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Abstract

Bioethanol from sugarcane is a sustainable alternative to fossil fuels, and the
increasing demand for fuel ethanol has prompted studies on the use of the
lignocellulosic residues of sugarcane, namely bagasse and leaves, as new
feedstock. This thesis describes various process designs and the economic
feasibility of producing second generation (2G) ethanol from bagasse and
leaves via the enzymatic route in an integrated sugarcane biorefinery, where
first-generation (1G) ethanol is produced from sugarcane sugar. Techno-
economic analysis have been performed for the Brazilian context to evaluate
the influence of several process designs and the main production factors on the
2G ethanol process, in terms of energy efficiency, 2G ethanol production cost
(2G MESP) and profitability.

The study of process design focused on ways to integrate the 1G and 2G
ethanol processes, and on configurations to hydrolyse and ferment bagasse.
The existing 1G ethanol process and the proposed 2G ethanol process were
combined in a single plant by integration of thermal and material streams. The
resulting synergies could improve the use of feedstock and reduce the 2G
ethanol production cost. Simultaneous saccharification and fermentation (SSF)
and time-separated hydrolysis and fermentation (tSHF) were the
configurations investigated experimentally for the production of 2G ethanol
from bagasse. In an attempt to increase the ethanol concentration before
distillation, the fermented liquid of tSHF was also recirculated back to tSHF.
The tSHF configurations showed a lower 2G MESP than SSF.

Process options were also investigated considering the pentose use and the
addition of leaves to the 1G+2G process. Pentoses can either be fermented to
ethanol or anaerobically digested to produce electricity from biogas
combustion, and in the former case the highest potential reduction in 2G
MESP could be achieved. The addition of leaves could improve the overall
profitability of the 1G+2G process.

Residence time and water-insoluble solids (WIS) loading in hydrolysis were
the main process conditions considered together with costing factors, such as
enzyme, sugarcane and leaves costs. The selling price of electricity and
ethanol were found to have relevant impacts on the profitability of the 1G+2G
ethanol process.



Among the numerous operating conditions studied for the 2G ethanol process,
the cases showing the best trade-off between technical and economic
feasibility were also tested experimentally on laboratory scale obtaining
promising results. In fact, it was possible to achieve high concentrations of 2G
ethanol (47 g/L) in short time (60 hours), overcoming the mixing problems by
feeding repeatedly the pretreated bagasse up to 20% WIS.

vi



Popular Scientific Summary

Modern society is still largely based on fossil resources. However, there are
growing concerns about the security and cost of these resources, as well as
climate change resulting from the combustion of fossil fuels. Biofuels
represent renewable fuels with the potential to mitigate the adverse effects of
fossil fuels, providing a more sustainable alternative.

The transport sector in Brazil currently relies mainly on first generation (1G)
fuel ethanol produced from the fermentation of the sugar fraction of
sugarcane, and is considered a successful example of biofuel penetration and
replacement of fossil fuels. Theoretically, almost double the amount of ethanol
could be produced if the residues from the sugarcane industry, namely the
bagasse and leaves, were also used as feedstock. Bagasse and leaves constitute
the lignocellulosic fraction of sugarcane, and the ethanol obtained from these
materials is known as second generation (2G) ethanol or lignocellulosic
ethanol. However, lignocellulose is made up of a complex matrix containing
the three constituents, cellulose, hemicellulose and lignin, which are strongly
bound to each other. For this reason, it is more difficult to break down
lignocellulose to fermentable sugars, than sucrose or starch, and the
production process is thus more complex and costly. High production costs are
the major drawback of the 2G ethanol production process, delaying the
deployment of commercial-scale facilities. Many production parameters and
economic factors influence the final cost of 2G ethanol, and several
technological options and trade-offs can be explored and analysed in order to
improve the competitiveness of 2G ethanol.

The aim of the work presented in this thesis was to analyse the production of
2G ethanol from sugarcane bagasse and leaves in Brazil, and to identify
opportunities for reducing the production cost by considering process designs
and factors affecting the cost. Simulation of the ethanol production process
was the major tool used, together with laboratory experiments for interesting
cases.

The availability of bagasse at 1G ethanol production sites and local

availability of leaves makes it favourable to co-locate 2G ethanol plants with
existing 1G ethanol plants. The two processes can be combined in a plant
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where process and energy streams are integrated. Producing 1G and 2G
ethanol in an integrated plant can provide a reduction in the cost of 2G
ethanol, and more efficient energy use. Such an integrated ethanol production
plant can be regarded as an ethanol-oriented biorefinery, where electricity is
also produced from the combustion of residual streams, namely biogas and
unreacted lignocellulose. Maximizing 2G ethanol production was found to be
more profitable than selling electricity. However, the additional cost of
achieving a high conversion of bagasse and leaves to 2G ethanol depends on
the strategies employed as well as the degree of conversion.

A range of options with different technical feasibility and the most relevant
production factors were studied. The process configuration can be designed to
tackle specific issues, but experimental data are necessary to prove the
feasibility of the concept both technically and economically. Experiments
were performed to collect data for a few process configurations, and
simulations showed that in some cases the production cost involved in
improving the ethanol production was too high to be commercially feasible.
External economic factors, such as the selling prices of electricity and ethanol,
and the cost of feedstock and biocatalyst also appeared to have a considerable
effect on the profitability of 2G ethanol.

In none of the cases investigated the combination of technical options and
economic factors was found that could reduce the production cost of 2G
ethanol from bagasse and leaves to that of 1G ethanol without subsidies.
However, 2G ethanol could be cheaper than 1G ethanol if selling prices were
lower for electricity and higher for ethanol. Moreover, 2G ethanol could also
contribute to achieve better profitability than producing 1G ethanol and
electricity. Finally, there is considerable scope for further reductions in cost
that could improve the competitiveness of 2G ethanol on the fuel market.
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1 Introduction

The society of the 21st century is facing considerable challenges related to the
increase in population and in the demand for food and energy, the depletion of
fossil resources, oil price fluctuations, energy security and climate change.
New policies addressing these issues are being introduced to improve
sustainability, and reduce the negative effects on the environment resulting
from human activities.

Since 1970 the energy demand worldwide has been growing at an average rate
of 2% per year, mainly due to the expansion of industrial and transportation
systems, which are the most energy-intensive sectors, and rely heavily on
fossil resources for energy and raw materials (IEA 2012). Oil prices exceeding
100 US$/barrel, recorded in recent years, have motivated the search for
alternative energy sources, preferably renewable ones, and ones more
geographically evenly distributed. The IEA has predicted that the price of oil
may increase to 150 US$/barrel by 2035 if no new policies are implemented,
posing a threat to the economic activities (IEA 2012).

Over 50% of global oil consumption is used for the transportation of people
and goods. This is expected to increase further with the growth in population
and wealth, especially in the developing countries, mainly due to the increase
in light-duty vehicles and road freight (IEA 2012). It has been estimated that
the transport sector was responsible in 2010 for the 14% of all greenhouse gas
(GHG) emissions (IEA 2012). In recent years a reduction of GHG emissions
was observed due to global economic downturn and the implementation of
policies to decrease the GHG emissions. Nevertheless, recent measurements
and prognoses show that the CO, concentration in the atmosphere has been
rising since 1850, and will continue to rise unless stringent policies and
measures are implemented (IPCC 2013).

There is strong scientific evidence that the CO, generated from the
combustion of fossil fuels and other GHG emissions from human activities
cause global warming and climate change (IPCC 2013). The increased
frequency and intensity of extreme weather events, which have caused
widespread disasters in communities and countries, with substantial economic
losses, have been ascribed to climate change with high confidence (IPCC
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2012). Hence, the need for alternative and more carbon-neutral energy sources
has increased interest in renewable fuels produced from biomass, which have
the potential to reduce GHG emissions. Biogas, ethanol, butanol and
biogasoline are the major transportation biofuels that can be obtained by
processing the sugar, starch and lignocellulosic fractions present in biomass,
as well as municipal waste.

Expanding current biofuel production from sugar- and starch-based crops has
raised concerns about competition with crops cultivated for food and natural
resources, such as water and productive land (FAO 2011). However, food
equity and security could be guaranteed by the use of non-edible feedstock for
biofuel production, such as lignocellulosic materials, that can be cultivated on
marginal land (e.g. switchgrass, sweet sorghum, Arundo donax), or
agricultural residues from food crops (e.g. wheat straw, corn stover and cobs,
sugarcane bagasse and leaves). Both hardwood and softwood are made up of
lignocellulose, and forestry residues are also a viable alternative to sugar- and
starch-based crops for biofuel production.

Biofuels obtained from lignocellulosic feedstock, so-called second-generation
(2G) biofuels are recognized to have greater GHG mitigation potential than
first generation (1G) biofuels produced from starch (Directive 2009/28/EC).
The GHG emission for a given biofuel is estimated considering the entire life
cycle “from field to wheel”, including all the material and energy inputs, as
well as effects on the environment. Attention has recently been drawn to the
land required for the start-up or expansion of dedicated energy crops, which is
considered to affect the environmental performance of biofuel. Indeed, by
displacing competing crops (food/animal feed) and thereby forcing these crops
to be grown on previously non-utilized land may lead to new GHG emissions;
an effect known as indirect land use change (ILUC). Legislators in the EU and
the USA aiming to reduce the carbon intensity of transportation fuels have
acknowledged the relevance of the ILUC effect in biofuel production, and
decided to account for ILUC-generated GHG emissions in directives where
the minimum GHG reduction potential is set for each feedstock and
production system (EISA 2007; Directive 2009/30/EC).

Given the high fuel demand for transportation purposes, the replacement of
fossil fuels with biofuels can contribute only in part to the energy supply
problem (IEA 2012). However, biofuels currently offer the best opportunity to
tackle the issues of sustainability and energy security simultaneously and
efficiently, if advanced production/life-cycle systems are carefully designed to
meet the environmental, economic and social constraints, while ensuring high
production targets.



1.1 World production of fuel ethanol

The commercial production of fuel ethanol relies mainly on the fermentation
of sugar and starch, while lignocellulosic ethanol entered the market only
recently (2013) (Balan et al. 2013). The USA and Brazil have been the leading
countries in the production of ethanol from corn starch and sugarcane sugar,
respectively, and the amount of ethanol produced by these two countries
together in 2013 was 74 billion litres, accounting for 84% of the world’s
production in that year (Figure 1.1).

Canada, 2.0, 2%

RoW, 2.8, 3%
India, 2.1, Z%k /'

China, 2.6, 3%
Europe, 5.2, 6%

Brazil, 23.7, U.S.A., 50.3,
27% 57%

Source: USDA-FAS

Figure 1.1 - Global fuel ethanol production in 2013 by country (country, billion litres, share of
global production). Adapted from Renewable fuel association (RFA 2014).

Ethanol production in the USA overtook that in Brazil in 2005, and has
increased almost 4-fold in the last decade, reaching 51 billion litres in 2013
(RFA 2014). The amount of ethanol produced in Europe was 6.7 billion litres
in 2013, including the non-fuel ethanol, and Europe remains a net importer,
although only for 15% of its ethanol consumption. The feedstocks used in
Europe are corn (47%), wheat (31%) and sugar beet (14%) (ePURE 2014).
The rapid growth in world ethanol production was driven by political
decisions in the USA and the EU to establish blending mandates of renewable
fuels with the clear aim, among others, of reducing GHG emissions from the
transport sector. The reductions in GHGs achieved by using renewable fuels
were based on life-cycle assessment including the ILUC. The EU targets were
GHG reductions of at least 35% today, 50% in 2017 and 60% thereafter. The
use of ethanol in the USA reduced their dependence on oil imports from 41%
to 35% in 2013 (RFA 2014). Co-products obtained from the production of
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ethanol from corn are fundamental to the economy of the process: 27% of the
gross revenues is obtained from selling distillers grains and corn distiller oil
(RFA 2014). The results of modelling suggest that producing ethanol from
corn reduces GHG emissions by 34%, and the energy return on energy
invested (EROEI) is 2.3 (RFA 2014).

In Brazil, however, ethanol production decreased during the harvest seasons
2011/2012 and 2012/2013 due to adverse climate conditions and reduced
renewal rate of sugarcane plantations. Moreover, an increase in sugar prices
shifted the use of sugarcane towards the more remunerative production of
crystal sugar (up to 50%). In the 2013/2014 season the sugarcane harvest
increased by 12% to 653 million tons, and 55% of the sugarcane was used to
produce ethanol, reaching a volume of 30 billion litres. Anhydrous ethanol
was 45% of the total amount of ethanol produced (UNICA 2014). Importation
of ethanol to Brazil was necessary to fulfil the high demand, and to comply
with the mandates for blending. The share of blending anhydrous ethanol with
gasoline returned to 25% after falling to 20% in 2011, and recently has risen
to 27.5% (MAPA 2014).

1.2 Ethanol as a transportation fuel

Ethanol is regarded as a promising alternative to liquid fossil fuels as it can be
blended with gasoline at various ratios depending on the car engine capability,
and thus has the potential to gradually replace gasoline without any need to
change the existing distribution infrastructure. Ethanol blends depend on many
factors, including government policies, geographic location and climate.
Generally, up to 10% anhydrous ethanol can be used in conventional
combustion engines, while blends up to 100% can be used in flexible-fuel
engines.

The private car market in Brazil has been shifting towards flexible-fuel
vehicles since 2003, and in 2013, 94% of new spark-ignition vehicles
purchased in Brazil had a flexible-fuel engine. However, the demand for
gasoline A (containing no ethanol) in Brazil is still rising (from 22.8 billion
litres in 2010 to 31.7 in 2013) due to the increase in the total number of
vehicles (Bloomberg 2013).

Ethanol could be used as a transportation fuel in other kinds of engines than
spark-ignition engines employing the Otto cycle. Diesel engines and electric
vehicles equipped with fuel cells represent new opportunities to improve the
efficiency and reduce the pollution. A novel ethanol-based diesel engine
allows the fuel to be used more efficiently and with near-zero particulate
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emission. The fuel ED95 contains 95% v/v ethanol, and is used in Scania
diesel engines in trucks and busses providing 43% efficiency and particulate
reduction (SEKAB). Ethanol could also be used in vehicles powered by fuel
cells to avoid the pollution from combustion and remove the risk associated
with hydrogen storage, as well as reducing the emission of GHGs. Two
options are currently being investigated, the hydrogen fuel cell and the direct
ethanol fuel cell; the latter showed low yields compared with the more
efficient fuel cells where ethanol undergoes an intermediate reforming step to
hydrogen before electricity production (Deluga et al. 2004; Kamarudin et al.
2013).

1.3 Aim and outline of this thesis

The purpose of the work presented in this thesis was to identify ways of
improving the process and the economics of sugarcane-based ethanol
production. Experimental and techno-economic studies have been
carried out in order to find the optimal process for 2G sugarcane
ethanol.

The research was divided as follows:

modelling and evaluation of production processes for first- and
second-generation ethanol from sugarcane and possible
integrated configurations,

- analysis of the main production design and costing factors in the
2@ ethanol process,

- reduction of the ethanol production cost by using different
process designs and strategies to increase the ethanol yield,

- experimental verification of potentially cost-effective process
designs.






2 The sugarcane biorefinery

In analogy with oil refineries, where crude oil is fractionated and processed to
obtain a variety of products, a biorefinery is a facility where biomass is
separated and converted into renewable commodities, such as fuels,
chemicals, heat and power in a sustainable way (IEA Task42 2008). The
demand for renewable fuels has been the driver for the development of
biofuel-oriented biorefineries, where food and feed can also be co-produced.
For example, the 1G ethanol industry produces crystal sugar from sugarcane
and distillers grains from corn, which can improve the economics of the
process. High-value building blocks, that can be used as precursors for the
synthesis of a wide variety of chemicals, can also be obtained by processing
biomass in a biorefinery (Werpy 2004; Bozell and Petersen 2010). Their role
is fundamental for the future of the biobased industry, in particular when
integrated with the production of biofuels (BIOREF-INTEG 2010).

Since the development of the Pro-Alcool Program in Brazil in 1975, the
sugarcane industry has been a forerunner of today’s biorefinery concept,
producing fuel, food and energy in an integrated plant. Ethanol and crystal
sugar are produced from the sucrose contained in the sugarcane stem, while
electricity and heat are obtained from combustion of the stem fibre residues
known as bagasse. Only a fraction of the whole sugarcane plant is currently
processed into food and fuel, while the efficient exploitation of the remaining
fraction via novel pathways has not yet been commercially deployed. Large
amounts of bagasse and leaves are available providing a lignocellulosic
material that can be used as a source of sugars in polymeric form or functional
building blocks for the synthesis of chemicals.

This thesis deals primarily with the production of ethanol in a biorefinery
using sugarcane, and the expansion of the sugar platform for ethanol
production from the sugars contained in bagasse and leaves. Several by-
products can also be obtained, such as biogas, vinasse and yeast, but only
electricity surplus is considered in this study to be sold to the market. Since
the process investigated does not include the production of crystal sugar, the
biorefinery is called autonomous distillery if only 1G ethanol is produced, and
a 1G+2G ethanol plant when ethanol is also produced from lignocellulose.



2.1 Raw material: sugarcane

Sugarcane is a perennial grass belonging to the Saccharum genus, grown in
tropical and subtropical regions, and believed to come originally from New
Guinea. There are six recognized species, the most abundant being S.
officinarum due to its high sugar content and other desirable characteristics
making it suitable for industrial processing. S. officinarum hybrids have been
selected and improved with the aim of adapting the plant for large-scale
industrial purposes by enhancing its resistance to pests and drought, sugar
content and biomass yield per hectare (Souza and Van Sluys 2010). The
worldwide sugarcane production in 2012 reached 1.96 billion tons, from 26
million hectares of harvested area, and the major producing countries were
Brazil, India and China, accounting for 39%, 19% and 7%, respectively (FAO
2013). Brazil has doubled its production in the past decade, and this increase
is greater than the average rate in the sugarcane-producing countries (37%)
(FAO 2013). The area dedicated to sugarcane plantations in Brazil is expected
to reach 14.4 million hectares in 2017, corresponding to 1.7% of the area of
Brazil (MAPA 2013). However, new sugarcane plantations are restricted by
law to the agroecological zone (known as ZAE Cana), according to an
innovative planning policy designed to guide expansion and simultaneously
guarantee sustainability (Decree n0.6961/2009). According to this decree,
expansion is prioritized in degraded areas where mechanized harvest is
feasible and the requirement for irrigation is minimal; it is forbidden on land
with native vegetation and in biomes including the Amazon. Thus, only 7.5%
of Brazil’s total area is suitable for sugarcane cultivation in compliance with
agroecological zoning.

Sugarcane growth is characterized by rhizomes which sprout new stems at
every ratooning, but after three to five harvests the plantation should be
renewed to prevent a fall in sugar and biomass yield. In the 2013/2014 season
it was estimated that the difference in agricultural productivity between a new
and a five-year old plantation was 40% (UNICA 2014). Stems can reach up to
five metres in height, providing a biomass yield per hectare between 58 and 95
ton (UNICA 2014). The stem of the plant contains mostly water (70%), sugars
(16%) and fibre (14%). Less abundant components include protein,
extractives, and ash. Leaves grow on the sides of the stem and become dry as
the plant grows, while tops are the sprouting upper end of the stems (Figure
2.1). Green leaves and tops contain higher amounts of salts and nutrients.
Tops, dry and green leaves are called straw or trash, and together account for
14% of the stem (by dry weight) (Paes and de Oliveira 2005). The term leaves
is used in this thesis to indicate the dry leaves which are the raw material for
the 2G process.
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Figure 2.1. Illustration of sugarcane. Adapted from (Paes 2005).

The sugar contained in the stem is 90% sucrose with small amounts of
monomeric glucose and fructose. The fibre fraction composing the stem, the
bagasse, is a by-product of sugar mills after sugar extraction. The practice of
manual harvesting of sugarcane was first discouraged in areas where
machinery can be used and then will be forbidden by law (Decree no.
2.661/1998), due to the release of pollution and GHG gases emitted by
burning the plantation to facilitate harvesting. This was done to reduce the risk
of exposing the workers to the sharp leaves and dangerous animals living in
sugar plantations. The State of Sao Paulo, the principal producer of sugarcane
in the Brazilian Federation, outlawed the burning of plantations, where
possible, several years earlier, in June 2014 (State Bill no.11241/2002 ; State
of Sao Paulo 2007). In mechanical harvesting, additional lignocellulosic
material is made available for processing; the sugarcane stem is chopped and
separated from the leaves and tops, some of which are left in the field to
preserve the quality of the soil and to control weed infestation (Manechini et
al. 2005). It was assessed that up to the 66% of the leaves could be removed
from the field for processing without harming or leading to deterioration of the
plantation, as long as the tops and green leaves were left on the field (Franco
et al. 2011). Other previous studies suggested that 33% was the maximum
amount that could be removed, leaving in place at least 7.5 ton/ha of dry trash
(Manechini et al. 2005).



The greatest difference in composition of the lignocellulosic residues of
sugarcane (tops, green and dry leaves, and bagasse) is seen in the moisture
content, which varies between 13.5% in dry leaves and 82.3% in the tops.
Elemental analysis showed similar values regarding the contents of carbon
(~45%), hydrogen (~6%), oxygen (~43%), nitrogen (~0.8%) and sulphur
(~0.1%) (Neto 2005). Given the similar elemental composition to bagasse,
leaves can be considered as additional feedstock for the production of ethanol.

Bagasse and leaves consist of lignocellulose, which is mainly composed of
cellulose, hemicellulose and lignin. The composition of raw bagasse and
leaves is given in Table 2.1.

Table 2.1 - Composition of raw bagasse and leaves

Bagasse Leaves

(Paper III) (unpublished)
Glucan 45.3% 36.5%
Xylan 22.2% 24.1%
Arabinan 2.4% 2.7%
Galactan 0.7% 1.5%
Acid insoluble lignin 20.7% 24.1%
Acetic acid 2.8% 2.3%
Lignin Ash 2.2% 4.5%
Total Ash 3.7% 6.1%

These macromolecules are present in the cell wall at different proportions and
morphological regions. The structure of the plant cell wall can be divided into
three layers: the middle lamella, where pectin is the most abundant
component; the primary cell wall and the secondary cell wall. In the primary
cell wall, cellulose microfibrils are linked to hemicellulose and surrounded by
a pectin matrix, while in the secondary cell wall pectin is generally replaced
by lignin.

Cellulose is the most abundant polysaccharide in the cell wall and in plant
biomass. The structure consists of a linear homopolymer of glucose units
linked with p-1,4-glycosidic bonds showing a variable degree of
polymerisation, usually between 3000 and 8 000 cellobiose units. Cellulose
chains are organised in microfibrils and the degree of crystallinity can vary
depending on the network of the lateral hydrogen bonds and van der Waals
interactions. Despite forming hydrogen bonds, cellulose is insoluble in water.
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Hemicellulose is a branched heteropolysaccharide with a low degree of
polymerisation and ramification. It consists of several saccharides, such as
glucose, mannose, galactose, arabinose and xylose. Hemicellulose is easily
broken down and solubilized by acid. The degree of substitution with acetyl-
and methyl- groups depends on the type of biomass. Sugarcane hemicellulose
has a xylose backbone branched through arabinofuranosyl and 4-O-methyl
glucopyranosyl units; hemicellulose can also be acetylated and linked to
ferulic acid and p-coumaric acid (Sun et al. 2004). In contrast to other plants,
xyloglucans seem not to be present in sugarcane tissues, while
glucuronoarabinoxylans have been found to be relatively abundant (Silva
2005).

Lignin is a highly cross-linked aromatic heteropolymer, made up of
phenylpropanoid units of p-hydroxyphenyl, guaiacyl, syringyl. The precursors
of these are the hydroxy-cinnamyl alcohols (or monolignols) p-coumaryl,
coniferyl and sinapyl. The amount and structure of lignin vary in different
morphological regions of sugarcane. Differences in the structure are found
between the fibre, the vessel and the parenchyma. The most abundant
phenylpropanoid in the secondary wall of the fibre is syringyl followed by
guaiacyl and p-hydroxyphenyl (He and Terashima 1990). Martin et al.
analysed 13 phenolics released after steam pretreatment, and found that p-
coumaric acid, ferulic acid and 4-hydroxybenzaldehyde had the highest
concentrations in the hydrolysate (Martin et al. 2002).

2.2 The first-generation ethanol process

The production of 1G ethanol from sugarcane has experienced a boost in
Brazil following the introduction of the Pré-Alcool Program in 1975, in order
to reduce the country’s dependence on oil for transportation. In the 30 years
from 1975 to 2005, the production of ethanol from sugarcane juice increased
nearly four times, while the production price was reduced by a factor of 3.5,
from 0.79 to 0.20 US$y04/L, as a result of technological innovations and
economies of scale (Goldemberg et al. 2008).

Ethanol production from sugarcane in Brazil is still entirely based on the
fermentation of the juice and/or molasses in either autonomous distilleries
(39%) or in facilities co-located with sugar mills (61%) where crystal sugar is
produced (MAPA 2009). Since the topic of this thesis is limited to the
production of ethanol in facilities where the entire amount of juice is used for
ethanol, the basis of the study is the autonomous distillery (Figure 2.2)
receiving cane harvested mechanically.
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Figure 2.2 - Flowsheet for the autonomous distillery

The mineral (soil) and vegetal (leaves, tops, stubbles) impurities contained in
the harvested sugarcane must be removed to avoid equipment malfunctioning
and wear, and to maintain a high quality of the raw material. A “dry cleaning”
stage before sugar extraction is used to separate the cane from the harvested
material, and to avoid sugar losses that would arise from washing with water.
In a conventional mill, the juice used for fermentation is separated from the
bagasse by shredding and milling the sugarcane. A series of mills operating in
counter-current mode provide high sugar extraction, with a recovery of about
97% w/w in the sugar juice stream and a sucrose concentration of 13.7% w/w.
The juice is then purified by adding CaO and a flocculant polymer, and a
clarification step is used to remove solid residues before the sugar is
concentrated to 19% w/w by evaporation, which also reduces microbial
contamination. The juice is fermented with an industrial yeast strain giving an
ethanol yield of about 94% of the theoretical, and an ethanol concentration
above 70 g/L, before the ethanol is distilled to obtain hydrous or anhydrous
fuel grade ethanol. The Melle-Boinot process for fermentation is the most
frequently adopted in Brazilian distilleries, and is characterized by batch
fermentation and yeast cell recycling through centrifugation. Acid washing of
yeast cells is also implemented to control microbial contamination (Basso et
al. 2008). Stress tolerance and increased ethanol productivity are the two
major outcomes of the Melle-Boinot process, which can be considered as a
pioneer concept of evolutionary engineering (Kavanagh and Whittaker 1994;
Basso et al. 2008).

After sugar extraction, the bagasse has a moisture content of about 50% and is
then combusted in a combined heat and power (CHP) plant to provide live
steam and electricity for the entire process. Brazilian CHP plants were
traditionally based on low-efficiency 22-bar boilers and the steam cycle was
coupled to backpressure turbines. The aim of this was to eliminate the bagasse
by incineration as it was considered to be waste (Camargo 1990).

12



2.3 The second-generation ethanol process

Two main processing routes are currently being investigated for the
production of 2G ethanol from lignocellulose. In contrast to the
thermochemical route, where the biomass is gasified and ethanol is obtained
by catalytic conversion of synthetic gas (Subramani and Gangwal 2008), the
enzymatic route aims to achieve a broth rich in sugars that can be fermented to
ethanol by microorganisms after biomass depolymerisation. In the present
work, bagasse and leaves were processed according to the enzymatic route,
which involves the use of biocatalysts for hydrolysis and fermentation. The
main steps are: pretreatment, to break down the lignocellulosic structure and
make the polysaccharides accessible to the cellulolytic proteins; enzymatic
hydrolysis, to release the lignocellulosic sugars in monomeric form; and
microbial fermentation, to produce ethanol from the monomers. An example
of a stand-alone process for the production of 2G ethanol from sugarcane is
shown in Figure 2.3. Bagasse is received as a by-product of the 1G process
and after pretreatment bagasse and leaves are hydrolysed and fermented to
ethanol; the residual solids after hydrolysis and fermentation can be
combusted in the CHP plant for steam and electricity production for use in the
co-located 1G autonomous distillery.

Bagasse l l ENZYMATIC HYDROLYSIS SOLID/LIQUID DISTILLATION
Leaves PRETREATMENT [ and FERMENTATION SEPARATION 2G

Solid 2G Ethanol
residues 2G Vinasse

Figure 2.3 - Flowsheet for the 2G ethanol production process.

2.3.1 The enzymatic route for 2G ethanol

In the biochemical route, the recalcitrance of the lignocellulosic matrix to
polymer hydrolysis is the major bottleneck in releasing the sugars from
cellulose and hemicellulose (Zhao et al. 2012). Therefore, pretreatment is
required to break down the lignocellulosic structure to facilitate the hydrolysis
of polysaccharides. The operating conditions should also be adjusted to
maximize the digestibility of cellulose and minimize the degradation of
sugars, which leads to the formation of inhibitors. This is difficult to achieve,
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but trade-offs have been found to reduce the negative effects on the overall
process, as well as on specific steps (Galbe and Zacchi 2007).

Steam pretreatment

Several methods of pretreatment have been used to treat sugarcane bagasse
and leaves, and can be classified as biological, physical, chemical and
physico-chemical depending on the agents employed and the mechanism of
action (Dekker and Wallis 1983; Laser et al. 2002; Martin et al. 2008;
Krishnan et al. 2010; Ferreira-Leitdo et al. 2010). In the present studies only
the steam-pretreatment, a physico-chemical pretreatment, was used in
experiments and considered in simulations.

In steam pretreatment, saturated steam at a temperature between 160 and
240°C is generally used to treat biomass with various residence times (1-20
minutes). After this treatment, the valve is rapidly opened resulting in flashing
of part of the water. The sudden expansion breaks the lignocellulosic
structure, reduces particle size and increases the pore volume (Mosier et al.
2005). However, the physical mechanism is not the primary pretreatment
mechanism, as biomass digestibility is enhanced mainly by the combination of
heat and the presence of acetyl groups in the hemicellulose that catalyses
hydrolysis (Brownell and Saddler 1987; Biermann et al. 1984). Hemicellulose
solubilisation is regarded as the principal reason for the improvement in the
accessibility of the cellulose to the enzymes (McMillan 1994; Mosier et al.
2005). Mineral acids with lower pKa can be used as a catalyst in order to
achieve a better breakdown of the lignocellulosic structure, primarily due to
the disruption of glycosidic bonds and carbohydrate-lignin linkages. This
leads to the solubilisation of hemicellulose, although only a small fraction of
the cellulose is hydrolysed (Galbe and Zacchi 2007; Pedersen and Meyer
2010). Under acidic conditions, the lignin is also altered and rearranged as
depolymerisation/repolymerisation reactions occur (Li et al. 2007). Pseudo-
lignin formed by the inclusion of dehydrated carbohydrates has also been
observed (Sannigrahi et al. 2011). Temperature, residence time and pH are
regarded as the most important parameters, as being mainly responsible for the
release and production of compounds that are inhibitory to hydrolysis, and
especially fermentation, (Palmqvist and Hahn-Hégerdal 2000). Moisture
content and biomass particle size can affect the effectiveness of pretreatment
but with lower magnitude (Brownell et al. 1986; Galbe and Zacchi 2012;
Ewanick and Bura 2011). Inhibitors are produced by the degradation of the
lignocellulosic structure, resulting in solubilised phenolics from lignin, acetic
acid from hemicellulose, and by the dehydration of polysaccharides yielding
furaldehydes, formic acid and levulinic acid. The type and amount of
inhibitors produced during steam explosion of sugarcane bagasse depend on
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the acid used as catalyst (Martin et al. 2002). In Table 2.2 and Table 2.3 the
composition of the solid and liquid fractions of bagasse and leaves after
steam-pretreatment are reported; leaves were pretreated at the same conditions
as bagasse. The use of steam as a heating agent and not liquid water, as in the
dilute-acid pretreatment, facilitates the recovery of the sugars as they are not
excessively diluted in the liquid fraction. Continuous steam pretreatment units
have been tested on pilot- and demonstration-scale, and commercial-scale
units have recently been brought into operation (Balan et al. 2013).

Table 2.2 - Composition of the solid fraction of bagasse and leaves after pretreatment

Bagasse Leaves
(Paper III) (unpublished)

Glucan 56.1% 44.1%
Xylan 6.2% 6.8%
Arabinan 0.2% 0.4%
Galactan 0.7% 0.3%
ﬁ‘;‘l‘}n‘ns"h‘ble 24.2% 35.3%
Acetic acid 0.3% 0.2%
Lignin Ash 3.3% 7.5%
Total Ash 4.2% 12.6%

Table 2.3 - Composition of the liquid fraction of pretreated bagasse

(g/L) Bagasse Leaves
(Paper III) (unpublished)
Glucose 6.0 9.4
Xylose 48.3 38.2
Galactose 1.4 0.8
Arabinose 5.5 4.2
Formic acid 0.9 0.5
Acetic acid 5.1 6.0
HMF 0.2 0.1
Furfural 1.7 0.4
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Enzymatic hydrolysis

After the lignocellulose has been pretreated to enhance the accessibility of
cellulose fibres, a mixture of enzymes with cellulolytic activity is used to
hydrolyse the cellulose and other polysaccharides into fermentable sugars.
Several microorganisms have the ability to excrete cellulolytic enzymes, but
only a few, such as filamentous fungi, belonging to the genus of Trichoderma,
Penicillium, Aspergillus and Phanerochaete, are suitable for industrial
production.

Three main subclasses of glycoside hydrolase enzymes are necessary to
depolymerise  cellulose into  glucose. The  exo-1,4-B-glucanases
(cellobiohydrolase, CBH) attack the cellulose from both the reducing and non-
reducing ends of the chain, releasing cellobiose and continuing the hydrolysis
in a processive manner. The activity of CBH enzymes is improved by the
cellulose binding module which binds the enzyme and its catalytic domain
onto the cellulose chain and also act as a sort of pretreatment breaking the
intra- and inter-chain hydrogen bonds, thus reducing the crystallinity (Hall et
al. 2011). The endo-1,4-B-glucanases act mainly in amorphous cellulose
regions by cleaving the internal 1,4-glycosidic bonds at random sites, creating
new chain ends for attack by the CBH enzymes. The B-glucosidases perform
the hydrolysis of the cellobiose dimer released by CBH into two glucose
monomers.

The hydrolysis of cellulose is the result of the synergistic effects of the
enzymatic activities, as described above. Cellulase synergism has been studied
extensively (Zhang and Lynd 2004; Van Dyk and Pletschke 2012), and it is
fundamental for industrial applications to achieve the rapid and complete
hydrolysis of cellulose. Several solutions have been proposed to tackle the
end-product inhibition of the enzyme complex, which reduces the hydrolysis
rate. One is to supplement B-glucosidases to reduce the inhibitory effect of
glucose and cellobiose (Tengborg et al. 2001; Berlin et al. 2005). However,
the new enzyme preparations are already high in B-glucosidase activity,
making supplementation less important (Cannella and Jergensen 2013).
Alternatively, the synergism can be extend to a fermenting organism able to
avoid the accumulation of glucose (end-product) by consuming it as soon as it
is released by the B-glucosidases (Gauss et al. 1976).

Novel enzymes have recently been found to be very efficient in the hydrolysis
of cellulose (Harris et al. 2010; Westereng et al. 2011; Quinlan et al. 2011;
Phillips et al. 2011; Forsberg et al. 2011), by attacking the cellulose chains at
apparently random sites in the crystalline regions (Horn et al. 2012). The
hydrolysis mechanism of an enzyme activity previously unknown was
ascribed to the oxidation of cellulose (Vaaje-Kolstad et al. 2010), and these
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enzymes have therefore been reclassified as Iytic polysaccharide
monooxygenases (Levasseur et al. 2013).

Fermentation

A wide variety of bacteria and fungi have the ability to ferment sugars into
ethanol, but only a few are suitable for the challenging conditions encountered
in industrial applications. Saccharomyces cerevisiae is regarded as the best
microorganism for industrial ethanol production due to its high specific
ethanol productivity, and its high tolerance to ethanol and osmotic pressure
from substrates and salts. Other fermentative microorganisms, such as
Zymomonas mobilis, Pichia stipitis and Escherichia coli, lack these
characteristics, and they are genetically engineered to increase their tolerance
(Klinke et al. 2004).

S. cerevisiae was used in the experimental study described in Paper II1, while
in Papers L, II and IV the choice of microorganism was not relevant as long
as the strain showed the characteristics assumed in the study, regarding
ethanol yield and productivity, non-flocculant behaviour, the possibility of
being recovered by centrifugation and being treated by dilute acid washing. S.
cerevisiae is facultative anaerobic chemoorganoheterotrophic unicellular yeast
and is therefore characterised by aerobic and anaerobic metabolism. The
substrates that can be utilised by S. cerevisiae are monosaccharides (glucose,
fructose, mannose), disaccharides (sucrose, maltose) and trisaccharides
(maltotriose, raffinose) (Walker 1998). The uptake of substrates through the
cell membrane occurs by facilitated diffusion. The transporter proteins of
glucose are stereospecific and can also import fructose and mannose. The
transport system has a higher affinity for glucose than fructose and mannose,
thus in presence of the three monosaccharides glucose is taken up
preferentially (Walker 1998). Sugar catabolism takes place through the
glycolysis (also called the EMP pathway) providing the yeast with 2 moles
ATP, 2 moles NADH and 2 moles pyruvate per mole glucose. Under aerobic
conditions, pyruvate is used to produce energy for cell growth and anabolism
via the tricarboxylic acid (TCA) cycle. In case of high substrate concentration,
pyruvate is directed towards the fermentative pathway instead of the TCA
cycle due to the overflow metabolism. Under anaerobic conditions the
fermentative pathway (shown in the following equation) is active instead of
the TCA cycle, and pyruvate is decarboxylated to acetaldehyde, which is the
final electron acceptor being reduced to ethanol.

CeH .06 +2 P;+2 ADP — 2 C,H;OH + 2 ATP + 2 CO,
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Despite the almost stoichiometric yield obtained in 1G ethanol production,
native S. cerevisiae cannot ferment the pentose sugars present in bagasse and
leaves due to the lack of efficient catabolic pathways linked to the pentose
phosphate pathway. Genetically engineered strains of S. cerevisiae can express
enzymes able to convert pentoses into xylulose-5-phosphate by two alternative
pathways: the xylose isomerase (XI) pathway, or xylose reductase and xylitol
dehydrogenase (XR-XDR) pathway (Hahn-Hégerdal et al. 1994).

The fermentation conditions in the production of 2G ethanol from bagasse and
leaves could be especially challenging due to the presence of inhibitory
chemicals from the pretreatment, which could reduce the ethanol yield and
productivity (Martin et al. 2002). Several configurations of combining
enzymatic hydrolysis with fermentation have been proposed in order to tackle
specific problems. The most commonly used have been separate hydrolysis
and fermentation (SHF) and simultaneous saccharification and fermentation
(SSF). SHF and SSF will be discussed in more detail in Section 3.1.2.

The integration of 2G ethanol process within the existing autonomous
distilleries can benefit from the well-experienced and optimized fermentation
technology in ethanol production from sugar juice. Only a few distilleries
employ the continuous fermentation process, which is designed to maximize
the productivity by allowing the yeast to perform under log-phase kinetics
during anaerobic growth and ethanol production. Another advantage is the
lower investment cost, compared with batch fermentation, as a consequence of
being a continuous process; thus, there is no down time (loading-emptying-
cleaning cycles) and smaller volumes are required. However, continuous
fermentation is severely affected by low ethanol productivity due to microbial
contamination, which is also responsible for considerable economic losses
(Ingledew 2003). The main reasons for microbial contamination are the lack
of a fermenter cleaning cycle and the microbial infection of the fresh medium.
Infections in continuous fermentation can be controlled by the addition of
antibiotics, the dosage of which must be increased as the resistance of the
microbial population increases, and this is therefore a costly method (Godoy et
al. 2008). It was found by Godoy et al. that converting a continuous process to
batch fermentation led to an increase in ethanol yield of at least 2 percentage
points, reaching almost 92% in year 2002; moreover, the yeast viability was
higher and the microbial population was two orders of magnitude lower
(Godoy et al. 2008). Persistent strains of wild yeast showing resistance to acid
washing (pH 2-2.5 for 1-2 hours at 10-17% w/v wet basis) have been found in
distilleries using sugar juice and molasses as fermentation substrates.
However, these strains could not be suitable for industrial production due to
undesired characteristics, such as low ethanol yield, excessive formation of
glycerol and foam, low viability after acid treatment (Basso et al. 2008).
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Regardless of the mode of fermentation, another factor causing a reduction in
yield is the carbon used for cell anabolism. This should be minimized despite
already being low under anaerobic conditions. Rapid fermentation at high
yeast cell concentration can ensure high productivity (Basso et al. 2008).
Glycerol is the major by-product of alcoholic fermentation, and is due to cell
cofactor regeneration as well as osmotic stress (Walker 1998).

2.4 The ethanol process by-products

The 1G and 2G ethanol processes have the potential to produce the same type
of by-products, mainly electricity, biogas and fertilizers, and the integration of
the two processes could result in a better usage of the input material by also
sharing the same equipment. While bagasse is a by-product of the 1G process,
used mainly for steam and electricity production, in the 2G process bagasse
represents the raw material together with leaves, and their residues from
enzymatic hydrolysis are combusted. If the amounts of steam and electricity
generated exceed the internal requirement for the plant, these can be exported
to the electrical grid providing an income. Another by-product that can be
used to increase electricity generation is the biogas obtained from the
anaerobic digestion of process streams, in particular vinasse, which reduces
the high COD present in the streams and thus the GHG emissions. Biodigested
vinasse still has a fertilizing capacity and can be used for fertigation of
sugarcane plantations, replacing synthetic fertilizers. As an alternative to
combustion, biogas can be purified and upgraded for use as a transportation
fuel or for domestic purposes.

2.4.1 Vinasse

Fertilizers and nutrients are required to increase the quality of sugarcane
plantation soil and, if obtained as by-products from the ethanol plant, can also
reduce the use of synthetic fertilizers. The stillage from the distillation unit,
also called vinasse, is a large by-product stream characterized by a high
biological oxygen demand (BOD) and nutrient content, which may pollute
rivers and fields if released untreated. For every litre of ethanol produced, 7 to
15 litres of vinasse have to be treated (Cortez et al. 1992). The most common
use of vinasse is as a fertilizer by irrigation of the sugarcane plantation.
Alternatively, it can be used for energy recovery by burning its organic
content, for protein production by aerobic fermentation, for animal feed after it
has been dried, or for biogas production by anaerobic digestion (Camhi 1979).
The advantage of anaerobic digestion is that no additional heat is required to
reduce the BOD to biomethane. Moreover, anaerobically treated vinasse can
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be still used for fertigation given the high levels of potassium, nitrogen and
phosphorus, greatly reducing the need for chemical fertilizers (Lucas et al.
1997). The direct application of untreated or inadequately treated vinasse can,
in fact, cause several environmental problems, such as salinization, leaching of
metals to the groundwater, changes in soil quality, a reduction in alkalinity
and crop losses due to phytotoxicity, as summarized by Christofoletti et al.
(Christofoletti et al. 2013).

The properties of the vinasse resulting from 1G and 2G ethanol production
may vary regarding the amount produced and the composition. The amount of
vinasse depends on the substrate loading in fermentation and the final ethanol
purity. The volume ratio between vinasse and ethanol was found to be 13 in
the 1G plant, while in the 2G process it varied from a minimum of 4.5 for
fermentation at 30% water-insoluble solids (WIS) including pentoses (Paper
II), to a maximum of 40 when only glucan was hydrolysed and fermented at
10% WIS with a combined ethanol yield of 63% (Paper III). When vinasse is
sold at 0.02 US$/ton, the revenue is below 0.005 US$/L of ethanol produced
and that is negligible to the process profitability; however, the use of H;PO, as
steam pretreatment catalyst and NHj as neutralizing agent after pretreatment
can increase the content of ammonium phosphate and thus the selling price
(Paper I).

2.4.2 Biogas

In contrast to the 1G process, where biogas is generally produced from vinasse
containing ethanol, residual sugars and fermentation by-products, such as
glycerol and organic acids, the 2G process is a source of a multitude of
additional components resulting from the depolymerisation of the
lignocellulose. The amount and composition of the streams reaching the water
treatment unit can vary considerably, depending on the operational conditions
used for hydrolysis and fermentation (Papers I and II). These streams include
the liquid fraction from pretreated bagasse and leaves, the condensate from
steam pretreatment and drying units, the washing water from the filter-press
and rotary drum filters, strippers and rectifiers bottom streams. If pentoses are
not co-fermented to ethanol, the most abundant components flowing into the
water treatment unit would be xylose and other polysaccharides, regardless of
whether SSF or SHF is used (Papers I, II, III and IV). The degradation
products generated in pretreatment, such as furaldehydes and soluble lignin
can be present in the 2G streams and can have an inhibitory effect on biogas
production (Barakat et al. 2012). Due to high concentration of inhibitors,
untreated vinasse from processing lignocellulosic material at 30% WIS could
be toxic to biogas-producing organisms. Thus, dilution or recirculation may be
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required, cancelling out the advantage of having smaller volumes to treat and
the consequent lower capital investment (Paper II). The equipment available
to carry out anaerobic digestion is continuous stirred tank reactor (CSTR),
upflow anaerobic sludge blanket (UASB) reactor and internal circulation (IC)
reactor. There are major differences not only in design but also in terms of
biogas productivity, which 1is the result of organic loading rate
(kgCOD/m’/day), specific COD removal rate per kg of sludge
(kgCOD/kgVSS/day), the yield of biogas on COD (Nm® biogas/kgCOD) and
the hydraulic retention time HRT (hours).

2.4 .3 Bioelectricity

Bagasse, leaves and enzymatic hydrolysis residues are potential sources of
fuel for the CHP plant, supplying steam and electricity to the 1G and 2G
processes. The flowsheet for a CHP plant is shown in Figure 2.4. The greatest
difference between these three kinds of fuel lies in their lower heating value
(LHV), which depends on the moisture content and composition. Bagasse has
a moisture content of about 50%, dry leaves 15% (Neto 2005), and hydrolysis
residues above 60% (Papers I and IIT). The higher heating values of the three
fuels are comparable, 18, 17, 20 MJ/kg, respectively (CaneBioFuel 2011),
although the heat recoverable by the boiler depends on fuel moisture content.
If most of the cellulose and hemicellulose is used for ethanol production, the
hydrolysis residues can contain ash more than 14% on dry basis, leading to
higher boiler maintenance costs and particulate emission (CaneBioFuel 2011).
More efficient boilers and condensing turbines able to produce a higher
electricity surplus can be seen as an important source of income as a result of
higher electricity prices and market deregulation, while bagasse has been
reported to be an ideal fuel for bioelectricity generation, improving the
economy of autonomous distilleries (Ensinas et al. 2007; Dias et al. 2011a;
Dias et al. 2011b; Seabra and Macedo 2011; Paper I; Paper II). Despite the
increase in the investment cost of the CHP plant with increasing boiler
pressure and electricity output, high-pressure cogeneration systems have been
found to be more economically profitable (Dias et al. 2013).
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Figure 2.4 - Flowsheet for the combined heat and power (CHP) plant

2.5 Green chemistry and inherent safety
principles

The environmental, economic and social sustainability of production
processes has been the driver for the modification and improvement of several
kinds of industries concerning raw material input, reaction reagents,
equipment efficiency and waste minimization. The tools used were good
design practices, which first evolved into a series of design principles ensuring
inherent safety (Kletz 1978), and then extended to include sustainability
criteria, yielding a list of principles known as the green chemistry principles
(Anastas and Warner 1998). The concept of sustainable development was first
used in the Brundtland Report, “Our Common Future”, where the main
framework and traits were outlined (WCED 1987). This report included topics
already dealt with in 1972 in a previous report, “Limits to Growth”,
commissioned by the Club of Rome, and compiled by researchers at MIT,
which highlighted the problems facing society as a result of growth (Meadows
et al. 1972). Nowadays, the biorefinery concept is based on “the sustainable
processing of biomass into a spectrum of marketable products and energy”
(IEA Task42 2008), and can, thus, be naturally integrated with the principles
of green chemistry, helping to enhance the sustainability and robustness of the
process. Good design practices, as outlined in the principles of inherent safety
and green chemistry, have been applied in this work with the aim of
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optimizing the experimental results, the ethanol process scenarios, and taking
environmental issues into consideration.

The traditional 1G ethanol process based on sugarcane already satisfies many
of these new criteria, such as using a renewable raw material and relying on
the fermentative capacity of yeast biocatalyst for the conversion of sugars to
ethanol. Moreover, vinasse and ash can be returned to the land, in an attempt
to close the water and nutrient cycles. These principles are adhered to even
more in the 2G ethanol process, as lignocellulosic agricultural residues are
used as feedstock and the products obtained can have a higher value than
electricity produced from bagasse. In addition, the hydrolysis of the
polysaccharides is generally based on steam, low-concentration acid catalyst
and enzyme biocatalyst.

The steam pretreatment of bagasse and leaves with the addition of lower
amounts of acid catalyst is superior to harsher methods such as acid
hydrolysis, which requires more concentrated acid and neutralizing agent,
consequently producing more inhibitors and waste streams (Taherzadeh and
Karimi 2007a). The use of an acid catalyst in steam pretreatment can be
regarded as a source of unnecessary pollution compared with autohydrolysis,
in which the thermal effect of steam and the acetic acid present in the
lignocellulose are used to make the cellulose more available. However, this
depends on the nature of the acid catalyst and on its fate within the production
system. For instance, despite being very effective, sulphur-based catalysts
(H,SO4, SO,) may produce lignosulfonates by inclusion of the sulphur into the
lignin. Combustion of this material would rise the emission of SO,, increasing
the flue gas desulphurization and gypsum disposal. In contrast, if phosphoric
acid is used as a catalyst, it can be neutralized with ammonia, creating
ammonium phosphate, a valuable fertilizer, which can be recovered in the
vinasse for fertigation. However, the use of phosphoric acid is still associated
with problems related to the corrosion of equipment, since industrial grade
phosphoric acid contains also hydrofluoric acid, which is extremely corrosive
to metals.

Enzymatic hydrolysis and fermentation take place at almost ambient
conditions, and are catalysed by biocatalysts that can be recovered with
different degrees of effort. The yeast employed in sugar juice fermentation and
in SHF is easily recycled, while the recovery of enzymes requires more
complex configurations or equipment (Vallander and Eriksson 1987; Jin et al.
2012; Weiss et al. 2013), which may hamper the economic feasibility of their
reuse.
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The fermentation of sugars to ethanol is not a synthetic pathway since the
carbon present in sugars is also converted to CO, by pyruvate decarboxylase.
In native Saccharomyces cerevisiae, the molar ratio of carbon lost as CO, per
carbons supplied as sugar is 2:6. Attempts have been made to use this CO, in
synthetic pathway for the production of succinic acid (Cok et al. 2014).
Otherwise, carbon sequestration techniques can be an alternative for CO,
disposal (Azar et al. 2000).

Although that bagasse was combusted in the autonomous distilleries without
maximizing the heat recovery, one of the aims in the design of the integrated
1G and 2G ethanol process throughout this work was to maximize the energy
efficiency, allowing not only better use of the heat available in the plant, but
also maximization of the ethanol produced using bagasse and leaves (Papers I
and IT).
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3 Factors influencing the
production, costs and
profitability

Ethanol production cost and economic profitability are important metrics
obtained from techno-economic analysis that convey the feasibility of a plant
design regarding both production factors (configurations, operating
conditions, energy efficiency, yields, productivities) and local conditions (spot
prices for electricity and feedstock, etc.). Production cost is a general term
accounting for revenues, capital and operating costs, and sometimes the
producer’s profits. The production cost for a chemical produced in a plant is
evaluated over the life-span of the plant, which usually varies between 10 and
25 years, thus annualized cash flows, based on the interest rate and the
depreciation, must be considered. The main assumptions used in the economic
calculations are given in Table 3.1. If the condition “revenues equal costs” is
imposed, the ethanol production cost obtained is the minimum possible and is
named Minimum Ethanol Selling Price (MESP). The MESP is, by definition,
the production cost obtained when the net present value (NPV) equals zero,
1.e. when revenues and costs break even. For a more realistic evaluation, the
producer’s profit should be included, and this is conventionally expressed as
the expected return on investment. In this case, the MESP is calculated
imposing the break-even condition (NPV = 0) and assuming an internal rate of
return (IRR) of 10%.

In this thesis, the focus is on 2G ethanol production in an integrated 1G+2G
ethanol plant, and 2G MESP is the metric used to compare alternatives
involving the 2G process. It is assumed that the production cost of 1G ethanol
is constant, and any variation in capital and operating costs is attributed to the
production of 2G ethanol. 2G MESP is the sum of the production cost items,
calculated according to the equation below:
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where C's is the 2G ethanol production cost for the cost item i given by a
weighted ratio between the difference in the cost of item i for 1G+2G and 1G
ethanol, and the volume of 2G produced. C' denotes the production cost for
the item i and /' the volume of ethanol produced.

The two complementary metrics appropriate for expressing the profitability of
the ethanol plant are the IRR and NPV, which provide measures of the yield
and the value of the investment, but do not necessarily identify the same
scenario as being the best alternative.

Table 3.1 - Main assumptions used in the economic calculations

Parameter Value
Internal rate of return (IRR) after tax, above inflation 10%

Net present value duration 20 years

Tax rate 34%

Period of tax-deductible linear depreciation in capital cost 10 years
Plant scrap value None
Payment of total project investment prior to start-up 12 months
Working capital (% of turnover) 20%
Financing 100% equity
Currency basis 2011 USS

The overall MESP for the integrated production of 1G+2G ethanol is divided
into cost items associated with operating, opportunity and capital costs, as
reported in Table 3.2. The cost of sugarcane and leaves was only accounted
for in the autonomous distillery for the production of 1G ethanol and
electricity, and bagasse was assumed to have no cost. The costs of enzymes,
acids, bases and other raw materials are additional operating costs. The cost
for water consumption includes that required for the processes and for cooling.
Vinasse can be sold providing an income, but this is often negligible. A
producer profit of 10% IRR is included in the capital cost, and labour,
maintenance and insurance are proportional to the capital cost. Surplus
electricity, obtained by combusting bagasse and leaves, provides a source of
revenue for the autonomous distillery, while in the 2G process it is considered
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as an opportunity cost, i.e. a loss of income due to the use of bagasse and
leaves for ethanol instead of electricity production. In an integrated 1G+2G
ethanol plant, the major cost was found to be the capital cost, followed by the

cost of sugarcane and the enzyme cost (Paper II).

Table 3.2 - Cost items composing the MESP for 1G, 2G and overall ethanol production.
(Paper II, case {C5 EtOH, B+L, 20% WIS, 96h, 250% EHE})

1G+H2G 1G 2G

Ethanol Ethanol Ethanol
Ethanol, L/ton-dSC 585 274 311
Power production, kWhr/ton-dSC 56 230 22
Cost items, USD/L
Sugarcane 0.110 0.235 0.000
Leaves 0.012 0.026 0.000
Enzymes 0.090 0.000 0.170
Acid 0.013 0.000 0.024
Base 0.003 0.002 0.004
Water consumption 0.001 0.002 0.001
Other raw materials 0.003 0.007 0.000
Labor, Maintenance, Insurance 0.054 0.069 0.041
Net electricity /opportunity cost -0.021 -0.231 0.150
Vinasse sales 0.006 0.005 0.008
Capital Cost 0.177 0.196 0.160
Minimum Ethanol Selling Price 0.438 0.301 0.558
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3.1 Process design

The design of the 2G process has the potential to greatly affect the energy
efficiency, the capital cost of the equipment and the operating costs. The
designs studied are mainly related to ways in which the 2G process is
integrated with the 1G process, and the configuration of hydrolysis and
fermentation.

3.1.1 Integration of 1G and 2G ethanol

The ability of 2G technology to depolymerise lignocellulosic materials,
through the combination of pretreatment and enzymatic hydrolysis, enables
bagasse and leaves to be used for ethanol production, making sugarcane an
even more valuable raw material. The 2G ethanol process can be regarded as a
natural extension of the existing autonomous distillery, and can be co-located
with the 1G plant, allowing the sharing of process utilities, such as steam,
cooling water and electricity. Moreover, the conversion of monomeric sugars
to ethanol via fermentation and the downstream processing are common steps
in both processes. The integration of 1G and 2G ethanol processes is best
achieved in a new facility, which can be designed in different ways. For
example, the heating streams can be integrated by a common heat exchange
network, by allowing a stream from one process to be combined with a similar
stream in the other, or using the same equipment. From a cost perspective,
integrating the 1G and 2G technologies in a single plant sharing material and
energy streams could reduce the production cost, due to synergies obtained
from higher energy efficiency and better equipment use.

Heat integration and energy efficiency

The energy requirement for the plant has not previously been a constraint in
conventional autonomous distilleries, as the bagasse was usually incinerated
as a waste product in low efficiency boilers. Since the increase in the price of
electricity due to the energy crisis in 2001 (Cardona et al. 2010), and the
deregulation of the electricity market, more efficient and, therefore, more
costly boilers have been introduced for the efficient recovery of heat
(Camargo 1990; Ensinas et al. 2010). High energy efficiency not only allows
surplus electricity to be sold, but is fundamental in a 2G process to maximize
the 2G ethanol produced from bagasse and leaves. In fact, the combustion of
hydrolysis residues may not provide sufficient heat, and some of the bagasse
and leaves must thus be used for energy production, rather than ethanol
production. It was found that in a plant characterized by low energy efficiency
(59.2%), the 25% of the bagasse was diverted from 2G ethanol production and
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used as fuel in the CHP (Paper I). The most heat-demanding unit operations
in a combined crystal sugar and ethanol facility are sugar juice evaporation
and ethanol distillation after fermentation, including preheating, representing
22% and 38% of the consumption of 2.5 bar saturated steam (Ensinas et al.
2007). These two units are also included in an autonomous distillery and in an
integrated 1G+2G ethanol plant.

Several ways of reducing the energy demand and increasing the energy
recovery by the use of more efficient equipment have been studied, for
example: improving the heat exchanger network, thermally integrated
distillation, mechanical vapour recompression in evaporation, higher boiler
pressure, five-effect evaporation and drying solid fuels before combustion
(Ensinas et al. 2007; Dias et al. 2013; Dias et al. 2011b; Wingren et al. 2008;
Sassner and Zacchi 2008; Paper I). However, the capital cost associated with
the installation of more efficient equipment may not always lead to higher
economic returns or lower production cost.

The first step towards thermal integration of the 1G and 2G processes is the
design of a common heat exchange network. The heat recovery can be either
obtained using the pinch analysis technique, which optimizes the entire
network (Dias et al. 2011b), or by adopting the minimum temperature
approach for a single heat exchange (Paper I). A 16% reduction in overall
steam consumption was found to be possible in a heat-integrated plant in
Paper I, while Dias et al. found that a 31% reduction in 2.5 bar steam and a
349% reduction in 6.0 bar steam could be achieved (Dias et al. 2011b).

Evaporation and distillation may often be thermally integrated in an
autonomous distillery. The steam from the backpressure turbine discharged at
2.5 bar is generally sent to the single-effect evaporators for juice
concentration, and the secondary steam, generated with a low steam economy
(0.26 kg liquid evaporated per kg steam supplied), is condensed in the stripper
reboiler to distil the ethanol in the fermented broth. The steam consumption of
thermally integrated evaporation and distillation is 0.28 kg steam per kg of
feed in the evaporator (expert personal communication). The consumption
could be reduced by a further 23% if the single-effect evaporation unit is
replaced by a five-effect unit. In Paper I, the plant energy efficiency was
found to increase from 62.0% to 64.7%, while the electricity exported
increased from 43 to 46 kWh/ton-SC, and the 2G ethanol production from 14
to 29 L/ton-SC (from 46 to 95 L/ton-dSC). However, the investment cost of
the new equipment did not pay off, considering the overall ethanol production
cost, due to the larger amount of costly 2G ethanol produced. Thus, the
existing design was more economically feasible, although it was characterized
by low 2G ethanol production (Paper I).
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In the forward-feed five-effect evaporation unit the live steam is injected into
the first effect where secondary steam is generated by liquid evaporation from
the juice, and used for evaporation in the following effect. By adjusting the
vacuum in the last effect and the pressure drop in each effect it is possible to
set appropriate temperature differences for efficient heat transfer, taking the
boiling point elevation of the sucrose solution into consideration. As a result
of the sequential secondary steam generation in each effect, five-effect
evaporation results in higher steam economy (2.6 kg liquid evaporated per kg
steam supplied) and lower steam consumption (0.09 kg steam per kg feed)
compared with a single-effect unit used in traditional autonomous distilleries
(Paper I; Ensinas et al. 2007). Mechanical vapour recompression can be
employed in multiple-effect evaporation to further reduce the steam demand
(Wingren et al. 2008).

Thermal integration can also be applied within the distillation unit, providing
the possibility of exchanging heat between two strippers in parallel and a
rectifier operating at lower pressures. For this to be possible, it is necessary for
the stripper condenser operating at a higher pressure to transfer heat to the
stripper reboiler operating at a lower pressure. Moreover, the rectifier
operating at an even lower pressure could receive the heat from the stripper
condenser operating at the intermediate pressure. In this way, the steam
required for the entire distillation unit can be considerably reduced (Wingren
et al. 2008; Dias et al. 2009a; Dias et al. 2011b; Ensinas et al. 2007). It has
been found that the reduced steam requirement resulting from the use of
double-effect distillation could increase the use of bagasse for 2G ethanol
from 76% to 90%, leading to a higher production of ethanol and lower
electricity surplus (Dias et al. 2009b).

After juice extraction, bagasse has a moisture content of 50%. This
dramatically reduces the LHV and the surplus of electricity that can be sold.
The enzymatic hydrolysis residues, which have a water content of 60%, suffer
from similar drawbacks. Thus, the energy output would benefit from the
introduction of a dryer before the combustion of any fuel having high water
content. If a steam dryer is adopted, the latent heat of the flue gases after
combustion is reduced, and a high fraction of secondary steam is also
recoverable, diminishing the demand for live steam. At least 85% of the
primary steam supplied to the dryer could be recovered for other uses in the
configuration studied in Paper I. Since more bagasse and leaves can be made
available for 2G ethanol production by using a steam dryer, the additional
capital cost for the equipment was compensated for by the higher volume of
2G ethanol, and the production cost of 2G ethanol was also decreased. An
alternative to a steam dryer is a pneumatic dryer using flue gases as drying
medium. The use of such a dryer has been shown to increase boiler efficiency
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from 64.1% to 70.4%, by increasing the LHV, and the equipment cost of the
bagasse dryer with a capacity of 22.9 kg/s was comparable to that of the
economizer, according to preliminary cost estimates (Sosa-Arnao and Nebra
2009).

Boiler pressure is a fundamental parameter determining the -electricity
production via the steam cycle and the surplus that can be sold. Boilers
operating at 22 bar used to be installed in the sugar-alcohol industry until the
1980s (Camargo 1990), but more recently, 65-bar boilers have been more
frequently installed. In recent years, manufacturers have started supplying
boilers at even higher pressures (82-118 bar) to meet the sugar industry
requests for more efficient production of bioelectricity (Ensinas et al. 2010;
Seabra and Macedo 2011; Caldema 2014; Dedini 2014). Dias et al. reported
that the surplus electricity generated was 26.5, 52.3, 80.0 and 91.7 kWh/ton-
SC for boilers operating at 22, 42, 65 and 82 bar, respectively, in an integrated
1G+2G ethanol plant also using pentoses for ethanol production (Dias et al.
2013). In an analogous plant with hydrolysis and co-fermentation yields of
95%, the electricity surplus achieved with a 90-bar boiler was only 56
kWh/ton-SC, due to the lower amount of hydrolysis residues combusted
(Paper II). However, the low electricity surplus was compensated for by a
higher 1G+2G ethanol yield: 179 L/ton-SC (Paper II), compared with 115.7
L/ ton-SC obtained in the case when 82-bar boiler was used in an integrated
1G+2G plant producing ethanol with non-theoretical yields (Dias et al. 2013).
Also in an autonomous distillery, the surplus electricity from bagasse could be
increased by using a higher boiler pressure. For example, it could be increased
from 109 to 126 kWh/ton-SC by adopting a boiler pressure of 90 bar
compared to 65 bar (Papers I and II). The advantage is greater if dry leaves
are added as a fuel for the combustion in 90-bar boiler because of their low
moisture content (15%), thus increasing the electricity surplus by 83% to 230
kWh/ ton-SC (Paper II).

From a cost perspective, maximization of the heat recovery using new heat
exchangers and a steam dryer, as well as the combination of five-effect
evaporation with thermally integrated distillation units, contributed to the
decrease in 2G MESP in a heat integrated 1G+2G ethanol plant (Paper I).
However, increasing the plant energy efficiency by the installation of more
efficient equipment, and consequently increasing the bagasse available for the
production of 2G ethanol, was found to have a negative effect on the overall
ethanol production cost (1G+2G MESP), because of the higher production of
costly 2G ethanol compared to 1G ethanol. As a consequence, 1G+2G MESP
increased from 0.43 to 0.48 US$/L, while 2G MESP decreased from 1.55 to
1.11 USS$/L (Paper I). It was noted that increasing the pressure in the boilers
reduced the ethanol production cost by only 0.01 R$/L (0.004 US$/L), in spite
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of the significant variations in the amounts of electricity and ethanol produced
(Dias et al. 2013), suggesting that different production ratios between ethanol
and electricity can be economically equivalent.

Integration of energy and process streams

Synergies arising from the integration of streams are expected to reduce the
energy demand and the capital cost. Streams rich in fermentable sugars or
ethanol can be combined and subjected to the same processing. Streams can
be mixed at three different stages: before evaporation, before fermentation or
before distillation. The mixing of the juice stream in the bagasse hydrolysis
and fermentation was not investigated in the present work. However,
experimental results on mixing sugar beet molasses at various ratios in the
SSF of bagasse showed that lower ethanol yields were obtained at higher
sucrose ratios. The two probable reasons identified were the initial glucose
inhibition of cellulases, and the reduced fermentation rate of yeast caused by
toxic compounds from pretreatment and by the slow rate of enzymatic
hydrolysis (Macrelli 2007). Instead of mixing the sugar streams completely
before evaporation, a more efficient and cheaper integration configuration was
chosen. This design, shown in Figure 3.1, was characterized by smaller
volumes flowing through the evaporators and, thus, less heat being needed to
increase the temperature of the liquid to boiling point.
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Figure 3.1 - Flowsheet for the integrated 1G+2G plant. The integration is obtained by mixing
the 2G sugar stream with 1G juice stream before and after evaporation. (Paper I)
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In Paper I, the partial blending of the 2G sugar-rich liquid with the sugar
juice before and after evaporation was used to obtain an intermediate
concentration of 25% w/w sucrose and a final concentration of mixed sugar of
8.5% w/w before joint fermentation. In the simulations it was assumed that
mixing the two sugar streams had no effect on fermentation yields and/or
rates. Therefore, the same ethanol yield as that from 1G fermentation was
assumed for the integrated fermentation, giving a final ethanol concentration
of 4.2% w/w before being distilled in a single distillation unit.

The other integration configuration, shown in Figure 3.2, relied only on
mixing the two fermented broths containing 7% w/w (1G) and 1.4% w/w (2G)
ethanol, to give an average ethanol concentration of 3.5% w/w, before
entering the common distillation unit. The capital cost can be also reduced as
the stripper reboilers are smaller, and a single unit is generally cheaper than
two smaller units for the separate distillation of 1G and 2G fermented broths.
Both integration designs led to similar and slightly higher energy efficiency
and lower capital cost per litre, in terms of 2G MESP and 1G+2G MESP
(Paper I). Moreover, the integrated distillation configuration offers simplicity
of layout and flexibility for the use of different microorganisms in sugar
fermentation.
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Figure 3.2 - Flowsheet for the integrated 1G+2G plant. The integration is obtained by mixing
the 2G fermented broth with 1G fermented juice before distillation. (Paper I)
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Other integration opportunities have been investigated in terms of using
different feedstocks than sugarcane in the same facility, and expanding the
process using ethanol as raw material. Sweet sorghum can be effectively
processed in sugar mill facilities outside the sugarcane crushing season, and
has been shown to be a viable feedstock for electricity and ethanol production
(Cutz 2014). Ethanol produced in an integrated 1G+2G plant can be further
converted via vapour-phase catalysis to butanol, but the process economics are
favourable only if the butanol is used for chemical purposes, and not sold as a
fuel (Pereira et al. 2014).

3.1.2 Configurations for hydrolysis and fermentation

Simultaneous saccharification and fermentation (SSF) and separate hydrolysis
and fermentation (SHF) are two alternative concepts of process configurations
that have been widely used to produce bioethanol via the enzymatic route
(Taherzadeh and Karimi 2007b; Olofsson et al. 2008). In Figure 3.3 a
schematic representation of SSF and SHF is shown. In SHF the enzymatic
hydrolysis and fermentation are performed in two separate vessels where
different optimal conditions of temperature and pH are set: 45-50°C and pH
4.8-4.9 for hydrolysis with cellulase enzymes, 30-40°C and pH 4.5-6.5 for
fermentation, depending on the fermenting microorganism. After hydrolysis
the solid fraction is removed and only the liquid is fermented, and that
facilitates the recovery of the fermenting microorganisms. In contrast, in SSF
the hydrolysis of polysaccharides and fermentation of monomers occur in the
same vessel at the same conditions of temperature and pH (Gauss et al. 1976).
The main advantage of adopting SSF is to avoid the enzyme inhibition due to
end-product accumulation in the broth because monomers are consumed by
the fermenting microorganisms as soon as they are released. However, the
main disadvantage of SSF is that the temperature and pH conditions used are a
compromise between two optimal ones and the rates of hydrolysis and
fermentation are reduced. Numerous studies comparing the two configurations
showed that higher ethanol yield and rate could be obtained by SSF rather
than SHF (Alfani et al. 2000; Olsson et al. 2006; Ohgren et al. 2007; Tomés-
Pejo et al. 2008; Alves dos Santos et al. 2010). Nevertheless, depending on
enzyme cocktail used, SSF and SHF could be alternatively the best option
(Cannella and Jergensen 2013).
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Figure 3.3 - Schematic representation of the SSF, tSHF and SHF configurations.

Several studies have recently been published in which hybrid configurations
that combines features from SSF and SHF to deal with the high solids loading
and to reduce fibre viscosity before SSF have been used (Merino and Cherry
2007; Hoyer et al. 2013; Cannella and Jergensen 2013; Alvira et al. 2013;
Palmqvist and Lidén 2014; Mesa et al. 2011). The technique adopted consist
in pre-hydrolysis at the temperature optimal for the enzymes, at least for a
period long enough to ensure liquefaction and efficient mixing. If pre-
hydrolysis is run for an extended period, it can be considered as complete
hydrolysis, since lignocellulose is almost completely hydrolysed before yeast
inoculation. This configuration can be regarded as hydrolysis and delayed
fermentation, or time-separated hydrolysis and fermentation (tSHF) (Figure
3.3), due to the fact that most of the hydrolysis takes place prior to
fermentation, and there is no physical separation of the liquid from the
hydrolysis residues, as in SHF.
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From a process design perspective, these configurations result in different
equipment, tank number and energy requirements. SSF is the simplest
configuration because hydrolysis and fermentation take place in the same
vessel and the process is isothermal, thus, there is no need for intermediate
cooling. However, if a mesophilic microorganism, such as S. cerevisiae, is
used, the hydrolysis and fermentation rates are negatively affected due to their
different temperature optima, resulting in a longer residence time and a higher
number of tanks being required. Moreover, the electricity demand for stirring
is higher, due not only to the extended residence time, but also the slower rate
of viscosity decrease than in SHF.

The SHF configuration has several advantages compared with SSF in terms of
productivities if the enzymatic cocktail is designed to limit end-product
inhibition. However, efficient separation and intermediate cooling are
required, due to the different temperature optima of hydrolysis and
fermentation, and relevant sugar losses may occur if the filter cake is not
thoroughly washed. The equipment suitable for solid-liquid separation
depends on the particle size of hydrolysed fibres, but filter presses and rotary
drum filters are generally recommended. The sugar recovery, the amount of
water used for cake washing and the dry matter content of the cake are
important parameters that directly determine the water content in both the
solid and liquid fractions. However, efficient counter-current washing in
rotating drum vacuum filters (Grihs 1976) and filter presses can increase the
sugar content and minimize the sugar lost with the cake to 2-6%. The negative
effect of high water content in the filter cake can be reduced with a steam
dryer which removes the water before combustion by drying the filter cake up
to 80% dry matter, and recovers above 85% of the heat as secondary steam
(Paper I). The heat required to maintain the hydrolysis tanks at a temperature
of about 50°C can be provided by the 0.25 bar steam from the condensing
turbine, which is available at least in an amount of 480 kWh/ton of dry
bagasse feed in the 2G process, as there is no use of low pressure steam for
district heating in Brazil.

In Paper III, the tSHF hybrid configuration is designed to take advantage of
the best characteristics of SSF and SHF, i.e. maximal hydrolysis and
fermentation rates and minimal tank size. Moreover, capital cost is decreased,
and sugar losses and dilution are avoided because the solid-liquid separation is
unnecessary in this configuration. No additional costs for electricity or heat
are required, except that for intermediate cooling. Fed-batch of pretreated
material can enhance the advantages of using the hybrid configuration by
allowing an efficient mixing of high solids loading while minimizing the
feeding intervals (Paper III). In Figure 3.4 a design is illustrated on how
tSHF can be integrated in the 2G ethanol production process.
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Figure 3.4 - Flowsheet for 2G ethanol production by using the SSF or tSHF configuration in
fed-batch mode (FB-L). (Paper I1I)
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However, in tSHF, as in SSF, it is difficult to recover the yeast from the solid
residues of hydrolysis, and this has a negative effect on the operating cost.
Three possible options to tackle this problem are: i) the recovery of yeast cells
present at moderate concentration (10 gpy/L) in the broth by centrifugation,
which includes the extra cost to remove the solid residues from the
centrifugate to purify the yeast; ii) the use of yeast cell at very low
concentration to avoid the need for cell recovery; iii) the recycle of yeast
together with the solid residues for a few times. The feasibility of these
alternatives depends on the costs of fresh yeast, equipment and electricity.
Given the cost of fresh yeast of 0.10 USS$/L of ethanol in both SSF and tSHF,
it may be profitable to recycle the yeast. The tSHF configuration showed an
8% reduction in 2G MESP compared to SSF, due to higher ethanol
productivity and lower capital cost of the tanks. In fact, SSF required a 54%
greater tank volume to obtain the same ethanol yield (Paper I1I).

In the tSHF configuration, at 10% WIS content and when only hexoses were
fermented, the ethanol concentration before distillation was found to be 23 g/L
(Figure 3.5b), which is below the 4% w/w threshold considered to be
economically feasible. Therefore, the ethanol concentration was increased by
modifying the tSHF configuration by recirculating the fermented liquid, as
shown in Figure 3.6.
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Figure 3.5 - Concentration profiles of glucose (0), ethanol (0), glycerol (o), acetic acid (A) for
the four experimental configurations. (Paper I1I)

The concentration was increased to 35.8 g/L. (Figure 3.5c), as a result of
adding a further solid-liquid separation unit after the tSHF to obtain the
fermented liquid, and including an extra dryer unit (Dryer 1, Figure 3.6) to
remove the water from the solids and simultaneously recover ethanol. The
overall capacity for solid-liquid separation and drying in this new
configuration, denoted tSHF+R, is the same as in the tSHF configuration, but
they are carried out in two units. Furthermore, the addition of Dryer 1 allowed
the recovery of the ethanol in the solid residues at a higher concentration (28
g/L) than the 22.6 g/L present in the fermented liquid, while the solid-liquid
separation unit reduced by 41% the solid residues passing through the
distillation column. As expected, tSHF+R yielded a higher electricity surplus
(+12.5%), but the capital cost (+1.6%) also increased. However, this
configuration was not economically viable compared to the tSHF
configuration without recirculation, as the 2G MESP was 0.03 US$/L higher.
The reasons for this are the higher capital cost and lower 2G ethanol yield
obtained during the hydrolysis and fermentation in tSHF+R.
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tSHF. (Paper III)

3.2 Process options

3.2.1 Use of pentoses: electricity from biogas vs. ethanol

The considerable amount of pentoses contained in bagasse and leaves can be
used in the 2G process to produce ethanol and/or biogas. Theoretically, a
maximum of either 89 L of ethanol or 66 Nm’ of methane per dry ton of
lignocellulosic material can be obtained from pentoses contained in bagasse
and leaves. The economics of the 1G+2G ethanol plant is heavily influenced
by the choice of producing ethanol or electricity from biogas. In fact, the
values of 2G MESP could be grouped into two macro-regions corresponding
to the production of ethanol or electricity from biogas. Ethanol production
from pentoses gave the lowest 2G MESP, ranging between 0.50 and 0.63
USS$/L. When electricity was produced form biogas the 2G MESP increased to
0.88-1.14 US$/L (Paper II). This is due to a combination of several factors.
The first, and most relevant one, is the volume of ethanol produced, since this
is the allocation base for costs. The cost per litre was thus higher when a lower
volume of ethanol was produced, as a result of the production of electricity
from biogas. When pentose co-fermentation increased the volume of 2G
ethanol by 80%, the allocation basis reduced the 2G capital cost per litre more
than 30%. Secondly, the capital cost for producing electricity from biogas is
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higher because of the need for additional internal circulation reactors, which
operate at constant productivity with an increased organic loading rate, and
due to the need for a larger CHP plant. The capital cost per litre increased by
20% in the 2G process, corresponding to 0.10 USS$/L. The third reason is that
the electricity selling price (87 US$/MWh) is not high enough to compensate
for the lower ethanol production despite the additional generation of
285kWh/ton of dry lignocellulosic materials (Paper II). A more efficient CHP
cycle than the Rankine cycle, such as the combined-cycle gas turbine, could
be employed to yield a higher electricity surplus, and this would probably be
competitive with ethanol production from pentoses. Instead of producing
electricity, the biogas could be upgraded and sold as transportation fuel. This
was found to improve the economics of the 2G ethanol from softwood (Barta
et al. 2010).

3.2.2 Addition of leaves

The addition of leaves to the 2G process is an option to increase the volume of
2G ethanol, as this allows the plant input capacity to be increased, while
keeping the same ethanol yield per ton of material processed. In the cases
investigated in this work, leaves were added at a proportion of 50% dry basis
of the bagasse input to the 2G process. In the ideal scenarios described in
Paper II, the overall 1G+2G ethanol production increased by 22.4% and
14.4%, if pentoses were co-fermented or used for biogas, respectively. The
larger equipment required for the increased input capacity could reduce the 2G
capital cost per litre by up to 18% due to economies of scale. However, the
high opportunity cost for electricity had a negative effect on the 2G MESP.
The reason is ascribed to the enhanced electricity generation from leaves (908
kWh/ton dry of bagasse and leaves) compared to bagasse (747 kWh/ton dry
bagasse) in the 1G process. This is due to the lower moisture of leaves (15%),
which consequently reduced the heat loss as latent heat of vaporization. The
negative effect on 2G MESP due to the high opportunity cost is enhanced
when electricity selling prices are high; however, at lower electricity prices the
negative influence was reduced more quickly than if only bagasse was used
(Paper II). Thus, 2G ethanol from bagasse and leaves can be competitive with
1G ethanol at 32 US$/MWh without subsidies (Figure 3.7b), while for bagasse
only the electricity price must (unrealistically) fall to 12 US$/MWh (Figure
3.7a). The combined effect of the addition of leaves and a 250% more efficient
enzyme could move the point of MESP equivalence, i.e. the competitiveness
with 1G ethanol, towards an electricity selling price (54 US$/MWh) closer to
market value (Figure 3.8b).
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3.3 Yields

In mature industrial processes the cost of the feedstock accounts for most of
the production cost (Lynd et al. 1996), about 60-70% (CGEE 2009; Bajay and
Nogueira 2011). It is thus of paramount importance to maximize the
conversion of biomass into bioproducts (Wyman 2007). The cost of the
feedstock when producing 1G ethanol from sugarcane was found to be 61% of
the production cost (Paper I), and maximizing the yield in the 2G ethanol
process could reduce the 2G MESP significantly (Paper III).

In ethanol production from lignocellulose, the overall ethanol yield has been
found to be the most important factor influencing the production cost (Von
Sivers and Zacchi 1996; Wyman 2007; Paper I ; Paper IV). The overall yield
in the 2G ethanol process from sugarcane depends on the design of the process
and on the operating conditions in each step: bagasse handling, pretreatment,
solid-liquid separation, enzymatic hydrolysis and fermentation. Sugar losses
can be minimized in the first three steps (Diedericks et al. 2013; Rocha et al.
2012; Wingren et al. 2003), and research is currently directed towards
improving the ethanol yield from the last two steps, especially when
enzymatic hydrolysis is performed at high WIS, and when pentoses are co-
fermented with hexoses.

In general, the MESP is calculated based on the volume of ethanol produced,
and a reduction in the MESP may be obtained by maximizing the overall 2G
ethanol yield. Theoretically, a reduction of about 42% could be achieved in
2G MESP by co-fermenting the pentoses to ethanol (Paper II) or by
increasing the cellulose hydrolysis and pentose co-fermentation yields form
50% to 90% (Paper IV). The capital cost of the distillation/dehydration unit
increased by 10%, while the total capital investment for the plant decreased by
about 10%, mainly due to the smaller size of CHP plant generating half of the
electricity surplus (Paper 1V). However, the costs incurred by the strategy
chosen to improve the yield may not be economically feasible, as the MESP
would increase as a result of yield maximization.

Since the effect of the 2G ethanol yield on the production cost can be either
positive or negative, trade-offs can be found by techno-economic analysis
when considering all the production parameters and the specific flowsheet
simultaneously. In fact, it was found that the 2G MESP could be reduced by
lowering (Paper III) or increasing (Paper I) the yield compared to the
reference case. Lower 2G ethanol yields in an energy-efficient plant resulted
in more biomass being available for electricity generation. 2G ethanol was
more expensive when assuming 50% yields in both cellulose hydrolysis and
pentose co-fermentation. At a selling price of 87 US$/MWh the process did
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not benefit from the high electricity surplus (65 kWh/ton-SC) (Paper 1V). At
almost theoretical yields (95%) the electricity surplus can be as low as 22
kWh/ton-SC, and the profitability of the 1G+2G ethanol plant was not

considerably improved, even at extremely high electricity selling prices (140
US$/MWh) (Figure 3.9).
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Figure 3.9 - NPV and IRR for 1G and 1G+2G ethanol when bagasse {B} and bagasse
supplemented with leaves {B+L} are used as feedstock.
Case {C5 EtOH, 20% WIS, 96 h, 250% EHE}in Paper II.

Several strategies can be employed to improve the production of 2G ethanol
per ton of sugarcane processed, such as process integration (Paper I), low
WIS loading (Paper III), longer residence times in hydrolysis and
fermentation (Papers I and III), increasing the enzyme dosage (Paper I) and
broth detoxification (Alriksson et al. 2011). Pentose co-fermentation is
regarded as the most promising, showing the highest theoretical reduction of
2G MESP (42%) (Paper II) and the highest IRR (Dias et al. 2011a).

The economic feasibility of a strategy capable to improve the yield of
cellulose hydrolysis and/or pentose co-fermentation can be estimated using the
concept of feasible cost margin, which allows the cost incurred by the
improvement to be theoretically predicted. The cost margin shown in Figure
3.10 was calculated as the difference in 2G MESP between Case 1 (the
reference case), having the lowest yields for both cellulose hydrolysis (50%)
and pentose co-fermentation (50%), and each of the other cases characterized
by higher yields. In Cases 2 to 9 no cost are incurred to obtain yield
improvements compared to the reference case. The cost margin can also be
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regarded as the maximum amount that can be spent to obtain a specific yield
improvement compared to the reference case (Case 1). Strategies for
enhancing the yields of cellulose hydrolysis and/or pentose co-fermentation
are associated with a cost, and this cost was calculated for some of these
strategies, regardless of whether the yield improvement could be obtained
experimentally.
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Figure 3.10 - MESP for 2G ethanol production without additional cost incurred to achieve the
yield improvement (hatched bars) and the maximum cost (margin) that can be spent to improve
the yields (dotted bars) compared to Case 1. The notation 50/70 for Case 2 indicates that 2G
ethanol production is obtained with a 50% yield for cellulose hydrolysis and 70% yield for
pentose co-fermentation. (Paper IV)

In Figure 3.11, the cost of each strategy for increasing the yield is added to the
2G MESP, which does not include the cost for yield improvement. Thus, if a
single strategy, or a combination of strategies, is expected to achieve the
yields shown in the Figure 3.11, the extra cost incurred can be estimated and
compared with a chosen reference case, in order to assess the economic
feasibility. Or, if a feasible strategy or strategies are adopted, then the yields
are given compared with a chosen reference, and represent the target for
experimental confirmation.
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Figure 3.11 - Costs associated with yield improvement. The notation 50/70 for Case 2 indicates
that 2G ethanol production is obtained with a 50% yield for cellulose hydrolysis and 70% yield
for pentose co-fermentation. (Paper IV)

Another effect of high yields is that small-scale 1G+2G plants, producing 88
million litres of 2G ethanol per year, may be competitive with larger-scale
1G+2G plants that produce 73% more 2G ethanol (152 million litres per year)
with the same high yields. The input capacity of the small-scale 1G+2G plant
was obtained by scaling down from a plant with an input of 540 ton-SC/h, and
the capital cost was assumed to be increased using the six-tenths rule. The
small-scale plant could produce 2G ethanol at 2G MESP 0.034 US$/L higher
than the larger plant. However, the smaller plant may benefit from a lower
cost for sugarcane and leaves, due to lower costs for transportation (Paper
Iv).
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3.4 Process conditions

3.4.1 Residence time for hydrolysis and fermentation

The residence time in hydrolysis and fermentation is a crucial parameter that
contributes in determining the sugar and ethanol yields obtained, as well as the
capital cost of the hydrolysis and fermentation tanks. Thus, the effect on the
2G MESP can be used to discriminate between economically feasible and
unfeasible options, if a too long residence time is used. In the 2G ethanol
production from bagasse and leaves the combined effect of residence time and
yield is summarized by the overall ethanol productivity for hydrolysis and
fermentation. Residence time was the key factor in establishing which
configuration, SSF or tSHF, could provide cheaper 2G ethanol when
performing experiments with the same enzyme and yeast dosage, and
obtaining the same yield in hydrolysis and fermentation (Paper III). In fact,
tSHF required only 48 hours of hydrolysis and 8 hours of fermentation to
outperform the 96-hour-long SSF (Figure 3.5a,b and Table 3.3). The
difference in 2G MESP between SSF and tSHF was 0.08 U$/L, and could be
entirely attributed to the higher capital cost of the SSF tanks (Paper III).
When the fermentation time was extended to 25 hours in all three tSHF cases
studied in Paper III, the ethanol productivity during fermentation decreased
by between 46% and 67%, and the overall ethanol yield, based on hydrolysis
and fermentation, increased slightly, by 4.6 percentage points at most (Table
3.3). As a consequence of the higher 2G ethanol production, the 2G MESP
could be slightly reduced (Paper III).
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Table 3.3: Experimental results obtained using the short and long fermentation times.

(Paper III)
SSF10 tSHF10 tSHF10+R  tSHF20

EH time 96 h* 48 h 48 h 48 h
Yo en’ 67.7% 67.7% 61.8% 65.6%
Yot en® 14% 22% 22% 23%
Yoo, e 28% 42% 36% 34%
Fermentation time: SHORT 96 h? 8h 13h 12h
Ce final (Z/L) 22.7 22.6 342 474
Yy, EHF 63.0% © 63.0% 59.1% 59.6%
Yo 93.0% 93.0% 95.7% 90.9%
Y gty 1.2% 2.4% 3.0% 3.2%
Y gxivp 5.8% 4.6% 1.3% 5.9%
qge (g/L/h) - 2.83 1.55 3.95
rye (g/g/h) - 0.57 0.31 0.34

q ge e (Z/L/M) 0.24 0.40 0.56 0.79

T ge g (2/g/h) 0.05 0.08 0.11 0.07
Fermentation time: LONG - 25h 25h 25h
Ce, final (&/L) - 23.7 35.8 48.4
Y g, Et+F - 65.9% 63.7% 60.9%
Yoo, i1 ¢ - 70.9% 66.5% 67.0%
qge (g/L/h) - 0.95 0.84 1.94
Ige (g/g/h) - 0.19 0.17 0.17

q ge pn+r (&/L/h) - 0.32 0.48 0.66

T ye grer (2/2/h) - 0.06 0.10 0.06

q e max (&/L/h) 1.18 5.11 4.43 7.14

T ge max (Z/g/h) 0.24 1.02 0.89 0.62

* Hydrolysis and fermentation occur simultaneously in SSF with a total duration of 96 hours.
°The EH yield for glucose (Y g1y, gn), Xylose (Yyyi gn) and arabinose (Y u, gn) Were calculated
based on the amount of sugar released during the 48 hours of EH, except in SSF10, where the
yield was back-calculated by dividing the glucose to ethanol yield (Y e, gi+r) by the assumed
fermentation yield (Y )

“The fermentation yield for SSF10 was assumed to be equal to that for tSHF10.

4Yield of glucose back-calculated assuming that the glucose to ethanol yield (Yge) was equal to
that obtained with a short fermentation time.

Y g, en - glucan to glucose yield in enzymatic hydrolysis

Yy, en ¢ Xylan to xylose yield in enzymatic hydrolysis

Y .o, En: arabinan to arabinose yield in enzymatic hydrolysis

Ce. final - final ethanol concentration measured at the specified fermentation time

Yo, et - glucose to ethanol yield in enzymatic hydrolysis and fermentation

Y. : glucose to ethanol yield in fermentation

Y g1y ¢ glucose to glycerol yield in fermentation

Y gixibp: glucose to biomass and other by-products yield in fermentation
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q ge: glucose to ethanol volumetric productivity in fermentation

I ge: glucose to ethanol specific productivity per gram yeast in fermentation

q g, ensr - glucose to ethanol volumetric productivity in enzymatic hydrolysis and fermentation
I' e, enir : glucose to ethanol specific productivity per gram yeast in enzymatic hydrolysis and
fermentation

q gle,max : glucose to ethanol maximum volumetric productivity in fermentation

I ge max - glucose to ethanol maximum specific productivity per gram yeast in fermentation

In SHF, fermentation can be performed at high yeast concentration in order to
reduce the residence time, as in the 1G process, where the fermentation time is
often less than 12 hours and the ethanol obtained ranges between 6% and
8.5% w/v (Basso et al. 2008). For this reason, enzymatic hydrolysis is
regarded as the most time-demanding step, especially at high WIS, even when
performed at optimal conditions of temperature and pH.

In another study (Paper I), a residence time of 72 hours for enzymatic
hydrolysis was shown to outweigh the extra capital cost, giving a lower 2G
MESP than a residence time of 48 hours, regardless of the enzyme dosage
used. The higher yield achieved with the longer hydrolysis time had the effect
of increasing the production of 2G ethanol (cases with low enzyme dosage)
and improving the 1G+2G plant energy efficiency (cases with high enzyme
dosage). The 2G MESP was thus reduced by a longer residence time by 0.09
USS/L (-6.2%) in the former cases, and by 0.06 USS$/L (-4.8%) in the latter
cases.

At almost theoretical yields (95%), increasing the residence time in enzymatic
hydrolysis from 48 hours to 96 hours was found to have a smaller effect than
changing the enzyme dosage or WIS loading, but was still responsible for an
increase in 2G MESP between 0.03-0.13 US$/L, corresponding to 4% and
13% of the total 2G MESP, respectively. The effect of residence time on 2G
MESP varies depending on the WIS loading, and together they determine the
number of tanks required, and, thus, the cost. Extending the residence time
affects the capital cost more at low WIS than at high WIS, due to the larger
tank volume required (Paper II).
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3.4.2 Water-insoluble solids

In contrast to the residence time, the choice of the WIS loading in enzymatic
hydrolysis influences not only the ethanol yield and the capital cost of the
tanks, but also the amount of water required and the ethanol concentration,
which ultimately affect the cost and the energy demand for distillation. The
ethanol yield from hydrolysis and fermentation is lower at high WIS loading
than at low WIS loading, as a result of inhibitory compounds affecting the
enzymes and the fermenting microorganism, inefficient mixing and water
effect (Kristensen et al. 2009; Hoyer et al. 2009; Cannella and Jorgensen
2013). The rate and yield of enzymatic hydrolysis are primarily affected by
non-productive adsorption of enzymes and end-product inhibition (Kristensen
et al. 2009). In the tSHF of bagasse performed at 20% WIS, the overall yield
(Ygern:r) achieved was 60.9%; 5 percentage points lower than at 10% WIS
(Table 3.3). However, a glucose concentration above 100g/L. was obtained
after 48 hours of enzymatic hydrolysis, showing the low end-product
inhibition of the cellulase cocktail used (Figure 3.5d). Moreover, the overall
specific ethanol productivity of hydrolysis and fermentation (ryepn:r) was
found to be the same as with 10% WIS (0.06 Zethano/g dry yeast’h) after 25 hours
of fermentation (Table 3.3), suggesting that the performance of the yeast was
not negatively influenced by higher concentrations of inhibitors (Paper III).

When the WIS loading is increased from 10% to 20% the amount of water
required to dilute the pretreated fibres is halved, as is the number of tanks
needed. For the plant size investigated with 96 hours residence time for the
enzymatic hydrolysis, this corresponds to a reduction of 36 tanks (2500m’
each) whose capital cost is roughly 43 million US$ altogether (Paper II).
More powerful drivers and electricity are generally required to mix efficiently
high-viscosity material. However, the amount of electricity needed to mix
20% WIS has been reported for agricultural residues to decrease very rapidly
in the first 5 hours of hydrolysis, due to fast liquefaction, and the extra
electricity required was found to be minimal (Palmqvist and Lidén 2012). It
can be a reasonable assumption that this would also be the case for bagasse.
Theoretically, doubling the WIS amount corresponds to double the 2G ethanol
concentration prior to distillation. Nevertheless, the effect in terms of
equipment cost reduction is much smaller, particularly if the distillation of 1G
and 2G ethanol is combined in a single unit, as the variation in 2G ethanol
concentration will be reduced by mixing with 1G ethanol. For the same
reason, the difference in the energy requirement for distillation compared with
that in the non-integrated case would reduce the 2G MESP by only 0.015
USS$/L at most (Papers II and III). The lower investment cost, as a
consequence of adopting 20% WIS, would lead the decrease of 2G MESP up
to 0.11 US$/L (Paper II). The ethanol yield and the volumetric productivity
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in tSHF at 20% WIS are lower than at 10% WIS, as expected (Table 3.3).
However, the 2G MESP at high WIS is lesser, regardless of the fermentation
time, due to the lower capital cost, which outweighs the negative effect of the
reduced production of 2G ethanol (Paper III).

In the case of almost theoretical yields (95%), WIS loading up to 30% is
regarded as the best strategy to decrease the 2G MESP, after reducing the
enzyme cost (Paper II). A similar conclusion can be drawn from Figure 3.11
considering that the highest cost incurred when increasing the yield is
associated with the reduction of the WIS from 20% to 10% (Paper III).

However, when the WIS is increased from 20% to 30% in Paper II, the
benefit in terms of cost reduction is reduced as a smaller number of tanks is
avoided, and the energy gain in distillation is lower at higher ethanol
concentration. The magnitude of the capital cost reduction that can be
obtained by increasing the WIS loading also depends on the residence time,
and is higher for longer residence times (Paper II).

3.5 Costing factors and market prices

The cost of feedstock and chemicals, in combination with market prices for
electricity and ethanol, determine the production cost and profitability of 2G
ethanol. Price variations could make the 2G process feasible or unfeasible.

3.5.1 Enzyme efficiency and cost

Ethanol production from lignocellulose via the enzymatic route employs
cellulolytic enzymes able to hydrolyse the polysaccharides contained in the
pretreated material, aiming to achieve yield and rate as high as possible.
Variations in the rate and yield of enzymatic hydrolysis can have a
considerable effect on the final volume of 2G ethanol, the capital cost of tanks
and the distillation unit, on the energy requirement and, finally, on the 2G
MESP (Papers I and III). The “cost of using enzymes” in the process is not
simply given by the combination of enzyme activity, dosage and price, but
also depends to a large extent on the efficacy of pretreatment making the
biomass susceptible to hydrolysis (Galbe and Zacchi 2007). In contrast, the
“enzyme cost” (US$/L ethanol) is an operating cost, defined as the weight of
enzymes used per litre of 2G ethanol multiplied by the price of the enzyme per
unit weight. The enzyme cost can be used as an indicator of the performance
of enzymatic hydrolysis, allowing new and more efficient enzymes to be
modelled as a reduction in the enzyme cost. New enzymes are assumed to
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have an enzymatic hydrolytic efficiency (EHE) of 250% higher than the
reference enzyme in 2009 (100% EHE). From the cost perspective, this is
equivalent to a reduction in the price or dosage of enzymes by 2.5 times.

The enzyme cost per litre of ethanol is regarded as one of the major costs after
capital cost, hampering the production of 2G ethanol. The maximum values
found in the present work were 37% (Paper I), 32% (Paper II) and 44%
(Paper III) of the 2G MESP relative to the cost in 2009. Although it had such
a considerable influence on the 2G MESP, doubling the enzyme dosage
increased the glucose yield and hydrolysis rate, leading to a reduction in 2G
MESP (Paper I). In addition, assuming 250% EHE in a 1G+2G plant
producing ethanol at almost theoretical yields (95%), the higher EHE led to a
reduction in the enzyme cost from 0.31 US$/L to 0.12 US$/L when only
hexose sugars are fermented to ethanol. Co-fermentation of pentoses would
lead to a decrease in the enzyme cost per litre to 0.07 US$/L, lowering the
share to 16% of the 2G MESP (Paper II).

Beside the reduction in the 2G MESP, a 250% EHE enzyme cocktail could
considerably reduce the gap between 1G MESP and 2G MESP due to
electricity revenue, and could also improve the profitability of 2G ethanol,
although this would also depend on the electricity selling price. The most
promising series of cases for feasibility and profitability in Paper II (SHF
with pentose co-fermentation, hydrolysis performed at 20% WIS and 96 hours
residence time with a new enzyme having 250% EHE), corresponds to the
{C5 EtOH, 20% WIS, 96 h, 250% EHE} notation. For this case, at the current
electricity selling price (87 US$/MWh), 2G ethanol would be competitive
with 1G ethanol if 0.13 US$/L and 0.16 US$/L were provided as subsidies for
bagasse and bagasse with addition of leaves, respectively. If 100% EHE
enzymes were used, the subsidies would have to be increased by 0.10 US$/L.
The use of 250% EHE enzymes was also beneficial for 2G ethanol in relation
to the electricity selling price: in the sensitivity analysis, the point of equal
MESP was moved from 12 US$/MWh (Figure 3.7a), towards higher (and
more realistic) electricity selling prices, indicating that 2G ethanol could
compete with 1G ethanol without subsidies at 49 US$/MWh for bagasse only
(Figure 3.8a), and at 54 US$/MWh for bagasse supplemented with leaves
(Figure 3.8b). Furthermore, the point of equal MESP was also decreased from
46 USS/L (Figure 3.7), previously found for the 100% EHE case, to about 40
US$/L in the 250% EHE case (Figure 3.8), thus broadening the revenue
margins. It should be pointed out that at lower electricity selling prices than
that of the point of equal MESP, 2G ethanol is cheaper than 1G ethanol.

51



3.5.2 Cost of sugarcane and leaves

The cost of sugarcane is the most relevant cost in 1G ethanol production
accounting for at least 60% of the 1G MESP (CGEE 2009; Bajay and
Nogueira 2011). Therefore, any variation in sugarcane cost will have a
considerable impact on 1G MESP, while the influence on 1G+2G MESP,
when 2G ethanol is produced with very high yields (95%), will be lower.
Increasing the sugarcane cost by 50% would increase the 1G MESP by 43%
and the 1G+2G MESP by 14%, if pentoses are co-fermented, and by 17% if
pentoses are instead used for biogas production (Paper II).

In contrast, the cost of leaves represents the 3% of the 1G+2G MESP at most,
and the effect of increasing the cost of leaves by 50% was only one-tenth of
that when a similar increase was considered for sugarcane. 2G MESP is not
directly influenced by the cost of leaves, as well as by the cost of sugarcane
(Paper II).

3.5.3 Ethanol and electricity selling prices

The selling prices of electricity and ethanol are market variables that
determine when 1G+2G ethanol can be competitive with or outperform 1G
ethanol. The {C5 EtOH, 20% WIS, 96 h, 250% EHE} case in Paper II was
analysed adopting IRR and NPV as complementary metrics of profitability.
Figure 3.12b shows that at an electricity selling price of 87 US$/MWh, 1G
ethanol and electricity production can have a better IRR, even at high ethanol
selling prices (1 US$/L). Nonetheless, the NPV of 1G ethanol was found to be
higher than for 1G+2G ethanol only up to 0.53 US$/L (Figure 3.12a). At
higher ethanol selling prices, the 1G ethanol was outweighed in terms of NPV
by 1G+2G ethanol due to the larger volume of overall ethanol produced. In
Figure 3.9a when the selling price of anhydrous ethanol was fixed at 0.60
USS/L, which was the average price in the State of Sao Paulo between 2001
and 2011, 1G+2G ethanol with the addition of leaves was the most profitable
in terms of NPV. In contrast, in Figure 3.9b, 1G ethanol was the most
profitable in terms of IRR at electricity selling prices above 55 US$/MWh
(Paper II).
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Figure 3.12 - Effect of ethanol selling price (wholesale) on NPV and IRR for the {C5 EtOH,
20% WIS, 96 h, 250% EHE} case. Addition of leaves to bagasse and bagasse only are the two
feedstock used in evaluating the 1G+2G ethanol and 1G ethanol profitability. (Paper II)

3.6 Rank of 2G MESPs and 1G+2G MESPs by
combining the production factors

The synergies arising from the combination of process options (pentose co-
fermentation vs. biogas production, addition of leaves) and process conditions
(WIS, residence time) can be seen in Figures 3.13 and 3.14, where the cases at
250% EHE from Paper II are presented in decreasing order in terms of 2G
MESP and the 1G+2G MESP. These results were obtained for theoretical
cases discussed in Paper II, in which the 1G and 2G processes were
integrated in the distillation unit, and the SHF configuration was used.
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Figure 3.14 - 2G MESP for the 250% cases from Paper II, considering residence time (48h,
96h), hexose fermentation (C6) or pentose co-fermentation (C5+C6), bagasse feed(B) or
bagasse with addition of leaves (B+L), and WIS loadings (10%, 20%, 30%).
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Figure 3.14 - 1G+2G MESP for the 250% cases from Paper 11, considering residence time (48h,
96h), hexose fermentation (C6) or pentose co-fermentation (C5+C6), bagasse feed(B) or
bagasse with addition of leaves (B+L), and WIS loadings (10%, 20%, 30%).
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4 Conclusions and future work

The aim of the research described in this thesis was to find ways of improving
the technical and economic feasibility of a biorefinery producing 2G ethanol
from bagasse and leaves. A comprehensive study of the most important factors
in the 2G ethanol process was performed considering design options,
production and market factors in Brazil. Their influence on the production
process, cost and profitability was highlighted by techno-economical
evaluations.

The following general and specific conclusions were drawn from the results
presented in this thesis.

4.1 General conclusions

e The production cost for 2G ethanol (expressed in terms of 2G MESP)
was considerably reduced by synergies resulting from the combination
of process design, production and market factors.

e The total volume of 2G ethanol and the volume produced per ton of
lignocellulosic material were the primary factors influencing the 2G
MESP and the profitability.

e  Without subsidies, 2G ethanol could not reach the production cost of
1G ethanol (1G MESP) under the conditions investigated in the
Brazilian context. However, 2G ethanol could be cheaper than 1G
ethanol if the selling price were lower for electricity and higher for
ethanol.

e The overall 1G+2G ethanol produced could be more profitable in

terms of NPV than 1G ethanol, although the 1G+2G MESP was
higher.
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4.2 Specific conclusions from techno-economic
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evaluations

Minimization of the energy demand was very important for the
combined 1G and 2G ethanol process. As a result, bagasse could be
used entirely for 2G ethanol production enhancing the yield of ethanol
per ton-SC, more steam was available for electricity production
increasing the surplus that could be sold, and the 2G MESP was
ultimately lowered. This was achieved by:

o integration of the heat exchanger networks of the 1G and 2G
ethanol processes,

o thermal integration of the distillation unit,

o use of a single unit for the distillation of the fermented broths
from the 1G and 2G processes,

o use of more efficient equipment, such as a steam dryer and
five-effect evaporation.

Pentose co-fermentation to produce ethanol could be more profitable
than the production of electricity from the biogas obtained by the
anaerobic digestion of pentoses. Co-fermentation could increase the
2G ethanol production by 80% and reduced the 2G MESP by 42%.

Novel enzymes with 250% higher hydrolytic efficiency (or 2.5 times
cheaper) than the 2009 reference enzymes, could significantly
decrease the 2G MESP and improve the competitiveness of 2G
ethanol compared with electricity production from 1G ethanol. The
point of equal MESP, where 2G ethanol has the same cost of 1G
ethanol, was found at the electricity price of 0.54 US$/MWh. At lower
electricity prices 2G ethanol would be cheaper than 1G ethanol.

WIS and residence times for hydrolysis and fermentation had a
relevant but smaller influence than 250% more efficient enzymes on
the 2G MESP.

The addition of leaves was crucial in increasing the 1G+2G ethanol
profitability in terms of NPV, although it did not reduce the 2G
MESP.



The cost of sugarcane was relevant for 1G+2G ethanol production,
accounting for 30% (on average) of the 1G+2G MESP, while the cost
of leaves only for 3%.

The capital cost per litre of ethanol for the 2G process varied from
0.15 to 0.56 USS$/L depending primarily on the volume of 2G ethanol
produced, and secondly on the total investment cost.

The marginal cost was a useful concept in simultaneously analysing
the economic feasibility of several strategies for improving the yield.

The ethanol yield from hydrolysis and fermentation was a key factor
in determining the trade-offs with the processing costs. The following
experimental results were obtained by strategies influencing the
ethanol yield and could make it possible to achieve a reduction of 2G
MESP:

o doubling the enzyme dosage increased the yield in SHF,

o longer hydrolysis and fermentation time increased the yield in
SHF and tSHF,

o high WIS decreased the yield in tSHF.

Varying the electricity and ethanol selling prices highlighted
conditions where 1G+2G ethanol could be more profitable than 1G in
terms of IRR and NPV.

The most promising configuration for 2G ethanol production in terms
of technical and economic feasibility identified from the screening of
SHF theoretical SHF cases was characterized by the enzymatic
hydrolysis of 20% WIS for 96 hours using a 250% more efficient
enzyme followed by pentose co-fermentation.
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4.3 Specific conclusions from experiments

o (SHF of bagasse at 10% WIS outperformed SSF in terms of overall
ethanol yield, and volumetric and specific productivity. As a result,
the 2G MESP was lower for tSHF.

e Experiments using tSHF showed that increasing the WIS from 10% to
20% led to a greater reduction in 2G MESP than recirculating the
fermented liquid and increasing the fermentation time, in spite of the
lower overall ethanol productivity and yield. At 20% WIS, a glucose
concentration of above 100 g/l was obtained after enzymatic
hydrolysis, showing that end-product inhibition was not the limiting
factor for that enzyme cocktail.

4.4 Future work

The versatility of the sugar platform, combined with 1G+2G ethanol
production offers opportunities for the integration with new processes and
feedstock, in order to increase the ethanol production and/or to obtain valuable
products. Techno-economic studies considering these new possibilities of
integration can help in designing profitable processes. For instance, other
feedstocks could be processed in a 1G+2G ethanol plant outside the sugarcane
crushing season, reducing the contribution of capital cost to the production
cost. New processing pathways for the production of building blocks for
chemicals and drop-in biofuels can be included in the 1G+2G ethanol plant to
take advantage of the side-streams of the process, creating synergies. In the
1G+2G ethanol plant lignin was considered only for combustion purposes,
reducing its potential as a source of building blocks for industrial applications.

Experimental results using tSHF showed that after 48-hours of enzymatic
hydrolysis the ethanol yield from glucose was about 70%, and that only a
negligible amount of glucan was hydrolysed during fermentation for 48 hours.
Thus, longer enzymatic hydrolysis should be performed to investigate whether
additional measures must be taken to enhance cellulose hydrolysis. SSF may
still be a viable option if fermenting microorganisms, that have a temperature
and pH optimum close to the enzymatic hydrolysis optimum, could be
engineered. Given its importance for process economics, pentose co-
fermentation could be investigated in the three fermentation configurations
mentioned above, and also integrated with sugarcane juice fermentation. The
feasibility of SSF and tSHF should be re-evaluated and compared to SHF, also
to investigate the possibility of yeast recycling.
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