, is traded as a feedstock for other food and
feed industries. The biorefinery concept has gained rec-
ognition as a promising system of biomass utilization
for food, biofuel, and biochemicals (Ragauskas et al.
2006) and the concept of using sugarcane and its co-
products has increasingly changed too. The sugarcane-
based biorefinery is gaining interest of the sugar indus-
try worldwide as a solution for maximizing the benefits
of the whole sugar milling process (Rend et al. 2014;
Dias et al. 2013).

Sugar mills nowadays play an important role as small pow-
er producers by using their own surplus bagasse along with
other biomass as solid fuel during the off-season for sugarcane
milling (Khatiwada et al. 2012; Jenjariyakosoln et al. 2014).
Sugarcane molasses is currently used by the sugar mills in
Thailand mainly as the feedstock for ethanol production
(Silalertruksa et al. 2015; BOT 2017). Sugarcane is known
to be used efficiently for first-generation ethanol production.
In some countries like Brazil, ethanol is produced directly
from the sugarcane juice (Smeets et al. 2008; van den Wall
Bake et al. 2009). The increasing awareness on sugarcane
biorefinery is extended from the existing sugar-electricity-
ethanol to other products, e.g., chemicals including a variety
of polymers (Dias et al. 2013; Pereira et al. 2015; Nishihara
Hun et al. 2017). Hence, sugarcane is increasingly becoming a
source of biofuels and bioplastic apart from sugar. The vast
global market for sugarcane-derived products keeps the sugar
industry growing continuously.

The sugar-electricity-ethanol biorefinery is attractive
for the sugar industry worldwide including the sugar
industry in Thailand where the government has promot-
ed bioethanol as a transport fuel. Ethanol production in
Thailand has continuously been increasing from 1.2 to
3.7 ML/day during 2010-2016 (DEDE 2017). Based on
the ethanol production capacity of about 4.19 ML/day,
sugarcane molasses shares about 64% followed by cas-
sava (31%) and sugarcane juice (5%) (BOT 2017).
Bioethanol demands for transport, nowadays, face un-
certainty due to various factors such as the market price
of crude oil and government policy promotion. For ex-
ample, the current world crude oil price is not as high
as in the years 2011-2014 when the oil price was more
than 100 US$/barrel (Statista 2018). This has led to a
concern on the cost competition between ethanol and
gasoline. Additionally, the emerging of electric vehicles
is raising concerns among the ethanol producers towards
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the future demand and viability of the industry (Sriroth
2017). Thus, there is a need to look for new pathways
of sugar and ethanol utilization. However, the environ-
mental and economic implications of the existing and
proposed systems must be assessed to ensure
sustainability.

There have been a number of studies in the past
investigating the environmental performance of sugar-
cane biorefinery systems using a life cycle perspective.
These include different areas of environmental aspects
or assessment approaches used and with different
biorefinery products from sugarcane including food,
biofuels, and biochemicals. Several works have focused
on the life cycle energy use and greenhouse gas emis-
sions by comparing different sugarcane biorefinery sys-
tems, e.g., sugarcane-based ethanol for transport fuel
and ethanol feedstock for ethylene production (Alvarenga
and Dewulf 2013), sugarcane-based biorefinery for sugar,
electricity, and ethanol (Seabra et al. 2011; Silalertruksa
et al. 2015), and power generation from sugarcane residues
(Khatiwada et al. 2012; Jenjariyakosoln et al. 2014). There
have also been many life cycle assessment (LCA) stud-
ies considering multiple environmental impacts and mul-
tiple products from the sugarcane biorefineries including
sugar, ethanol fuel, molasses, bagasse electricity, and
biochemicals like L-lactide, D-lactide, sugar, ethanol,
molasses, PLA plastic, gypsum, PE plastic, and poly-3-
hydroxybutyrate (PHB) (Groot and Boren 2010; Renouf et al.
2011, 2013; Moncada et al. 2013; Suwanmanee et al. 2013;
Changwichan et al. 2018).

Apart from the environmental sustainability perspective,
the cost performance of sugarcane biorefinery for sugar, eth-
anol, and chemicals has also been investigated (Nonato et al.
2001; Moncada et al. 2013). Nevertheless, only a few studies
have used the combined environmental and economic perfor-
mances for selecting the appropriate pathways of sugarcane
utilization as the biorefinery concept, e.g., the investigation of
the ethanol-PHB biorefinery from sugarcane bagasse
(Moncada et al. 2013) and the investigation of the sugar-
electricity-ethanol biorefinery from sugarcane (Silalertruksa
et al. 2015). There is also a gap on the approaches used for
combining the environmental and economic performance as-
sessment because it can be either a single indicator like eco-
efficiency value or presenting LCA results alongside the
economic performance indicator without combining as a
single indicator.

The Thai government has also launched a 10-year plan to
build a bioeconomy hub for the region and the bioplastics
industry is one of the targets. Bioplastics is gaining interest
as an option for addressing the plastic waste problem. PLA is
one of the major raw materials used in the production of
biobased and biodegradable plastics due to its biodegradabil-
ity and its flexibility that can potentially substitute the
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conventional plastics derived from petroleum such as
polypropylene (PP), polystyrene (PS), polyethylene tere-
phthalate (PET), and acrylonitrile butadiene styrene
(ABS) (Changwichan et al. 2018; European-Bioplastics
2018). Sugarcane can be used as a feedstock for the produc-
tion of bioplastics such as polylactic acid (PLA). Some studies
have reported that PLA and biobased plastics derived from
sugarcane have lower greenhouse gas emissions and fossil
depletion impact than their conventional plastic counterparts
(Madival et al. 2009; Tsiropoulos et al. 2015). However,
bioplastics do not always perform better than plastic and it is
dependent on the end of life of the bioplastic waste too
(Changwichan et al. 2018). This study aims to evaluate and
compare the combined environmental and economic perfor-
mances of sugarcane for the new sugar-electricity-PLA, sugar-
PLA, and PLA systems with the existing sugar-electricity-
ethanol system using LCA and eco-efficiency assessment.
The environmental hotspots of the existing and proposed sug-
arcane biorefinery systems are investigated and potential mea-
sures for enhancing environmental sustainability of the new
systems identified.

2 Materials and methods
2.1 Goal and scope of LCA

An LCA has been conducted for evaluating the environmental
sustainability of different sugarcane biorefinery systems. The
reference unit is set as a tonne of cane processed in the sugarcane
biorefinery. The “ReCiPe” method with the Hierarchist perspec-
tive is used in the study as it is a recently updated life cycle
impact assessment and both midpoint and endpoint factors are
available (Huijbregts et al. 2016). Nine impact categories are
focused in the life cycle impact assessment stage including cli-
mate change, terrestrial acidification, freshwater eutrophication,
human toxicity, photochemical oxidant formation, particulate
matter formation, terrestrial ecotoxicity, freshwater ecotoxicity,
and fossil depletion. The endpoint indicator (“Pt”) has
been evaluated using the “World ReCiPe H/A” method
which refers to the normalization values of the world
with the average weighting set (Huijbregts et al. 2016). The
weighting factors used for human health, ecosystems, and
resources are 400, 400, and 200. Hence, the total single index
value of the studied biorefineries was obtained from the direct
summation of the endpoint indicator (“Pt”) of the three
endpoint categories.

2.2 Goal and scope of eco-efficiency

Eco-efficiency is defined as the ratio of environmental sustain-
ability performance of a product system and its product system

value (Saling 2016). Therefore, eco-efficiency is often used as
the term for indicators that support the promotion of
sustainable development in industry (Huppes and
Ishikawa 2009; Long et al. 2015). Assessing eco-
efficiency requires indicators of both economic and en-
vironmental performances according to the eco-efficiency
formula defined by WBCSD, i.e., the ratio of “product
or service value” to “environmental impact” (Verfaillie
and Bidwell 2000; Silalertruksa et al. 2015). The mon-
etary value created by the production system can be a
useful output to show the system product value in the
eco-efficiency estimation. LCA is encouraged to be used
for the environmental part in the eco-efficiency calculations
(ISO14045 2012).

In this study, the eco-efficiency of different sugarcane
biorefineries is evaluated using the endpoint single score ob-
tained from the ReCiPe method and the economic values of
products obtained from the biorefinery system itself. The eco-
efficiency of the sugarcane biorefinery can be calculated using
Eq. (1):

Ecofeﬂiczencygiorgﬁnm

Gross value added (USS) orefinery (1)

~ Environmental impact indicator (Pt)

Biorefinery

Since the actual gross value added or profits of the
biorefinery or the products are confidential, the market
prices of products are, therefore, used in the study by
assuming that the values of products will finally be
reflected by the prices. The baseline market prices of
sugarcane products used in the assessment are as fol-
lows: PLA at 0.43 US$/kg raw sugar (OCSB 2017),
0.55 US$/kg refined sugar (OCSB 2017), 0.87 US$/L
of molasses ethanol (BOT 2017), 0.14 US$/kWh electricity
(from biomass) based on the 2015 feed-in-tariff schemes of
Thailand, and 2.84 US$/kg PLA (Alibaba 2017).

Alternatively, presenting the LCA results alongside
the profitability indicator without combining the two
can also help understand the situation of both environ-
mental and economic performances. In the study, the
portfolio of the relative environmental benefits and rel-
ative economic benefits of the PLA systems compared
to the base case is also developed. The relative envi-
ronmental benefit and relative economic benefit can be
calculated from Eqs. (2) and (3). The term “Relative
Env. benefit” stands for the relative environmental ben-
efit of the new biorefinery compared to the base case
(dimensionless); “Env. Impact indicator” stands for the
environmental impact indicator of the biorefinery
(“Pt”); “Relative Econ. benefit” stands for the relative
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economic benefit of the new biorefinery compared to
the base case (dimensionless); “Product Econ. value”

(Env.]mpact indicatory,, ....—Env.Impact indicatory,,, b,-areﬁne,y)

stands for the product economic value of the biorefinery
(“US$”).

Relative Env.benefit e, piorefinery =

Env. Impact indicatorg,g, .4

(Product Econ.valueye, piorefinery—Product Econ.valuep,s, me)

Relative Econ.benefitye,, piorefinery =

Product Econ.valuepe case

2.3 Sugarcane biorefinery system boundary

The existing sugarcane biorefinery, i.e., sugar-electricity-
ethanol biorefinery (Silalertruksa et al. 2015, 2017) is evalu-
ated and compared to the new pathways of sugarcane
biorefinery, i.e., utilization of sugarcane for lactic acid (or
sugar-electricity-PLA biorefinery) as shown in Fig. 1. The
system boundary is cradle-to-gate including sugarcane culti-
vation and harvesting, sugarcane milling, ethanol production
from molasses, steam and power production from bagasse,
PLA production, and the other industrial activities related to
auxiliary chemicals, distribution of raw materials, processing
of sugarcane into sugar, and final production of lactic acid and
PLA biopolymers.

The description of final products related to the base case
and the three PLA biorefinery scenarios is summarized in
Table 1. The surplus electricity currently available for selling
to grid as indicated in the base case will be used internally to

fulfill the additional electricity demand for PLA production in
the PLA scenarios 1-3. Hence, there is no surplus electricity
for selling to the grid for those three scenarios. In fact, addi-
tional electricity from the external grid would be required to
satisfy the demands of the PLA conversion process in the
scenarios 2 and 3.

2.4 Data sources
2.4.1 Sugarcane cultivation and harvesting

The study refers to the average sugarcane production data
obtained from the field survey of 800 contract farmers of the
sugar mills in Thailand during the year 2014/2015. The sug-
arcane yield is about 75 t/ha-a. Diesel consumption for con-
ventional farming is around 117 L/ha-a; meanwhile, for me-
chanical farming, it is around 203 L/ha-a. The conventional
farming activity consists of land preparation, manual planting,

<«=-- Feedstock Production ‘====p | [r=mm——————————— Biorefinery system =========—————=- >
Sugarcane  (mmp 1tonne et Sugarcane milling Filter cake
cultivation cane
&harvesting processed l
Wastewater
Burnt cane Bagasse (Inh. treat & keep)
Resource harvesting Emissions
use l Refinedsugar === e c e c -
Green cane Steam &
harvesting power Raw sugar ===f=====m=fooa== °'| H
generation : :
i 1} Molasses -°-- ! :
1
————— RM extraction ‘==== - Steam l 1 i
(Inh. use) v ;
1
Production Production » Et:ant?l i :U-\ :
of material of energy & by Inh. Elec. production '__'z'_°__‘:_°_t'_°_"___
& chemical fuel ] | 2 !
Vinasse :
1
v
*Inh.=In-house; Elec. = Electricity Electricity Raw sugar Refinedsugar  Ethanol PLA
(Surplus 12kWh) 62 kg 34 kg 1L

Fig. 1 Sugarcane biorefinery system for producing food (sugar), fuel (electricity, ethanol), and biochemical (PLA)
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Table 1 Description of the
sugarcane biorefinery scenarios

Production system

Final products obtained per tonne
of cane processed

Base case

PLA scenario 1

PLA scenario 2

Sugarcane cultivation, sugar milling,
molasses ethanol production, and
bagasse electricity generation

Same as base case but molasses is used
for PLA production

Same as PLA scenario 1 but raw sugar

Raw sugar 62 kg

Refined sugar 34 kg

Molasses ethanol 11 L

Electricity (selling to grid) 12 kWh
Raw sugar 62 kg

Refined sugar 34 kg

PLA 13 kg

Electricity (internal use)

Refined sugar 34 kg

is also used for PLA production PLA 55 kg
Electricity (internal use)
All the sugar and molasses are used PLA 77 kg

PLA scenario 3

for PLA production

Electricity (internal use)

and harvesting where the common practice is to burn the cane
leaves and trash before harvesting. Mechanical farming in
sugarcane cultivation system implies the use of machines for
planting as well as harvesting the cane. The green cane (un-
burnt cane) is therefore obtained via mechanical farming. The
burnt cane and green cane share about 64% and 36% of the
total cane processed, respectively (OCSB 2014). The fertil-
izers used include ammonium sulfate, phosphate fertilizer,
potassium chloride, and urea at about 88, 88, 225, and
71 kg/ha-a, respectively. Other agrochemicals used include
glyphosate, paraquat, and atrazine at about 8, 5, and 6 kg/ha-
a, respectively. Cane trash burning in the open field is a key
environmental burden of the sugarcane industry because this
will cause formation of smog, decline in soil fertility, and
creation of air pollutants, e.g., particulate matter, CO, and
CH, (Silalertruksa et al. 2017). The emission factors
of sugarcane residues burning are 2.7 g CHy/kg dry
matter burnt and 0.07 g N,O/kg dry matter burnt. The
amount of cane trash burnt can be estimated from the
yield of sugarcane, the sugarcane residue to crop ratio (0.30),
the fraction of trash burning in the field (0.30), and the burning
efficiency (90%) (Pongpat et al. 2017).

2.4.2 Sugar-electricity production system

Sugarcane is delivered to the mill by truck and then loaded
into the reception unit for washing and crushing to extract
cane juice. This juice is clarified to remove the impurities
and concentrated into syrup by boiling off excess water. The
following process is the crystallization of syrup to sugar
crystals, which will be separated from the syrup by
centrifugation. Molasses is the syrup remaining after
the sugar has passed through the centrifuge for the last
time in a mill or refinery.

The study refers to the average production data collected
from 20 sugar factories in Thailand. Per tonne of cane proc-
essed, the final products obtained from the mills include 62 kg
of raw sugar, 34 kg of refined sugar, 44 kg of molasses, and
300 kg of bagasse. The bagasse obtained after extracting the
cane juice is sent to the boilers as fuel for steam and power
generation. The boiler capacity of the studied system is about
60 t steam/h and the steam pressure is around 20 and 22 bar.
The high-pressure steam is expanded in the turbine to generate
electricity and used internally. The exhaust steam exiting the
turbine is also used in the biorefinery.

The average electricity generation from the 20 sugar facto-
ries is about 176 kWh/t bagasse. The surplus electricity after
accounting for own use in the sugarcane milling can be
exported to the grid. The allocation factor for molasses has
been calculated at the sugarcane milling stage; the co-products
to be considered in the allocation therefore include raw sugar,
refined sugar, surplus bagasse (after accounting for the inter-
nal use for steam and electricity generation), and molasses.
Economic allocation has been used in the assessment and
the allocation factors for raw sugar, refined sugar, molasses,
and surplus bagasse are about 0.5, 0.35, 0.1, and 0.05, respec-
tively. Filter cake, another biomass residue from the milling
process, is estimated to be around 51 kg/t cane processed. It is
applied to the sugarcane plantations of the mills. Thus, the
study assumed that it is used internally. The main chemicals
used in the process are biocide (0.01 kg/t cane), lime (2 kg/t
cane), brine (5 kg/t cane), and flocculant (0.03 kg/t cane).
Nowadays, all the wastewater from milling process as well
as the vinasse from ethanol plant are not discharged from the
factory. For the mill, the wastewater is treated in the open pond
inside the factory and returned to use in the factory itself. The
environment impacts of the wastewater are therefore excluded
from the study.

@ Springer



1348

Int J Life Cycle Assess (2020) 25:1343-1355

2.4.3 Ethanol conversion

The study considers the average production data of four mo-
lasses ethanol factories in Thailand. The production processes
start from the yeast preparation, fermentation of molasses,
distillation, and dehydration until getting the 99.5% purity
ethanol that can be blended with gasoline for use as a trans-
portation fuel. The plant conversion factor is about 4.2 kg
molasses/L of ethanol. Electricity and steam used in the etha-
nol plant are also from the bagasse electricity produced by the
sugar mills. The vinasse generated from the ethanol plant is
currently treated in the factory and returned to irrigate the
sugarcane plantation of the factory.

2.4.4 PLA production

Sugarcane-based PLA is produced via the fermentation pro-
cess where sugar is first converted to lactic acid before poly-
merization to PLA. Since the production of lactic acid is not
yet existing in the Thai sugarcane industry, the study therefore
refers to the data from patents as well as literature (Groot and
Borén 2010; Changwichan et al. 2018). Two feedstocks con-
sidered for the fermentation process to produce lactic acid are
sugarcane molasses and sugar. The conversion factors used in
the study are 3.3 kg molasses/kg PLA and 1.5 kg sugar/kg
PLA. The key energy requirements for the PLA production
process include 3 kg steam/kg PLA and 1.1 kWh electricity/
kg PLA. Sulfuric acid and lime are the key chemicals used in
the process. The inventory data for the production of mate-
rials, chemicals, and fuels used are taken from the Thai na-
tional LCI database (MTEC 2014) and the ecoinvent database
(Ecoinvent 2012).

3 Results and discussion

3.1 Comparison of environmental and economic
performances

The competitive use of sugarcane for sugar, ethanol, and PLA
was elaborated by the comparison of the environmental im-
pacts and eco-efficiency results between the base case and the
new pathways of sugarcane biorefinery, i.e., sugar-electricity-
PLA (namely PLA scenarios 1-3). Table 2 reveals that the
PLA scenarios 1-3 can increase the economic value of the
system as compared to the base case. The existing sugar-
electricity-ethanol biorefinery brings about 56 US$/t cane;
but the new systems can bring about 83-220 US$/t cane.
Nevertheless, this economic benefit must be traded off with
the increase in environmental impacts of the new
biorefineries. For instance, the climate change impact would
be increased from 45 kg CO,e/t cane processed (for base case)
to 46-92 kg CO,e/t cane processed (PLA scenarios 1-3). The
sugar-electricity-PLA pathways will also increase the other
environmental impacts as compared to the base case. This is
due to the increased energy and chemicals used for the PLA
production process. The system showed that if the sugar is
converted to produce PLA (PLA scenarios 2 and 3), the elec-
tricity produced internally from bagasse will not be enough to
fulfill the increased demand for the PLA process and this
requires the use of electricity from the grid.

3.2 Comparison of eco-efficiency

The industry generally considers the economic benefits as the
key indicator for making decision when changing or

Table 2 Environmental and economic assessment of the studied biorefinery systems

Midpoint impact category Unit Base case PLA scenario 1 PLA scenario 2 PLA scenario 3
Climate change kg CO, eq 44 46 76 92
Terrestrial acidification kg SO, eq 0.24 0.32 0.59 0.74
Freshwater eutrophication kgPeq 0.006 0.009 0.015 0.019
Human toxicity kg 1,4-DB eq 9 13 24 30
Photochemical oxidant formation kg NMVOC 0.54 0.56 0.68 0.75
Particulate matter formation kg PM10 eq 0.09 0.11 0.18 0.22
Terrestrial ecotoxicity kg 1,4-DB eq 0.00 0.00 0.01 0.01
Freshwater ecotoxicity kg 1,4-DB eq 0.22 031 0.57 0.72
Fossil depletion kg oil eq 8 8 18 23

Damage category Unit
Human health Pt 2.7 3.0 5.0 6.1
Ecosystems Pt 0.2 0.2 0.3 0.3
Resources Pt 1.1 1.2 2.7 3.4
Economic value Us$ 56 83 174 220
Eco-efficiency US$/Pt 14 19 22 22
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implementing new alternative processes. Table 2 shows that
the new PLA scenarios generate higher income from selling
products as compared to the base case. However, the environ-
mental impacts also increase for the new PLA scenarios. Eco-
efficiency is thus used to trade off the increased environmental
impacts and the increased economic values of the biorefinery.
The eco-efficiency indicators for the different scenarios
(Table 2) reveal that PLA scenarios 2 and 3 yield the highest
eco-efficiency (22 US$/Pt) followed by the PLA scenario 1
and base case, respectively. The endpoint indicator (“Pt”) has
been evaluated as a single index showing the total environ-
mental impacts. Hence, the increased eco-efficiency indicators
of the studied PLA scenarios show that the sugar-electricity-
PLA is still attractive as compared to the sugar-electricity-
ethanol system. It must be noted that using the WBCSD’s
eco-efficiency indicator cannot distinguish between “weak
sustainability” (e.g., economic value increase is higher than
environmental impact increase) and “strong sustainability,”
i.e., both environmental impact reduction and product value
added improvement (Saling 2016). A separate investigation
on the economic and environmental indicators is also neces-
sary to move towards perfect decoupling between the two.
Figure 2 shows the portfolio of the relative environmental
benefits and relative economic benefits of the PLA systems
compared to the base case. The figure reveals that all the three
PLA scenarios bring about positive eco-efficiency as com-
pared to the base case because the plot of those three scenarios
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is above the diagonal line of the base case. However, all the
three PLA scenarios are not consistent to the strong sustain-
ability concept, i.e., both the economic and environmental
dimensions are not positively improved. The environmental
impacts of the new PLA systems should be considered further
to identify the environmental hotspots for improvement.

The eco-efficiency indicators are highly dependent on the
selling price of the PLA in the market. The review of the
market prices of PLA showed that there is a variation in the
export prices of PLA in the four major producing countries
over the year 2017, i.e., the USA (1.86-2.04 US$/kg PLA),
Japan (1.91-2.17 US$/kg PLA), Germany (1.93-2.44 US$/kg
PLA), and China (4.55-5.95 US$/kg PLA) (Plastics Insight
2019). Figure 3 shows the variation of the eco-efficiency re-
sults due to the changes in market price of PLA. Results indi-
cate that if the PLA price is lower than 1.2 US$/kg, the PLA
scenarios 2 and 3 will start to have a lower eco-efficiency than
the base case and will make the PLA biorefinery less
attractive.

3.3 Environmental hotspots

Figure 4 shows the main contributors to the midpoint environ-
mental impact results as elaborated in Table 2. The analysis is
classified into the main processes, i.e., sugarcane cultivation
and harvesting (SC Cultivation), sugarcane milling including
steam and power generation (Milling), PLA production

PLA Scenario 1

® - PLA Scenario 2
0 1 2 3
(]
o
PLA Scenario 3

Relative economic benefits compared to Base case

(dimensionless)

Fig. 2 Portfolio of the relative environmental benefits and relative economic benefits of the PLA systems compared to the base case
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Fig. 3 Eco-efficiency of biorefinery varied by the changes in market price of PLA

process (PLA), transport, and the remaining processes. The
environmental hotspots can be identified as follows:

3.3.1 Climate change

The major contributor to the climate change impact in the base
case and PLA scenario 1 is the feedstock cultivation (Fig. 4).
The major source of GHG emissions during sugarcane culti-
vation and harvesting is the CH,4 generated during the burning
of cane trash and leaves before harvesting and the N,O emis-
sions from N-fertilizer application. However, for the PLA sce-
narios 2 and 3, the feedstock cultivation, though important, is
not the largest contributor to GHG emissions. The largest
contribution is from the PLA production process due to the
additional grid electricity required for the PLA process and the
use of sulfuric acid.

3.3.2 Terrestrial acidification

Terrestrial acidification potential (AP) results mainly came
from the emissions of acidifying pollutants, e.g., SO and
NO,. The acidifying pollutants reach the atmosphere and react
with water vapor to form acids. The major contributor to the
terrestrial acidification impact in the base case and PLA sce-
nario 1 is also the feedstock cultivation stage, i.c., NOX emis-
sions from burning the cane trash and leaves before harvesting
(Fig. 4). However, for the PLA scenarios 2 and 3, SO, from
the production and use of sulfuric acid in the PLA production
stage is the major contributor to the acidification impact.
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3.3.3 Freshwater eutrophication

Freshwater eutrophication is the potential impact of excessive-
ly high environmental levels of macronutrients, the important
of which are nitrogen (N) and phosphorus (P). The ma-
jor contributor to the freshwater eutrophication impact
in the base case and PLA scenario 1 is the feedstock
cultivation stage due to the use of glyphosate and chem-
ical fertilizers. For the PLA scenarios 2-3, the major
contributor to freshwater eutrophication is the PLA pro-
duction, i.e., the production and use of sulfuric acid
(Fig. 4). The wastewater from the milling plant will
generally contribute to the freshwater eutrophication im-
pact. However, nowadays, the wastewater from milling
process as well as the ethanol plant is not discharged
from the factory. It is treated in the open pond inside
the factory and returned to use in the factory itself. The
impact to the environment of the wastewater is therefore
not taken into account in the study. Transport contrib-
utes very less to this impact category is thus not visible
in Fig. 4.

3.3.4 Human toxicity

Human toxicity provides relative comparisons of a large
number of chemicals that may have the potential to
contribute to cancer or other negative human health ef-
fects. The major contributor to the human toxicity im-
pact in the base case and the PLA scenario 1| is the
feedstock cultivation stage due to the production and
use of chemical fertilizers and agrochemicals like
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glyphosate. For the PLA scenarios 2 and 3, the major
contributor to human toxicity impact is still the produc-
tion and use of chemicals, e.g., sulfuric acid in the PLA
production stage (Fig. 4).

3.3.5 Photochemical oxidant formation

The impact on photochemical oxidant formation stems from
the formation of reactive chemical compounds such as ozone
by the action of sunlight on certain primary air pollutants
including nitrogen oxides (NOx), carbon monoxide (CO),

methane (CH,), and volatile organic compounds (VOCs).
Contrary to the other impact categories, the major contributor
to the photochemical oxidation impact in the base case and all
the PLA scenarios is the feedstock cultivation stage. The main
source is the air emissions during the burning of cane trash and
leaves before harvesting (Fig. 4).

3.3.6 Particulate matter formation

The major contributor to the particulate matter formation im-
pact in the base case and the PLA scenario 1 is the emissions
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during the cane trash and leaves burning before harvest, in the
feedstock cultivation stage. For the PLA scenarios 2 and 3,
apart from the cane trash burning, the production of chemicals
that are used in the milling and PLA production process is also
important (Fig. 4).

3.3.7 Terrestrial ecotoxicity

The major contributor to the terrestrial ecotoxicity impact in
the base case and all PLA scenarios is the use of agrochemi-
cals including glyphosate, ammonium sulfate, urea, and other
chemicals. However, for the PLA scenarios 1-3, there are also
significant contributions from the PLA process, i.c., the pro-
duction and use of sulfuric acid and lime (Fig. 4).

3.3.8 Freshwater ecotoxicity

The freshwater ecotoxicity impact of the base case and all
PLA scenarios is dominated by the use of agrochemicals,
e.g., glyphosate and chemical fertilizers during the sugarcane
cultivation. For the PLA scenarios 1-3, there are two addition-
al contributors from the PLA process, i.e., the production and
use of sulfuric acid and lime (Fig. 4). Transport contributes
very less to this impact category.

3.3.9 Fossil fuel depletion

The major contributor to the fossil fuel depletion impact for
the base case is the diesel consumption for agricultural ma-
chinery during sugarcane cultivation and harvesting. This
shares about 40% of the fossil fuel depletion impact of the
base case. The second highest contribution comes from the
production and use of fertilizers like urea and ammonium
sulfate. In addition, transport of sugarcane contributes around
12% of the total fossil fuel impact for the base case. For the
PLA scenarios 1, 2, and 3, there are two major sources of
fossil depletion impact during the PLA production process:
the grid electricity used and the production of chemicals used
(Fig. 4).

3.4 Recommendations for sugarcane biorefinery

The eco-efficiency results point out that the new PLA path-
ways can be competitive for substituting the existing sugar-
electricity-ethanol biorefinery in Thailand. The main reason is
the increased economic value of products obtained from the
new PLA systems. Nevertheless, the LCA results show that
the new PLA pathways will increase the environmental im-
pacts. The results imply that the new PLA pathways are not
decoupling economic growth from environmental deteriora-
tion, which should be the aim of eco-efficiency improvement.
To achieve the strong eco-efficiency, i.e., the improvement in
both environmental and economic dimensions, environmental
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improvement of the new PLA pathways needs to be encour-
aged to the industry too. The environmental hotspots analyses
using LCA identified areas for further environmental sustain-
ability improvement of both existing and the new PLA
biorefinery systems.

The conventional sugarcane harvesting, i.e., burning cane
trash before harvesting, plays an important role for various
environmental impacts such as climate change, acidification,
photochemical oxidant formation, and particulate matter for-
mation. Burnt cane currently shares about 64% of the total
cane processed into the sugar mills of Thailand. This must
be improved via the promotion of the mechanized farming,
green cane harvesting, and logistics (Braunbeck and
Magalhaes 2014; Pongpat et al. 2017).

(1) The PLA production process shows a significant con-
tribution to most of the environmental impacts for the
case of PLA scenarios 2 and 3. The first major source
is the additional grid electricity (Thai grid mix elec-
tricity) required to fulfill the energy demands for the
new processes, i.e., sugar fermentation to produce lac-
tic acid, lactide synthesis and purification, and the
PLA production (Groot and Borén 2010). The second
major source is the chemicals use in the PLA produc-
tion process. Hence, to enhance the environmental
and economic sustainability of the sugarcane-based
biorefinery system, the increased efficiency of steam
and electricity generation is necessary. High-pressure
boilers as well as co-generation systems should be
encouraged. For example, nowadays, there is a
wide range of efficiency for steam and electricity
production systems of the sugar mills in Thailand
depending on the boiler technologies, i.e., high pressure
and low pressure. The range was found to be 75—
460 kWh/t bagasse (Silalertruksa et al. 2017,
Jenjariyakosoln et al. 2014). The high electricity conver-
sion efficiency, i.e., 460 kWh/t bagasse, is significantly
higher than the base case which is about 176 kWh/t ba-
gasse. Thus, there is a high potential for further enhanc-
ing sugar-electricity-PLA biorefinery system to the sug-
arcane industry if the new boiler technology is installed.
Table 3 shows the comparative results of environmental
performance, economic value, and eco-efficiency of the
proposed sugar-electricity-PLA biorefinery scenarios.
The results show that the change to the new boiler system
can bring about a positive benefit for both environmental
and economic performances in different ways. For ex-
ample, the economic benefits would be increased due to
the selling more surplus electricity; meanwhile, the envi-
ronmental impacts were not changed. For PLA scenarios
2 and 3, although the economic benefits are not im-
proved because the systems would not have the surplus
electricity to sell to the grid; however, the environmental
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Table 3

Comparison of eco-efficiency after the high-pressure boiler is installed

Existing low-pressure boiler (176 kWh/t bagasse)

High-pressure boiler (460 kWh/t bagasse)

Base case PLA scenario 1 PLA scenario 2 PLA scenario 3 Base case PLA scenario 1 PLA scenario 2 PLA scenario 3

Environmental impact 4.0 44 8.0 9.9
indicator (Pt)

Product economic 56 83 174 220
value (US$)

Eco-efficiency 14 19 22 22
(US$/Pt)

4.0 44 6.2 7.5
60 87 174 220
15 20 28 29

(2)

3)

impacts would be decreased because the use of grid elec-
tricity for the PLA processes is decreased. Hence, the
eco-efficiency indicators for all those scenarios would
be improved.

In Thailand, the promotion of biochemicals and
bioplastics is still in the early stages. In view of feed-
stock availability, Thailand has a high potential for
sugar-based biochemical platform because of the sub-
stantial amount of sugarcane that is currently used main-
ly to produce sugar for export. However, the economic
and environmental performances over the life cycle still
have to be considered by the policy makers. LCA as well
as eco-efficiency can be used as the sustainability assess-
ment tools to support decision-making on selecting the
appropriate pathways for sugarcane utilization. Using
the sugarcane for biochemicals, e.g., PLA, will increase
the value added of the products. However, it can be seen
in the study that the market price of PLA can be varied
by many factors. The most important thing to do for the
sugarcane biorefinery industry as well as the policy
makers is therefore the improvement of production effi-
ciency in terms of resource and energy use. Currently,
there is a variety of sugarcane biomass in the existing
sugar-electricity-ethanol biorefinery that can be used for
increasing the value. For example, the filter cake from
the milling process and vinasse from the ethanol process
can be used as organic fertilizers to substitute chemical
fertilizers and improve soil condition in the sugarcane
plantation. Cane trash can also be collected and used as
solid fuel for steam and power generation in the sugar
mills (Silalertruksa et al. 2017). This sugarcane
biorefinery concept needs to be encouraged in the
industry.

It should be noted that the treatment of sugarcane
biorefineries wastewater is another essential factor to
the environmental sustainability of the sugarcane in-
dustry. The wastewater generated from the milling pro-
cess and ethanol production process in the biorefinery
are estimated to be around 260 L/t cane processed and
10 L/L ethanol produced, respectively (Silalertruksa

et al. 2017). Importantly, those wastewaters contain
high organic loading, i.e., the milling wastewater con-
tains about 1100-4700 mg COD/L and the ethanol
process’s wastewater, also known as vinasse, contains
about 110,000-190,000 mg COD/L (Silalertruksa et al.
2017; Fito et al. 2019) that needs to be managed appro-
priately. The leakage or discharge of untreated waste-
water especially the vinasse can detrimentally affect to
the ecosystem and causing the environmental impact as
freshwater eutrophication. For the base case of the
study, the milling wastewater is treated in the oxidation
and stabilization pond system and the treated wastewa-
ter is returned to use in the cooling system without
discharging to the environment; the vinasse is returned
to irrigate the sugarcane plantation of the factory. This
ferti-irrigation practice can reduce fertilizer consump-
tion, irrigation water cost, and help avoid the methane
emission from the keeping of vinasse in the open lagoon
inside the factory only. The methane emissions from the
treatment of wastewater in the open lagoon of mo-
lasses ethanol factory are estimated to be around
2 kg CH4/L ethanol (Silalertruksa et al. 2017).
There are also other potential approaches for
vinasse management that have been implemented
in the sugarcane biorefineries in Thailand, Brazil,
and India, e.g., using up-flow anaerobic sludge
blanket (UASB) for wastewater treatment and bio-
gas production, mixing vinasse with filter cake for
compost production and the concentration by evap-
oration and used as the fuel to burn in the boiler
for energy generation (Christofoletti et al. 2013;
Fito et al. 2019). Nevertheless, different manage-
ment approaches will bring about the different en-
vironmental benefits that need further investigation
for each specific case study. In addition, the deci-
sive factors for selecting the wastewater manage-
ment technique of each sugarcane biorefinery fac-
tory will depend on the other factors too, i.c., the
technical feasibility, ease of implementation, and
investment cost.
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4 Conclusions

The environmental performance and the total economic value
of products generated per tonne of sugarcane processed into
the new sugar-electricity-PLA systems were evaluated and
compared with the existing sugar-electricity-ethanol system
in Thailand. The results revealed that the new sugar-electric-
ity-PLA, sugar-PLA, and PLA systems can generate product
values of about 83-220 US$/t cane processed which is higher
than the existing sugar-electricity-ethanol system (56 US$/t
cane processed). The comparison of the eco-efficiency
showed that the new sugar-PLA (PLA scenario 2) and PLA
(PLA scenario 3) systems bring about the highest eco-
efficiency (22 US$/Pt) followed by the PLA scenario 1
(19 US$/Pt) and base case (14 US$/Pt), respectively.
However, the environmental impacts of the new biorefineries
are higher for all the impact categories. This implies that the
three proposed PLA systems do not lead to strong eco-
efficiency improvement. The most preferable system should
be the case where the economic values increase and environ-
mental values decrease, which would indicate a perfect
decoupling between the two and be reflected in a higher
eco-efficiency. The environmental hotspots analysis using
LCA helped identify the potential sustainability improvement
measures. Recommendations such as avoidance of cane trash
burning and improvement of the steam and power generation
need to be encouraged.
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