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Abstract: Nowadays, the transport sector is one of the main sources of greenhouse gas (GHG)
emissions and air pollution in cities. The use of renewable energies is therefore imperative to improve
the environmental sustainability of this sector. In this regard, biofuels play an important role as they
can be blended directly with fossil fuels and used in traditional vehicles” engines. Bioethanol is the
most used biofuel worldwide and can replace gasoline or form different gasoline-ethanol blends.
Additionally, it is an important building block to obtain different high added-value compounds
(e.g., acetaldehyde, ethylene, 1,3-butadiene, ethyl acetate). Today, bioethanol is mainly produced
from food crops (first-generation (1G) biofuels), and a transition to the production of the so-called
advanced ethanol (obtained from lignocellulosic feedstocks, non-food crops, or industrial waste and
residue streams) is needed to meet sustainability criteria and to have a better GHG balance. This work
gives an overview of the current production, use, and regulation rules of bioethanol as a fuel, as well
as the advanced processes and the co-products that can be produced together with bioethanol in a
biorefinery context. Special attention is given to the opportunities for making a sustainable transition
from bioethanol 1G to advanced bioethanol.
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1. Introduction

One of the most important priorities in today’s society is the implementation of a sustainable
bio-based economy aiming at reducing the global greenhouse gas (GHG) emissions, the alarming
increase in global energy demand, and the depletion of fossil fuel reserves. In this context, biomass is a
renewable, abundant, and widely distributed raw material considered as an important alternative for
the production of biofuels and a great variety of bio-products (e.g., chemicals, materials, food, and
feed). Among the different options, bioethanol is the most widespread and most used liquid biofuel,
especially in the transport sector [1]. According to 2016 data, 41.5% of the global CO, emissions were
related to this sector [2], and the use of biofuels, such as bioethanol, can therefore help to drastically
decrease those numbers.

Ethanol (C;HgO), also known as ethyl alcohol, is a volatile, colorless, and flammable liquid at
room temperature. In addition to being considered as a fuel, ethanol is also an antiseptic, a solvent,
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a psychoactive drug, and a precursor for other organic compounds, such as ethylene, acetaldehyde,
etc. [3,4]. Ethanol as a fuel is not a novel concept since it was already used by Henry Ford to run his
Model T at the early 20th century. The main reasons to consider ethanol as an excellent alternative to
oil-derived fuels are the following: (i) it can be obtained from renewable raw materials; (ii) it is less
toxic than other alcoholic fuels (e.g., butanol); (iii) it can be used directly in cars mixed with gasoline in
different ratios; (iv) it has lower emissions of pollutants than fossil fuels because the oxygen that it
contains improves the combustion; and (v) the resulting byproducts from incomplete oxidation (e.g.,
acetic acid, acetaldehyde) have lower toxicity power than those formed from other alcohol fuels [5,6].

Bioethanol has been traditionally produced from sugar- or starch-containing raw materials in
what has been called first-generation (1G) bioethanol [7]. However, concerns on the sustainability of
the use of food-related feedstock in the energy industry have promoted in the last decades the search
for alternative raw materials. Those include lignocellulosic biomass, industrial-derived wastes, algal
biomass, syngas, and bio-based glycerol as promising raw materials for the production of what has
been called advanced bioethanol. The present work discusses firstly the current regulation framework
for bioethanol production and use and the aspects related to the sustainability of this biofuel. Next,
the most attractive strategies for advanced bioethanol production as an alternative to 1G bioethanol
production processes are shown, as well as the potential added-value co-products that contribute to
the cost-effectiveness of these technologies within a biorefinery concept.

2. The Bioethanol Business: Regulation and Sustainability

2.1. Global Bioethanol Industry Scenario

The necessity of introducing renewable energy in the transport sector is out of the question
taking into account that the energy consumption for this sector accounts to about one third of the
total energy consumption globally (13,978 Mtoe in 2018) [8]. Liquid biofuels are playing a key role
for the evolution of a sector that is still dominated by a massive use of fossil fuels. Liquid biofuels,
mainly biodiesel and bioethanol, have been steadily growing in the energy market in the last decades,
although the penetration level still remains low. According to the REN21 International Network [9],
liquid biofuels represented 3% of the total final energy consumption (TFEC) in the transport sector in
2016. The increase in biofuel utilization for transportation remains restrained by policy uncertainties
related to feedstock and other sustainability concerns, since most biofuels are currently produced by
conventional processes from food crops (1G biofuels). The development of advanced biofuels based
on non-food feedstocks are expected to significantly contribute to the liquid biofuels” quota. However,
the cost-competitiveness is significantly lower than that of conventional fuels because they are just at
the start of their commercialization [10].

Bioethanol is the largest renewable energy contributor in global transportation. In 2019, the
production of this biofuel reached 110,000 million L globally [11]. Ethanol can be blended with
gasoline at different proportions. Mixtures of gasoline with ethanol at 10% (E10) cover the majority
of the international demand, although higher ethanol blends (E15-E85) can also be found in minor
proportions due to limitations in the fuel-supply structure and vehicle compatibility. An overview of
the main players in the bioethanol market can be seen in Figure 1, which depicts the contribution of
the major world ethanol producers to the total global production in 2019. The United States leads the
world ethanol supply and demand with a 54% share from the total global production. Roughly, 10% of
the production is exported, with Brazil and Canada being the top customers of US ethanol exports.

Brazil is the second world ethanol producer with a total amount of 32,000 million L in 2019 (about
30% of the global production). A great part of this production is nowadays consumed in the domestic
market, either in the form of pure ethanol fuel or blended with gasoline. Anhydrous ethanol is mainly
used in mixtures with gasoline (typically containing 27% of anhydrous ethanol), accounting for about
38% of the total national ethanol consumption in this country, while hydrous ethanol is traded as a
standard fuel [12]. Despite being a world-leading ethanol producer (obtained mainly from sugarcane),
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Brazil imports ethanol from the USA (produced from corn) due to competitive prices [13]. Brazil’s total
ethanol imports for 2019 were 1200 million L, while the total US ethanol exports were estimated at 1800
million L, increasing the total exportation from 2018 by 11% according to USDA Foreign Agricultural
Service [14].
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Figure 1. Production of fuel ethanol by country (share of global production) in 2019. Adapted from:
2020 Ethanol Industry Outlook. Renewable Fuel Association (RFA) [11].

The European Union follows the USA and Brazil in ethanol production levels, reaching 5443
million L in 2019 (5% of the global production). Most of the gasoline in Europe is in the form of the E5
blend, although E10 represents an increasing share of the market. E10 has been progressively rolled
out across Europe since 2009 and is currently available in several EU countries, including Belgium,
Bulgaria, Denmark, Estonia, Finland, France, and Germany. Moreover, according to e-Pure Association
data [15], in 2018, Europe imported 618 million L ethanol from Pakistan (20.6%), the United States
(16.4%), Guatemala (13.8%), and Brazil (11.8%).

Finally, it is important to highlight the rapid expansion of the ethanol production capacity in
China that reached 3403 million L in 2019. China is expecting to have a national E10 mandate for the
domestic use of this blend from 2020, and several plants are projected or under construction to meet
this growing demand. Moreover, Chinese-based companies are expanding their technology at the
international level, such as, for example, in Nigeria [9].

2.2. Regulation Rules for Bioethanol Production and Use: The Case of the European Union and the United States

Policies to promote the production and use of biofuels are the main factors driving the rate
of bioethanol growth at an international level. Additionally, fossil fuel prices clearly influence the
dynamics of biofuels and, hence, of the bioethanol market. Among the different forms of policy tools
currently being used, blending mandates stand out as the most widely adopted instrument to increase
the production and use of bioethanol, although other mechanisms, such as fiscal incentives and public
financing means, are also being applied [16]. The regulation rules and policies vary among specific
countries and world regions with different forms of mandates and targets for the use of bioethanol as
a fuel.

The EU has been promoting in the last decades the use of biofuels, including bioethanol, through
a series of directives and supporting rules. The first directive was implemented in 2003, setting an
indicative biofuel penetration target of 2% by the end of 2005 and 5.75% by the end of 2010. In 2009, the
first EU Renewable Energy Directive (RED) [17] mandated that 10% of energy used in the transportation
sector should come from renewable energy sources (RESs) by 2020. Later, in 2016, the European
Commission updated this directive for the 2021-2030 period, reaching a final agreement in 2018.
As a consequence, a revised Renewable Energy Directive 2018/2001/EU (RED II) [18] entered into
force at the end of that year, increasing the renewable energy target in EU to 32% by 2030, with the
chance of revision by 2023. RED II introduces a total 14%-RES energy target for transportation in
2030, with a particular 3.5% sub-target for advanced biofuels. In addition, conventional food-based
biofuels, including bioethanol, will be restricted to a maximum of 7% at each member state’s 2020 level.
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As a result, a minimum target of 7% is therefore considered for advanced non-food-based biofuels.
This EU directive must now be implemented at the national level, and each country will set up the
conditions and procedures to guarantee these obligatory targets by using the corresponding policy
instruments [19].

In the USA, the main force contributing to deploy bioethanol production and use was the Energy
Policy Act of 2005, further extended by the Energy Independence and Security Act (EISA) of 2007.
It originated the Renewable Fuel Standard (RFS) federal program, which required fuel blends in
transportation with renewable biofuels (both conventional and advanced biofuels). According to
the Renewable Fuels Association (RFA) [20], “the legislation that originated RFS was the first time
that low carbon fuels were required anywhere in the world. It sent a powerful signal to the market
that motivated investors and technology developers alike and created today’s dynamic and growing
biofuels industry in USA”. Additionally, RFA considers that RFS “has helped to create an added-value
market for farmers, assure growth for biofuels like ethanol and address critical environmental and
energy security priorities”.

US biofuels (mostly corn ethanol) are currently near 10% of the country gasoline supply level,
which has been referred to as the ‘blend wall’. The RFS has projected annual increasing amounts of
biofuels blends into transportation, rising to ca. 136,000 million L by 2022 (Figure 2). Nonetheless, the
objectives of RFS have not been met since 2014, and particularly, advanced biofuel has not reached
the statutory target since 2015. In the USA, RFS is administered by the Environmental Protection
Agency (EPA), which is in charge of assessing which renewable fuels are eligible for the RFS program.
Additionally, EPA fixes the amount of renewable fuel that will be required for the next year based on
the statutory targets, fuel supply, and other conditions. In 2020, for example, EPA established a final
total volume of renewable fuels of 76,000 million L (20.09 US billion gallons), of which 56,800 million L
(15 US billion gallons) stand for conventional bioethanol from corn and 2200 million L (0.59 US billion
gallons) for cellulosic ethanol. As depicted in Figure 2, the total target value is significantly lower than
the projected volume for 2020 (32 US billion gallons), with the cellulosic ethanol shortfalls being the
main reason for these differences.
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Figure 2. Predictable Renewable Fuels Association (RFA) volumes by year in the USA. Source: U.S.
Department of Energy (https://afdc.energy.gov/laws/RFS. html).

Apart from regulating the use of biofuels in substitution to fossil fuels in the transport sector, most
policies are beginning to introduce sustainability criteria affecting the production chain of biofuels.
Some aspects of this key issue are described below.
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2.3. Considerations on the Sustainability of Bioethanol Production

The growth of bioethanol (and biofuels in general) consumption in the transport sector has often
been constrained by certain sustainability concerns involving environmental issues regarding their
production and use. To overcome such a handicap, a big effort has been carried out to develop robust
tools aimed at assessing the energy and carbon balances for the production and use of biofuels and
their impact to the environment. Additionally, measuring the social benefits of biofuels is crucial,
since they represent an opportunity for the development of rural areas and to create new jobs [21].
The impact of a growing demand of feedstocks for biofuels in the economy and commodity markets
needs to be evaluated as well. Thus, an overall sustainability analysis of the whole biofuel chain must
contemplate environmental, economic, and social implications and provide quantitative assessments
that could be used as instruments to facilitate policy decisions for implementing and accelerating the
commercialization and adoption of conventional and advanced biofuels. On this subject, all thoughts
related to biofuels’ sustainability can be considered to directly affect bioethanol as it is one of the main
biofuels used worldwide.

At the European level, the RED issued in 2009 set out for the first time the sustainability criteria
for all biofuels produced or consumed in the EU. This RED required a 35% GHG emission savings from
the use of biofuels in comparison to fossil fuels. According to the directive, the agricultural biomass
used for biofuel production must not came from materials originating from high biodiversity land,
high carbon stock land, and land considered as peatland in January 2008 [18].

The competition of the land for food/feed or energy purposes is a particular sensitive aspect
of bioethanol production, which clearly affects its overall sustainability. Since current commercial
bioethanol production is mostly based on food crops, its impact in the global food price dynamics has
been the subject of considerable debate since 2007. In the particular case of bioethanol, an intense food
versus fuel discussion was raised at the end of the decade of the 2010s, with severe charges to provoke
food insecurity on a global scale due to expansive use of cereal grain in Europe and the USA for its
production [22]. The wide discussion on the role of biofuel prices in food shortages has generated a
series of publications and reports against and in favor of biofuels” deployment [23,24], resulting in
what Rosillo-Calle [25] claimed as two main schools of thoughts: (i) the ‘antibiofuels lobby” and (ii) the
‘probiofuels lobby’. The strong debate and the explosion of food commodity prices in 2008 and 2011
served as driver to reform the EU policy. In 2015, amendments to the RED directive were introduced
with the Indirect Land Use Change (ILUC) directive [26], which establishes ILUC values for biofuels
and more restrictive sustainability criteria to the original RED directive. ILUC occurs when pasture or
agricultural land previously destined for food and feed markets is diverted to biofuel production; the
non-fuel demand will still need to be satisfied either through intensification of current production or
by bringing non-agricultural land into production elsewhere. The release of CO; stored in trees and
soil that may occur as a consequence of this shift put in danger the GHG savings that arise from the
use of biofuels. This issue was addressed in the 2015 directive, assigning ILUC factors to different
biofuels but only for reporting purposes.

In acceptance of the negative impact that 1G biofuels may have in food prices, EU has given a
step forward in sustainability regulation and after several amendments to previous rules, the RED
II Directive establishes that in 2030, conventional food-based biofuels, including bioethanol, will be
topped at each member state’s 2020 level with an additional 1%, setting a maximum of 7%. As RED II
establishes a 14% of RES, it means that a minimum 7% target for advanced non-food-based biofuels
can be considered. Additionally, fuels obtained from feedstocks with ‘high ILUC risk’ will be further
restricted at the 2019 consumption level and gradually reduced to 0% by 2030 [18]. Moreover, the GHG
emissions reduction threshold for biofuels has also been increased to 65%.

In the USA, the EISA set up different life cycle GHG emissions thresholds for each category,
requiring a percentage of improvement in relation to the baseline emissions of gasoline and diesel.
EISA establishes a minimum of a 20% reduction of life-cycle-GHG emissions for corn starch ethanol
and biodiesel in relation to life-cycle emissions from fossil fuels, while advanced biofuels have to
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decrease GHG emissions by 50% and cellulosic biofuels by 60%. EISA also provides several types of
funds for research activities in this field, biorefineries substituting more than 80% of fossil fuels used in
own operations, and commercial applications of cellulosic ethanol. As the RFS program requires the
sale of specified volumes of renewable fuels according to the categories above, EPA performs a strict
assessment of each fuel “pathway” that is proposed to qualify for the RFS, regarding the GHG emission
reduction required, according to the US Sustainability Alliance organization [27].

In relation to the methodologies employed to assess biofuels’ sustainability, the most predominant
tool is life cycle analysis (LCA). LCA is a well-known methodology for evaluating the global
environmental performance of a product or process throughout its partial or whole life cycle, taking
into account the different impacts generated. Based on the use of LCA procedure, a series of life cycle
sustainability assessment (LCSA) models have been developed, which consider the environmental
impacts of the system together with the economic and social impacts [28,29]. Recently, the International
Energy Agency (IEA), through the IEA Bioenergy Organization, has revised and compared five leading
LCA models used to assess biofuels sustainability in the USA, Canada, Brazil, and Europe. The authors
claimed that the discrepancies found among the different models are primarily based on the default
values within each model and the related assumptions, which must be standardized to get comparable
results [30].

While being valid and useful instruments, LCSA models are time and data intensive [21]. In
this context, certification schemes are often used by policy makers in many countries to assess the
sustainability of products such as biofuels. They are simpler tools to establish the main features,
criteria, or indicators that a specific product must fulfill. In the case of biofuels, certification may be the
precondition for products to be counted towards national targets [31]. In Europe, companies can use
national certification systems or the so-called voluntary schemes (14 in total; https://ec.europa.eu/energy/
topics/renewable-energy/biofuels/voluntary-schemes) to prove compliance with the sustainability
criteria. Examples of EU-approved certification systems related to bioethanol sustainability are the
scheme RSB EU RED, developed by the Roundtable on Sustainable Biomaterials (RSB), a global,
multi-stakeholder, and independent organization, and the 2BSys scheme developed by the French
operator association 2BS.

3. Overview of Current Bioethanol Production Processes

Most of the ethanol obtained nowadays comes from sugar and starch-based feedstocks, such as
corn, grain, or sugarcane (1G bioethanol). The conversion of these raw materials is relatively simple
compared to advanced production processes, and there are well-established technologies to obtain the
corresponding free sugars and transform them into bioethanol.

Major 1G bioethanol production processes were previously reviewed by Vohra and coworkers [32].
The process scheme of these technologies includes specific steps for an optimal sugar release depending
on the type of biomass. Sugar-based feedstocks (e.g., sugarcane, sugar beets, sweet sorghum) basically
require a chopping/milling process to release their sugar components, resulting in high sugar titers
and yields. In the process used in sugarcane mills, sugar stalks are crushed with specialized rollers to
release the sugar-rich juice. The resulting juice is then treated with lime (Ca(OH);) for clarification
(precipitation of the fiber and the sludge), and is subsequently filtered and evaporated to concentrate
and crystallize the sugar. The non-crystallized sugar fraction, known as molasses, is then subjected to
fermentation with the yeast Saccharomyces cerevisiae at about 30-35 °C and at a sugar concentration of
14-18% [33]. Due to the absence of solid particles, this process offers the possibility of yeast recycling,
which allows having a high cell density during the fermentation step and reduces the process time
by 6-10 h. Overall, this process may yield 75-100 L of ethanol per ton of biomass depending on the
raw material [32,34]. This technology is mainly used in tropical areas, including Brazil, India, and
Colombia [35]. Although the technology is commercial and well developed, there are still a few points
that can be optimized [36]. The selection of new substrate varieties to increase the amount of total sugar
per ton of biomass and/or to yield higher amounts of biomass per cultivated hectare are among the
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main goals and is also a top priority for sugarcane breeding programs worldwide. Furthermore, the
development of new fermentative strains with increased robustness towards the stressing conditions
and the prevention of bacterial and yeast contamination during fermentation stage are also key aspects
for process improvement.

In contrast to sugar-based feedstocks, starch-based raw materials (e.g., corn, wheat, rice, cassava)
require liquefaction and saccharification steps to hydrolyze carbohydrates into the corresponding sugar
monomers [3,32]. In the specific case of corn, there are two different processing methods, dry milling
and wet milling. Dry mills are mainly built to produce ethanol and are usually smaller in capacity, while
wet mills are designed to also obtain certain co-products, such as high-fructose corn syrup (HFCS),
dextrose, and glucose syrup. During the corn dry-milling process, the raw material is first ground to
fine particles to ease the subsequent liquefaction step. Liquefaction takes places at 85 °C (1-2 h) after
mixing the ground substrate with water and supplementing such a mixture with c-amylase enzymes
(EC 3.3.1.1). Subsequently, the mixture is cooled down to 30-35 °C and supplemented with yeast
(commonly S. cerevisiae) and glucoamylase enzymes (EC 3.2.1.3) for a simultaneous saccharification
and fermentation (SSF) process that lasts 40-50 h [37]. This integration strategy minimizes the risk
of contamination since glucose is consumed at the same time that it is being released and reduces
equipment requirements, which benefits the overall costs. After distillation, the resulting protein-rich
stillage is typically dried to a 27% protein product known as distillers dried grains with solubles
(DDGS), which is used for animal feeding [32]. In contrast to the dry-milling process, the wet-milling
process aims at fractionating corn kernels into the hull, the germ, and the endosperm to obtain, in
addition to ethanol, the aforementioned co-products. Corn is the main feedstock worldwide for
bioethanol production, since it is the most used substrate in the United States (the first bioethanol
producer) [9]. In addition, wheat and rice are also important raw materials, especially in Europe and
China, respectively [38]. Overall, these processes may yield up to 400 L of ethanol per ton of corn [34].
This yield is about 4-fold higher than that obtained with sugar-based feedstocks. However, it should
be noted that sucrose is the primary product in the sugarcane-based industry what influences the final
ethanol yields.

The starch-based industry has been implementing and developing novel approaches to improve
process performance and economic competitiveness, including new processing strategies and the use of
novel fermentative strains and enzymes with higher efficiencies. Enzymatic hydrolysis in starch-based
conversion processes is essential. Research efforts have been focused on obtaining genetically modified
corn variants that may accumulate starch-hydrolyzing enzymes, giving the possibility of reducing the
amount of external enzyme added to the process. This strategy was developed by Syngenta company
(Basel, Switzerland)), which created a new corn variety named as ‘corn amylase’ capable of expressing a
thermostable x-amylase in the endosperm [39]. With the aim of further improving this concept, Kumar
and Singh [40] developed a new genetically modified S. cerevisiae strain that expresses an exogenous
glucoamylase to reduce external enzyme addition even more. The use of both corn amylase and the
glucoamylase-expressing strain, combined with a continuous ethanol removal method, resulted in
complete sugar consumption at a substrate concentration as high as 40%, increasing the final ethanol
yield by 65% and reducing enzyme requirements by 80% when compared to a similar process using
conventional technology.

In addition to sugar- and starch-based feedstocks, lignocellulose has been extensively studied for
the production of what is called cellulosic ethanol. In the context of this work, cellulosic ethanol will
be referred to as second-generation (2G) bioethanol, although it is acknowledged that the latter maybe
understood as a broader concept. In 2013, the first commercial 2G bioethanol plant in Europe was
commissioned by Beta Renewables in Crescentino (Italy) [41]. Lignocellulosic biomass includes forestry
and agricultural residues, dedicated crops, the organic fraction of municipal solid wastes, and other
industrial wastes as major representatives. In contrast to 1G bioethanol production processes, where
the cost of the raw material accounts for the 40-70% of the total cost [42], lignocellulosic feedstocks
may represent about 30% of the total production costs [43]. Furthermore, these raw materials may
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be of residual origin and they do not compete with food products. One of the main constraints of
2G conversion processes lies in the recalcitrant nature of lignocellulosic substrates. This hinders the
accessibility of enzymes to the carbohydrates and prevents sugar release. Therefore, more intensive
processes are required to improve conversion yields (e.g., a pretreatment step is required prior to
saccharification and fermentation, higher enzyme loadings are needed, etc.), which increase the overall
process costs of 2G technology and highly influence product prices [44,45]. More details about 2G
conversion technology can be found in Section 4.1, which highlights the recent progress towards
developing more competitive 2G bioethanol production processes.

Production costs of 2G biofuels are highly variable, depending on the conversion technology and
the raw material used [46]. In the particular case of 2G bioethanol, estimated costs fall in the range of
103-158 EUR/MWh (0.60-0.92 EUR/L) [43], considering capital costs (38—41%), feedstock costs (31-32%),
and operating costs (27-30%). These high production costs therefore represent a strong limitation and
have been critical for the success of the technology. Table 1 lists the 2G bioethanol plants that have
been placed worldwide, summarizing raw materials, production capacity, and their current status.

Due to the high production costs and other economy and energy market-related factors, about
half of the total 2G plants constructed have ceased operation, while other planned plants were
stopped during construction [47]. Therefore, it is clear that a key factor for the development and
implementation of 2G biofuels is the reduction of production costs, which could be achieved by
different mechanisms [43]:

- Reduction of feedstock costs, which include both the cost of the raw material itself and the costs
associated to the supply chain. To address this challenge, it can be beneficial to analyze all
supply chain operations, including harvesting, packing, transport, etc., in order to improve their
efficiency in terms of both energy consumption and cost. Methodologies for biomass supply
chain optimization and modeling, as well as simulation-based techniques, have been utilized to
optimize the viability and efficiency of biomass feedstocks’ supply chain management [48]. One
feasible option in the short term would be an optimal site selection for a future plant, ensuring
the availability of low-cost raw materials in a proximate zone.

- Reduction of capital costs. It can be achieved by scaling up the plant to a larger size (20-30%
reduction of capital cost), optimizing mass and energy integration, improving different process
stages (e.g., use of surfactants as additives in SSF processes, improving detoxification processes
and/or inhibitor removal, wastewater recycling, etc.) [49-51], and integrating 2G technology
into an existing 1G facility. The latter could result in a 10-25% reduction of capital cost. More
details about the integration of 1G and 2G technologies can be found in Section 5, which gives an
overview of the different strategies for the integration of 1G and 2G ethanol plants.

- Reduction of operating and maintenance costs. Through this mechanism, a 25-50% reduction of
capital costs could be obtained. This can be done by improving plant performance (e.g., increasing
enzyme activity, integrated enzyme production, higher conversion efficiencies, etc.), reducing
costs, and co-producing both bioethanol and high added-value products (e.g., chemicals, materials,
food and feed products) within an efficient and integrated biorefinery concept. The latter is
considered a promising pathway to reduce the production cost of bioethanol. Several studies
about the development of integrated biorefinery concepts producing different valuable coproducts
(e.g., xylitol, antioxidants, and furfural) could be found in the literature [52-54]. These studies
use simulation tools (e.g., Aspen Plus, SuperPro Designer, etc.) with the aim of optimizing
the processes from a technical and energetic point of view. Furthermore, those tools allow the
necessary information to be obtained to analyze these biorefinery systems both from an economic
and environmental point of view. It can be noted that the production costs depend on several
factors, such as the plant capacity, the type of biomass used as feedstock, and the market value
of the by-products obtained. More information about the coproduction of bio-products can be
found in Section 6.
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4. Advanced Bioethanol Production Processes

Bioethanol can be produced from biomass by many advanced process pathways, such as
the biochemical route (pretreatment, hydrolysis, and fermentation of lignocellulosic biomass), the
thermo-catalytic route (biomass gasification and catalytic conversion of syngas), the hybrid route
(biomass gasification and syngas fermentation), or the glycerol route (fermentation or catalytic
conversion of glycerol generated during biodiesel production). Figure 3 shows a simplified scheme of
these different routes.

Lignocellulosic biomass -
[ Agricultural and forestry »
residues, municipa | and
industrial wastes...)

=aginous biomass .
i {—’ "

[ fermentation N o
Biomass = Gasification B Syngas ——
e = Vi Reverse Water Caﬁb)tﬁ;
Renewable dectricity ——=  Electrolysis ——m= H; ——— Gos SHift Lo S :

COyrich streams =
{Industrial off-gas, ——= Carbon capture ———#= (0,
atmas pheric £0,..} -

Figure 3. Different bioethanol production pathways (adapted from [55]).

4.1. Bioethanol Production from Lignocellulosic Biomass by the Biochemical Pathway

As mentioned above, the development of the lignocellulosic ethanol market has been slower than
expected in recent years due to the intensive capital costs, the prevision of a high technological risk,
and the low oil prices. However, regulation to implement focused climate change mitigation strategies
will give more weight to alternative technologies and secure the 2G biofuel industry [56,57].

The basic procedure to obtain lignocellulose bioethanol consists in four steps, including a
pretreatment (where the carbohydrates of the biomass become more accessible), an enzymatic
hydrolysis (where sugars are generated from pretreated biomass by the addition of suitable enzymes),
a fermentation (where alcohol is produced from C5 and C6 monomers), and finally, a distillation step
(where a purified liquid fuel is produced) [45].

4.1.1. Pretreatment of Lignocellulose

The pretreatment stage is required to produce an extensive modification of lignocellulose, not
only by modifying or removing lignin but also by solubilizing hemicellulose and reducing cellulose
crystallinity, thus guarantying the better accessibility of hydrolytic enzymes to carbohydrates during
the subsequent enzymatic hydrolysis [58]. The effectiveness of the pretreatment stage highly influences
the overall process efficiency of the bioethanol production process. Some authors have calculated
that up to 40% of the total cost of ethanol production is given by the pretreatment step. Many factors
affect the profitability of pretreatment, including the energy spent during the process, the size and
moisture content of the feedstock, the formation of by-products, etc. In the last decades, many physical,
chemical, physicochemical, and biological pretreatment methods have been studied on a wide variety
of feedstocks, either alone or under different combination strategies.

The mechanism for making carbohydrates more accessible to enzymes depends on the pretreatment
applied and the feedstock nature. For instance, physical pretreatments alter the cellulose structure
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(mainly the crystallinity index and its degree of polymerization), reduce the particle size, and increase
the specific surface area of cellulose. Grinding, chipping, or milling are common physical pretreatments,
although their high energy consumption limits the economic viability of these methods [59]. However,
the combination of different pretreatment technologies represents an interesting alternative with
potential to increase energy savings and reduce costs [59]. Other physical pretreatments include
electron beam, irradiation with microwave, and gamma rays. Special attention has recently been given
to extrusion processes. This technology is based on the simultaneous heating, mixing, and shearing
of lignocellulose into the extruder, promoting changes in biomass at the physical and chemical level
(i.e., increasing the available cellulose surface area, reducing the cellulose crystallinity and degree of
polymerization) [60,61]. One of the most attractive characteristics of extrusion is its versatility, since it
offers different possibilities for combinations with chemicals or, more recently, with biological catalysts
(bio-extrusion) [61].

Chemical pretreatments use different reagents, including acid, alkali, oxidizing agents, organic
solvents, ionic liquids, and deep-eutectic solvents, to modify the structure and composition of
lignocellulosic biomass. Acid catalysts (e.g., HySO4, H3POy4, and organic acids, such as maleic, fumaric,
or even acetic acid) promote hemicellulose hydrolysis and solubilization, with the dilute acid technology
at high or low temperatures being very favorable for industrial applications [45]. On the other hand,
alkaline reagents (e.g., NH4OH, NH3;, NaOH, KOH and Ca(OH),) increase cellulose digestibility
mainly by lignin removal [62], causing generally less degradation compounds from sugars and lignin
when compared to acid catalysts. In addition to acid and alkaline catalysts, organic solvents (e.g.,
ethylene glycol, methanol, acetone and ethanol) can also be applied to lignocellulose pretreatment.
Co-solvent-enhanced lignocellulosic fraction (CELF) is a promising organosolv pretreatment technology
that uses tetrahydrofurane for an effective lignin extraction [63]. Pretreatment with ionic liquids
(ILs), salts that are liquids at relatively low temperatures, has been also considered as a promising
technology for bioethanol production, even though their use at an industrial scale is limited by their
high costs and the need of regeneration at very high ranges during the process [57,64]. Among them,
1-allyl-3-methylimidazolium chloride and 1-ethyl-3-methyl-imidazolium acetate are recognized as two
of the most interesting ILs for lignocellulose pretreatment. These ILs promote solubilization of both
lignin and sugars simultaneously at mild conditions, while generating a low concentration of inhibitory
products. Bio-ionic liquids (e.g., tertiary amines) synthesized from lignin and hemicellulose have also
showed good hydrolysability potential [65]. Deep eutectic solvents (DEPs), a class of eutectic mixtures
of Lewis or Brensted acids and bases, are new types of ILs formed from cationic and anionic species [66].
Among them, combinations between hydrogen-bond acceptors, such as guanidine hydrochloride or
choline chloride, with hydrogen-bond donators, such as propylene glycol, ethylene glycol, or glycerin,
have been used on different lignocellulosic biomasses, highlighting the high reactivity of extracted
lignin [67].

Physico-chemical pretreatments, such as steam explosion, liquid hot water (LHW), sulfite
pretreatment to overcome recalcitrance of lignocellulose (SPORL), ammonia fiber explosion/expansion
(AFEX), extractive ammonia (EA), and supercritical pretreatment, have been widely used for
lignocellulosic ethanol production [45]. One of the most widely used technologies at the industrial level
is steam explosion. This pretreatment method has been applied to an extensive range of lignocellulosic
feedstocks [57,58]. However, the material type highly influences the effectiveness of this process,
and severe conditions (e.g., high temperatures and pressures) are usually required for an effective
saccharification step. In this context, different biomass degradation products are released that may
inhibit the hydrolytic enzymes and the fermentative microorganisms [68,69]. EA is another attractive
physico-chemical pretreatment method that uses liquid ammonia to solubilize lignin polymer at
elevated temperatures. The advantage of EA versus other ammonia-based methods, such as AFEX, is
that offers the possibility of reducing the enzyme loading by 60% without influencing final enzymatic
hydrolysis yields [70]. Moreover, the EA process generates a high purity lignin that can be further
valorized within the biorefinery concept.
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Biological pretreatments use microorganisms and/or their enzymes to treat lignocellulosic biomass.
Not only different fungi, such as white-rot basidiomycetes (e.g., Trametes versicolor, Ceriporiopsis
subvermispora and Pleurotus ostreatus), but also endophytic fungi (e.g., Ulocladium sp. and Hormonema sp.)
and some bacterial strains (e.g., Bacillus macerans, Cellulomonas cartae and Zymomonas mobilis) have been
used for this purpose because of their ability to produce lignin-degrading enzymes (peroxidases and
laccases), which increases saccharification yields [71,72]. The direct use of the enzymes secreted by
these microorganisms during biological pretreatment is one of the most industrially viable choices since
they can considerably shorten pretreatment times and do not require nutrient supplementation. Among
them, laccases and laccase-mediator systems have been widely investigated to improve the enzymatic
hydrolysis of lignocellulosic materials [73]. However, enzyme production cost is an important limitation
and further investigations are needed towards implementing these lignin-degrading enzymes at a
commercial scale.

To date, pretreatment technologies still present several drawbacks and greatly impact both
saccharification and fermentation stages. As mentioned above, the harsh pretreatment conditions
usually result in the degradation of biomass and consequently, certain inhibitory products are
formed. Among them, compounds, such as formic acid, acetic acid, levulinic acid, 2-furaldehyde
(furfural), 5-hydroxymethylfurfural (HMF), and phenolic compounds, may act as inhibitors during
the downstream processing steps [45]. Different physical (e.g., evaporation and activated charcoal),
chemical (e.g., overliming with Ca(OH), and ethyl acetate extraction), and biological (e.g., laccases)
detoxification strategies have been studied to removed such degradation compounds [73]. In addition
to these inhibitory compounds, lignin may also act as inhibitor of the enzymatic saccharification
process as lignin encourages the non-specific absorption of hydrolytic enzymes to pretreated biomass,
thus reducing saccharification yields. Here, delignification processes, such as alkaline, organosolv,
or laccase treatment, can also be employed after some pretreatments processes to address the
unproductive bindings.

4.1.2. Enzymatic Hydrolysis

After pretreatment, the carbohydrates contained in the pretreated biomass are depolymerized into
soluble sugars by acid or enzymatic hydrolysis. Compared to acid hydrolysis, enzymatic hydrolysis
shows certain advantages, such as the milder conditions under which it is performed, it does not
use chemicals, and it requires less energy [74,75]. Enzymatic hydrolysis is influenced by several
factors among which are not only the thermal stability of the enzymes used and the non-specific
binding of the enzymes in the lignin but also the crystallinity and the degree of polymerization of
the cellulose contained in the pretreated biomass as well as its hemicellulose and lignin content [76].
For that, a high number of enzymatic activities are involved during the enzymatic hydrolysis of
lignocellulosic biomass, with cellulases being the most important. These enzymes depolymerize
cellulose to glucose by a synergistic action of three activities, including endo 1,4-D-glucanase or
E.C. 3.2.1.4 (endoglucanase), 1,4-3-D glucan cellobiohydrolase or E.C. 3.2.1.91c (exoglucanase or
cellobiohydrolase), and 3-glucosidase (EC 3.2.1.21). The majority of these activities are produced by the
filamentous fungi Trichoderma reesei and Aspergillus niger, although some aerobic and anaerobic bacteria,
termites, and some insects are also producers. Other accessory enzymes are also required for complete
hydrolysis, such as hemicellulases and ligninases. Hemicellulases depolymerize hemicellulose
to xylose, arabinose, mannose, and galactose, including xylanases (e.g., endoxylanases or E.C.
3.2.1.8 and B-xylosidases or E.C. 3.2.1.37), mannanases (e.g., endomannanases or E.C. 3.2.1.78 and
-mannosidases or E.C. 3.2.1.25), debranching enzymes (e.g., x-L-arabinofuranosidases or E.C. 3.2.1.55
and a-glucuronosidases or E.C. 3.2.1.131), and esterases (e.g., acetyl xylan esterases or E.C. 3.1.1.72 and
ferulic esterases or E.C. 3.2.1.73). On the other hand, ligninases, including ligninolytic peroxidases,
laccases, oxidases that generate extracellular H,O,, and reductases, are responsible for the degradation
of the lignin polymer [42,76]. Special attention has been given to the application of laccases (EC
1.10.3.2) in the last years [77]. The capacity of these enzymes to oxidize phenols allows an increase of
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saccharification yields through delignification and detoxification processes. Moreover, laccases can
increase their effectiveness towards modifying and/or partially removing the non-phenolic lignin units
when combined with low-molecular-weight compounds (known as mediators), increasing the final
hydrolysis yields of different pretreated materials.

The enzymatic mixtures and the enzyme production process still need to be optimized to increase
the hydrolysis yields and consequently, the final ethanol concentrations. Here, the use of low-cost
substrates and/or novel enzymatic activities such as the non-hydrolytic enzymes polysaccharide
monooxygenases (LPMOs) and the non-catalytic proteins swollenins and expansins, may contribute to
reaching that goal. LPMOs (EC 1.14.99.53-56) can oxidize the crystalline regions of cellulose, making
it more susceptible to cellulases, although more detailed studies are needed to really evaluate their
efficacy in enzymatic hydrolysis [78]. As in the case of LPMOs, swollenins and expansins also seem
to be capable of attacking the crystalline part of the cellulose [79]. In addition, several studies have
focused on screening and/or engineering different enzyme-producing microorganisms to increase
the catalytic efficiency of hydrolytic enzymes [76]. As a result of all these strategies, a multitude of
enzymatic cocktails have been developed by some industries, such as Acellerase™ 1000, Spezyme®
CP, Acellerase™ DUET, and Acellerase™ 1500 from Genencor, and Novozyme 188, Celluclast® 15 L,
Cellic® CTec2, and Cellic® CTec3 from Novozymes [42]. Some of them have already been used
by different companies in enzymatic hydrolysis processes scaled up to the industrial level, such as
Abengoa, Raizen, DuPont, POET, Beta Renewables, and GranBio.

4.1.3. Fermentation

Several yeast, bacterial, and/or fungal strains have been used as fermentative microorganisms for
the biochemical conversion of sugars to ethanol. At the industrial level, the yeast S. cerevisiae is the most
commonly used microorganism for bioethanol production [45]. S. cerevisiae is capable of converting all
kinds of hexoses into ethanol with high conversion yields (close to the theoretical). Moreover, it is
especially robust towards inhibitory products and ethanol, and has a remarkable tolerance against
osmotic stress. The major handicap of this yeast is, however, its inability to metabolize pentose sugars
(xylose is second after glucose in lignocellulosic biomass). This has led to extensive research and
development of novel fermentative microorganisms with the capacity to convert both hexoses and
pentoses into ethanol.

Different metabolic strategies have been addressed to develop efficient engineered xylose-
fermenting S. cerevisiae strains. One of them is based on the introduction in S. cerevisiae of different
metabolic pathways for xylose assimilation, such as the oxidoreductive pathway, which involves xylose
reductase (XR) and xylitol dehydrogenase (XDH) enzymes, and the xylose isomerase (XI) pathway [80].
The first one consists of the introduction of the XYL1 and XYL2 genes of xylose-fermenting yeasts
(mainly from Scheffersomyces stipitis), which encode for XR and XDH, respectively [81,82]. The second
one is based on the introduction of the gene encoding for XI present in bacteria and some fungi [83]. Both
strategies must be accompanied by overexpression of the XKS1 gene encoding for endogenous xylulose
kinase (XK) [84], an enzyme that phosphorylates xylulose, the product generated in both pathways.
In addition, an improvement of xylose consumption by S. cerevisiae has been achieved through the
overexpression of different genes encoding for membrane transporters with a major affinity for xylose,
such as Sutl form S. stipitis, TrxIt] from Trichoderma reseei, and Gxf1 from Candida intermedia [85].

With the aim of designing better engineering strategies, other native xylose-fermenting yeasts,
such as Candida tropicalis, Candida shehatae, Pachysolen tannophilus, S. stipitis, and Spathaspora passalidarum
are under investigation to clarify crucial physiological mechanisms for optimal pentose conversion
to ethanol [3]. However, these species present low ethanol yields, poor tolerance to ethanol and
inhibitors, and a great sensitivity to pH changes, which makes their application on an industrial
scale difficult. Some filamentous fungi (e.g., Fusarium oxysporum, Mucor circinelloides and Rhizopus
oryzae) have also exhibited xylose fermentation [86,87]. These strains are in general more tolerant than
xylose-fermenting yeasts to lignocellulose-derived inhibitors, but the industry does not consider their
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use due to their lower conversion rates. Ethanologenic xylose-fermenting bacteria, such as Escherichia
coli and Klebsiella oxytoca, are also attractive xylose fermenters and show better growth rates than
xylose-fermenting yeasts [45]. This allows an improvement of the volumetric productivities and a
reduction of the overall process time, although they usually show lower robustness. Xylose can be
also utilized by engineered Z. mobilis after introducing it to the xylose metabolizing pathway from E.
coli [88].

Together with xylose-fermenting microorganisms, the cost-competitive lignocellulosic ethanol
production also demands robust fermenting microorganisms with high tolerance to inhibitory
compounds, ethanol and/or mechanical and osmotic stress, and relatively high temperatures.
Different non-Saccharomyces species, such as Zygosaccharomyces bailii, Wickerhamomyces anomalus, Pichia
kudriavzevii, and Candida stellate, have shown natural tolerance to high concentrations of inhibitors,
including acetic acid or furans [45]. Moreover, several strategies to develop robust S. cerevisiae
strains with enhanced tolerance to inhibitory compounds have been reported. For instance, metabolic
engineering, such as the overexpression of genes encoding enzymes that confer resistance to specific
inhibitors (e.g., furfural), has improved the tolerance of S. cerevisiae to these compounds [89]. In addition,
evolutionary engineering is an effective method to obtain new S. cerevisiae strains with improved
robustness, leading to increased detoxification rates of furfural and HME, shorter lag phases, increased
sugar consumption rates, and higher ethanol yields in the subsequent fermentation step [90]. Regarding
high ethanol tolerance, similar to S. cerevisiae, species, such as Dekkera bruxellensis, P. kudriavzevii,
Schizosaccharomyces pombe, Torulaspora delbrueckii, and W. anomalus, have also shown high ethanol
tolerance levels [91]. S. cerevisiae also shows high tolerance to osmotic pressures, a process that can
lead to water loss and cell shrinking of microorganisms. Candida bombi and Starmerella bombicola have
shown even higher osmotolerance than S. cerevisiae [91], and Zygosaccharomyces rouxii is one of the
most halotolerant and osmotolerant yeast species [92]. Finally, the use of thermotolerant yeasts for
lignocellulosic ethanol production is advantageous under SSF configurations due to the differences in
the optimal conditions for the enzymatic hydrolysis and fermentation steps. Some thermotolerant yeast
strains, including S. cerevisiae, Kluyveromyces marxianus, and Fabospora fragilis, can produce ethanol at
temperatures around 40-45 °C [45]. Ogataea polymorpha is a yeast species able to grow at temperatures
higher than 50 °C. This species can also ferment xylose and cellobiose into ethanol, thus representing an
interesting choice for SSF processes. Ethanologenic thermophilic bacteria from Thermoanaerobacterium,
Thermoanaerobacter, Clostridium, or Caldanaerobacter genera and the species Caloramator boliviensis have
also been reported [93,94].

After enzymatic hydrolysis, the resulting sugars can be converted into a wide range of
fermentation-based products, including bioethanol. Both enzymatic hydrolysis and fermentation
can be performed under different process strategies and at different integration levels. The main
configurations strategies are separate hydrolysis and fermentation (SHF), simultaneous saccharification
and fermentation (SSF), and consolidated bioprocessing (CBP), which can be run under different
operational modes, including batch, fed-batch, and continuous mode. Furthermore, an extra
prehydrolysis step (mainly in the SSF configuration strategy) or the use of membrane bioreactors or
immobilized cells has also been investigated for lignocellulosic bioethanol production [45].

The separate hydrolysis and fermentation (SHF) configuration has traditionally been used for
bioethanol production. In this case, enzymatic hydrolysis and fermentation are carried out separately,
which is expensive and time-consuming. Moreover, product inhibition of cellulase activity may result
from sugar accumulation [95], although this problem can be solved in situ by removing released
sugars by dialysis. The main advantage of this configuration is that both enzymatic hydrolysis and
fermentation can operate in their optimal pH and temperature conditions.

The simultaneous saccharification and fermentation (SSF) configuration combines the enzymatic
hydrolysis and fermentation stages in a single reactor, reducing costs and process time. In this strategy,
the fermentative microorganisms can consume the released glucose right after being hydrolyzed by
enzymes [96,97]. In general, ethanol production under the SSF configuration is higher than that of SHE.
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This is mainly due to the presence of a low sugar concentration during the process, which does not
inhibit cellulase activities [98]. However, this configuration requires compatible process conditions
for both enzymatic hydrolysis and fermentation (i.e., temperature and pH). In general, the choice
between SHF and SSF strategies depends on several factors, such as the pretreatment method used, the
type of biomass, the solid loadings and the hydrolytic enzymes, and the fermentative microorganism.
SSF processes can also be called simultaneous saccharification and co-fermentation (SSCF) when using
pentose-rich feedstocks and pentose-fermenting microorganisms. This strategy offers great potential
for increasing ethanol production yields since both glucose and xylose can be used as substrate [99].

The consolidated bioprocessing (CBP) configuration includes enzyme production, enzymatic
hydrolysis, and fermentation in a single stage [100,101]. The most studied microorganisms for CBP
processes are different bacteria species from the Clostridium genus (e.g., Clostridium thermocellum or
Clostridium phytofermentans) [102-104]. As an alternative, genetically engineered bacteria, yeasts, and
fungi have also been investigated for ethanol production under the CBP configuration [105]. CBP
is considered as the most promising configuration for bioethanol production from lignocellulose.
However, the majority of CBP organisms developed so far have limited applicability when used with
real lignocellulosic biomass due to their low tolerance to ethanol or their limited growth among other
reasons. Therefore, extensive research is still needed to further develop this option.

4.2. Other Processes for Advanced Ethanol Production

Lignocellulosic bioethanol is mainly obtained by the biochemical route using wood, herbaceous
crops, and residues as feedstock. However, during the last decades, several researchers have focused
their work on the development of advanced processes based on the utilization of novel raw materials
(such as municipal solid waste, industrial residues, algae, and also syngas or bio-based glycerol), and
also on new thermochemical or hybrid routes that can overcome some of the major drawbacks of the
biochemical route for the production of 1G and 2G bioethanol.

4.2.1. Novel Raw Materials

Apart from lignocellulosic biomass, such as woody and herbaceous crops and agricultural and
forest residues, other residues, such as municipal solid waste (MSWs) and industrial residues, have
been evaluated as feedstock for bioethanol production. These residues are considered a promising
alternative for food crops in the production of 2G biofuels [55,106,107]. Nevertheless, it should be taken
into account that many of these residues already have valuable applications as fertilizer, fodder, and soil
conditioner, or are used as raw materials for several products, such as recycled paper, medium-density
fiberboard, and particleboard [106]. Therefore, these alternative uses should be considered when
evaluating the availability of these biomass residues and wastes.

Municipal solid waste includes food waste, skins, shells, and other compounds with a certain
proportion of cellulose, hemicelluloses, and lignin. It also includes a vegetable fraction from pruning
and gardening remains. MSWs are normally used for the production of compost and energy by
direct combustion or natural anaerobic digestion generating biogas [107]. Nonetheless, a growing
interest in the conversion of MSWs into liquid biofuels has been observed in the last decade due to
its low cost, high production potential, and the possibility of offering a sustainable solution to its
disposal [106,108]. At the industrial scale, there are several facilities that convert the organic fraction of
MSWs on bioethanol based on the thermochemical routes: Enerkem (Montréal, QC, Canada), Fulcrum
BioEnergy (Pleasanton, CA, USA), and Solena Fuels (Thurrock, UK). On the other hand, bioethanol
from MSWs can also be produced by the biochemical route, consisting in pretreatment, hydrolysis, and
fermentation [106,109]. There are also some facilities at the industrial scale based on this route, such as
Fiberight (Hampden, ME, USA) and Perseo BioRefinery (L' Alctdia, Spain).

Regarding industrial lignocellulosic residues, they are generated as waste and by-products in
several agro-food industries, such as sugar industry (generating molasses and bagasse), brewing and
malting industry (bagasse, waste grains), wine industry (grape seeds, stems, pomace, lees, vinasse),
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and olive oil industry (pomace, vegetable water, exhausted olive pomace cake) among others [110,111].
Pulp and paper industry also generates different residues that can be used as feedstock in the production
of biofuels. Moreover, this industry presents the logistics and infrastructure that are required to handle
lignocellulosic biomass, representing a promising option for integrated biorefineries where apart from
producing pulp and paper, different waste and by-products can be valorized [112,113]. In this context,
Branco et al. [112] reviewed the feasibility of producing ethanol from Kraft pulp, spent sulfite liquor,
and pulp and paper sludge. Thus, kraft pulping can be considered as a pretreatment in the biochemical
route, using the resulting solid fraction (kraf pulp) for fermentable sugar production. The resulting
liquid fraction (black liquor) has been reported to be unsuitable for bioethanol production due to its low
sugar content. On the contrary, in sulfite pulping, the spent liquor contains hexose and pentose sugars
from the acid hydrolysis of wood polysaccharides, apart from solubilized lignin and degradation
products, such as furfural and HMF. Thus, spent sulfite liquor has been evaluated for the production
of ethanol since the 1980s for several authors [112]. Other authors have also evaluated the possibility
of extracting a fraction rich in hemicelluloses prior to pulping that can be used for the production of
bioethanol [114-116]. However, the utilization of C5 for bioethanol is still a challenge. Last but not
least, pulp and paper mill sludge (PPMS) should be considered. It represents the main organic waste
resulting from wastewater treatment, including primary sludge, secondary sludge, and de-inking
sludge [112]. PPMS is thickened and dewatered and landfilled or incinerated for combined heat
and power generation. It can also be used in biocomposites of wood and plastic, cement, or asphalt.
Nonetheless, PPMS has also been used to produce liquid biofuels (through acetone-butanol-ethanol
fermentation), hydrogen, cellulose, biogas (from anaerobic digestion), and bio-oil (from pyrolysis).
Regarding bioethanol production, PPMS contains short fibers that are easily hydrolyzed by enzymes
into fermentable sugars, requiring no pretreatment. The major problem is the high content in ash,
mainly CaCOs, which absorbs to the enzymes and increases the pH, reducing the yields of enzymatic
hydrolysis. Therefore, a de-ashing step is necessary to remove CaCO3, usually achieved using acids,
with its associated environmental impact. Hence, the development of new de-ashing techniques with
low environmental impact is still required to achieve higher hydrolysis and fermentation yields [112].

The potential of algal biomass for the production of biofuels and bio-based products is also under
intensive research. Microalgae are extraordinarily efficient photosynthetic microorganisms with high
productivity and simple growing requirements that can be used as feedstock for carbohydrates, lipids,
and proteins [106]. Conversely, macroalgae have a low concentration of lipids and primarily contain
carbohydrate and proteins [117]. There are several pathways for the conversion of algal biomass into
biofuels and biomaterials, but the three main conversion processes are oil transesterification (biodiesel),
ethanol fermentation (third-generation (3G) bioethanol), and anaerobic digestion (biogas) [106,118].
Regarding bioethanol production, although algae contain small amounts of hemicelluloses and
negligible lignin, a pretreatment is still needed to make the sugars accessible. The most applied
pretreatments are acid and alkali pretreatment because they are less energy intensive and provide
efficient extraction of the unwanted materials [118]. Nevertheless, some other polymers can be present
in the algal biomass, such as fucoidan, alginate, and mannitol, making additional processing necessary
before separate hydrolysis and fermentation. SSF is also possible if potential microbial strains able to
produce amylase enzyme and to induce saccharification are used [119]. Despite the benefits of using
algal biomass as a feedstock (such as the ability to accumulate lipids and sugars, reduced cultivation
time, and no or minimal fresh water requirements for growing), intensive research is still needed to
overcome its limitations and uncertainties regarding its implementation at a commercial scale [120,121].

Finally, it should be mentioned that both syngas and bio-based glycerol represent alternate
promising feedstocks for bioethanol production [55]. Syngas can be obtained by gasification of a wide
range of sources and allows the conversion of the whole biomass, including lignin. On the other
hand, the production of biodiesel generates large quantities of bio-based glycerol. Both syngas and
glycerol can be biologically and catalytically converted into bioethanol, as will be discussed in the
following section.
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4.2.2. Alternative Processes

As discussed above in Section 4.1, the biochemical route is the most implemented pathway for
bioethanol production. However, it is worthwhile reviewing the other routes.

(1) Thermo-catalytic route

The thermo-catalytic route is based on gasification of biomass to obtain syngas, which is further
catalytically converted to bioethanol. Gasification is a thermochemical process in which a carbonaceous
biomass (solid or liquid) reacts with a gasifying agent (air, oxygen, and/or steam), producing a gas
called synthesis gas or syngas. It involves many overlapping sub-processes, such as drying, pyrolysis,
and partial oxidation, comprising complicated combinations of numerous reactions [122].

Syngas is a mixture of CO, H,, CO,, and CH, as primary components, although small amounts
of tars, H,O, H,S, NHj3, and other species can also be found, depending on the type of feedstock,
gasification system, and operating conditions [117,122,123]. The optimal mixture for biofuel production
contains mainly CO and H,, and the presence of other hydrocarbons and inert components should be
kept as low as possible. To obtain a good performance of the resulting gas mixture (high content of Hp
and CO), a minimum temperature of 650-700 °C is necessary. On the other hand, to avoid technical
problems due to the fusion and agglomeration of ashes, a maximum temperature is imposed, generally
950-1150 °C [123]. The required heat can be inherently produced by exothermic combustion reactions
or can be supplied from outside sources [122].

Syngas can be used as raw material not only for power generation but also for liquid biofuels
(methanol, ethanol, dimethylether (DME), and Fischer-Tropsch diesel), gaseous biofuels (hydrogen
and synthetic natural gas), and chemicals synthesis. Worldwide, 50% of the produced syngas is used
for ammonia synthesis, 25% for bio-hydrogen generation, and the rest for bio-methanol production,
Fischer-Tropsch synthesis, and other processes [124]. Before its utilization, biomass-derived syngas
should be cleaned in most applications, in order to remove contaminants, such as condensable
hydrocarbons (tars), particulate matter, alkaline metals (Na, K), nitrogen (NH3z, HCN), sulfur (H,S,
COS, CSy), halides (HC1, HBr, HF), and trace elements. These contaminants are generated due to
impurities in biomass feedstocks and partial gasification and they can induce problems in the gasifier
(corrosion, clogging, and catalyst deactivation) and render syngas unsuitable for some applications.
Details about syngas cleaning technologies can be found elsewhere [122].

Bioethanol can be catalytically synthesized from biomass-derived syngas via three different
pathways (Figure 4): (1) direct conversion; (2) methanol homologation, and (3) the ENSOL
process [122,123,125]. Direct conversion of syngas to bioethanol is based on the selective hydrogenation
of carbon monoxide at the surface of the Rh-based catalyst (Equation (1)). A low temperature
(230-300 °C) and high pressure (up to 100 bar) are favorable for this synthesis (Molino et al., 2018).

2CO + 4H; —» C;H50H + H,O  (AHp9g = —253.6 k] mol_l). (1)

The second pathway is carried out through methanol synthesis (Equation (2)) followed by
methanol homologation (Equation (3)), which involves reductive carbonylation over the surface of
Cu/Co-based catalyst:

CO +2H, & CH;0H  (AHpo5 = —90.6 k] mol™!), 2)

CH;0H + CO + 2H, & C;HsOH + H,O  (AHaggg = —165.1 k] mol™Y). )

The ENSOL process consists of the synthesis of methanol from syngas (Equation (4)), acetic acid
generation through methanol carbonylation (Equation (5)), and ethanol synthesis via hydrogenation of
acetic acid (Equation (6)). This approach needs a different catalyst for each step, making it expensive
and complex:

CO +2H, & CH;0H  (AHyo5 = —90.6 kJ mol™!), (4)
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CH;OH + CO - CH;COOH  (AHpog = —123.3 k] mol™Y), )
CH;COOH + 2H, — C,HsOH + HyO  (AHaog = —41.7 k] mol ™). (6)

Several thermodynamically favored side reactions like methanation and kinetically favored chain
growth reactions reduce the bioethanol yield and selectivity. Controlling the operational conditions and
the selection of an effective catalyst, both selectivity and yield could be increased [122,126]. Therefore,
numerous research works on different catalysts, including both homogeneous and heterogeneous
catalysts, have been carried out for the different bioethanol synthesis pathways [55,122]. Furthermore, a
high H,/(CO + CO,) ratio and low CO,/CO ratio also contribute to increasing bioethanol yields [122,123].
Here, the syngas composition should be controlled not only by gas cleaning but also by selecting an
adequate feedstock.

(2) Hybrid route

The hybrid route involves the gasification of the biomass and the fermentation of syngas. Hence,
the first step (gasification) is similar to that described in the thermo-catalytic route. Once syngas
is obtained, it is cleaned and cooled before being fed into a bioreactor where autotrophic microbes
convert syngas into bioethanol and other alcohols and organic acids. Syngas fermentation presents
some advantages over chemo-catalytic production of bioethanol, such as: (1) higher product specificity;
(2) lower energy cost, since fermentation occurs at near-ambient temperatures and pressures; (3) most
microorganisms are tolerant to trace amounts of some contaminants present in syngas, such as
sulfur and chloride compounds, which easily poison metal catalysts; and (4) the final products
are not influenced by the H,/CO ratio since both CO and H,/CO; mixtures can be simultaneously
fermented [108,117]. However, its main technical challenge is the low solubility of the synthesis gas in
water, which limits the mass transfer. Furthermore, fermentation also needs a long residence time,
due to the slow reactions and slow growth of the microorganisms on the gaseous substrate (instead of
sugar substrates). Thus, the conversion yields depend on the reactor design, selected microorganism,
composition of the specific gas mixture fed (gas partial pressure), and cultivation conditions, such as
temperature, pressure, medium components, and reducing agent [55,117].

The microorganisms used for bioethanol production from syngas are acetogenic bacteria from
the Clostridium family (first and foremost Clostridium ljungdahlii and Clostridium autoethanogenum),
which can grow chemolithotrophically (using inorganic reduced compounds as the energy source)
under anaerobic conditions and produce ethanol and butanol, along with butyrate and acetate, from
CO, CO,, Hy, formate, and methanol [55,117]. Acetogens use the acetyl-CoA or Wood-Ljungdahl
pathway to metabolize single carbon source compounds to (1) synthesize acetyl moiety of acetyl-CoA
from CO,, (2) assimilate CO; to cell carbon, and (3) conserve energy by the reduction of CO, and/or
CO; and Hj to acetate [117]. The acetyl-CoA intermediate can then be converted to cell mass and/or
different metabolites, such as ethanol, acetate, butyrate, or butanol, among others, depending on
the available enzymes [108,117]. Thus, acetyl-CoA can be converted to ethanol via aldehyde/alcohol
dehydrogenase (solventogenesis pathway). Moreover, bioethanol can also be produced from acetate
via aldehyde:ferredoxin oxidoreductase [108]. The final product mixture is determined by the chosen
microorganism and the operating conditions [55].

(3) Glycerol route

The increasing production of biodiesel, which can be produced from different types of
lignocellulosic biomass, involves the generation of large volumes of glycerol: approximately 10-20%
of the total volume of biodiesel produced [127]. Consequently, great attention has been directed to
the conversion of glycerol into high-value and useful products, enhancing the economic viability
of biodiesel production [127,128]. This bio-based glycerol has low quality, requiring purification
before its use in food, pharmaceutical, cosmetics, and other personal care industries, making the
process not economically favorable [128]. However, raw glycerol or partially treated raw glycerol can



Processes 2020, 8, 1310 20 of 45

be used as feedstock for bioethanol production, among other applications [55,127,129]. Bioethanol
can be produced from glycerol via chemical or biological routes. Thus, glycerol can be catalytically
hydrogenated, although selective catalysts for ethanol production are still under investigation [55,130].
On the contrary, ethanol fermentation is far more developed [55,127]. Different microorganisms have
been used to convert glycerol to ethanol at the laboratory scale, such as E. coli, Ogataeo polymorpha,
and different species of Klebsiella, Enterobacter, Citrobacter, and Clostridium [127,131]. The fermentation
of glycerol by these microorganisms usually produces other products along with bioethanol, such as
1,3-propanediol, acetate, butanol, formate, hydrogen, etc. The production of the target products can be
maximized by modifying process conditions and/or microorganism selection [131].
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Figure 4. Different thermochemical bioethanol production pathways (adapted from [122]).

5. Integration Strategies for 1G and 2G Technologies

As commented above, in recent years, it has become clear that there is a necessity for a transition
from first-generation (1G) to second-generation (2G) bioethanol production. Since 2G bioethanol
production still presents uncertainties regarding its economic viability, the integration of 2G technology
into an existing 1G facility could be an excellent strategy to ease the transition from 1G to 2G biofuels.
Furthermore, the integration of 1G and 2G ethanol technologies could result in synergies and cost
savings, supporting the establishment of 2G ethanol production. The synergies could result from using
the lignocellulosic parts of the sugar and starch crops, such as wheat bran, bagasse, leaves, etc.; sharing
the purification areas; adapting the sugar content of the fermentation by mixing the mash; sharing
the general infrastructure of the plant; or using lignin as a renewable fuel for the energy supply [132].
Different options for the integration of 1G and 2G ethanol plants can be defined as follows:

5.1. Co-Locating

Co-locating, placing a 2G facility next to an existing 1G plant, is the easiest implementation strategy.
This strategy allows the 2G bioethanol plant to take advantage of the existing product distribution as
well as the feedstock supply and storage systems, and to share utilities, which could lead to a decrease
in 2G bioethanol production cost and investor risks [46]. Nowadays, there are several bioethanol plants
based on this type of strategy in Brazil and the USA. For example, the Raizen facility in Piracicaba,
Sao Paulo, Brazil, was installed alongside the Costa Pinto sugar/ethanol plant and uses bagasse and
sugarcane residues as raw material. This facility started to be constructed in 2014 and has a bioethanol
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production of about 31,600 tons/year. It required an investment of approximately 56 M€ [46,133].
The Raizen facility is still in operation and has the lowest minimum 2G ethanol selling price ($0.57
per L) compared to other 2G ethanol plants, such as Abengoa’s plant in Hugoton, USA ($ 1.20 per
L; currently non-operational) or Dupont’s plant in Nevada ($0.87 per L; currently non-operational).
This low price is due to the access to low-cost feedstock, including sugarcane straw and sugarcane
bagasse [134].

In the USA, POET-DSM biorefinery (Project Liberty) was built next to the existing 1G corn ethanol
facility in Emmetsburg, lowa, sharing energy, land, feedstock supply system, and personnel. This
biorefinery uses post-harvest corn stover as feedstock (cobs, leaves, husks, and upper stalks) and
produces approximately 75,000 tons/year of ethanol. Its development required an investment of around
100 M$ from the U.S. Department of Energy. This facility started to operate in 2014 and is still in
operation nowadays. Although the minimum cellulosic ethanol selling price ($0.87 per L) is higher
than the previous case, it is expected that this facility increases Iowa’s economic output by $24.4 billion
and generates more than 13,500 jobs. Moreover, POET has suggested the implementation of this
strategy at the other 27 corn ethanol plants in North America [135,136].

5.2. Retrofitting

Retrofitting of a 1G ethanol facility with 2G technology consists of partially replacing a factory or
installation with state-of-the-art equipment, so that unutilized by-products or parts of the feedstock
can be used to produce 2G bioethanol together with 1G bioethanol [46,132]. Retrofitting is considered
a more attractive alternative to promote the transition from 1G to 2G ethanol instead of building a
brand-new plant with full advance technology. Retrofitting often means lower capital expenditure
(CAPEX), shorter lead times, faster implementation, less production time losses, and lower risks than
building a completely new 2G ethanol facility [132].

Retrofitting of 1G ethanol facilities can be made through the integration of the 2G process at
different stages of the 1G processing plant, such as the fermentation or purification process step.
Therefore, different processing schemes for the retrofitting of an existing 1G facility can be developed.
These schemes also differ depending on the type of feedstock used in the process (sugar or starch
based) and the co-products obtained. Figures 5 and 6 show different possible configurations.
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Figure 6. Possible configurations for the retrofitting of a sugar-based 1G facility.

Several studies can be found in the literature in which different process schemes are analyzed
from a techno-economic and environmental point of view. For example, Joelsson et al. [137] evaluated
the techno-economic feasibility of a plant based on 1G and 2G integration in the fermentation stage
using grain and straw as feedstock. This study shows several alternative configurations considering
the production of different co-products, such as energy or biogas. In all the case studies considered,
the net present value (economic parameter that indicates the profits of the process during the project
life) was positive and a minimum ethanol selling price between 0.45 and 0.53 €/L was obtained.
Macrelli et al. [138] also analyzed the integration of 1G and 2G plants from an economic point of
view, using the whole sugarcane as feedstock. In this work, the integration between both plants
was considered at the distillation stage, evaluating the influence of different technical parameters
(enzymatic hydrolysis residence time, solid loading, the use of C5 fraction for obtaining ethanol or
biogas, etc.) and economic parameters (feedstock, enzymes, electricity costs, etc.). Similar to the results
obtained by Joelsson et al. [137], the net present value was positive for all the cases investigated, and a
minimum ethanol selling price of 0.35-0.58 $/L was obtained.

Watanabe et al. [139] evaluated the integration of 1G and 2G ethanol production in Brazil from an
environmental point of view using life cycle assessment methodology. In this work, the case study
evaluated considered a plant based on 1G and 2G integration using sugarcane, sugarcane straw, and
bagasse as feedstock. The integration between both facilities was investigated at the fermentation
stage. The study shows that the ethanol produced through this type of integration reduces the total
greenhouse gas emissions by 1.6-fold compared to the stand-alone 1G ethanol facility, 12.9 vs. 21.1 g
CO;-eq/M]J.

In the framework of the research project “Biorefinery2021—Energy from Biomass—New Paths
to the Integrated Biorefinery” [140], several approaches for the optimization of ethanol plants were
investigated, taking into account both stand-alone and 1G and 2G integration. In this project, initial
plant concepts for the integration of 1G and 2G facilities using wheat and wheat straw were studied,
showing that the specific investments for the construction of lignocellulose ethanol plants can be
reduced by integrating them into existing 1G plants [132].

Currently, as a part of the project “BIOFIT- Bioenergy Retrofits for Europe’s industry”, supported
by the European Union’s Horizon 2020 programme (https://www.biofit-h2020.eu/), the introduction of
bioenergy retrofitting in the 1G ethanol industry is being investigated. One of the main objectives of
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this project is the development and evaluation of possible integration options, as well as the conditions
under which this retrofit can be made. The BIOFIT project evaluates two integration scenarios for
the existing 1G cereal-based ethanol plant of Biocarburantes de Castilla y Leon (BCyL) located in
Babilafuente, Spain. The first scenario studies the production of 11,000 m3/year of advanced bioethanol
using as feedstock some waste streams listed in the Renewable Energy Directive II (RED II), such as
wine alcohol and an ethanol-rich waste stream from a yeast production industry. The latter is under
evaluation by the Spanish authorities to be included in that list. This scenario presents low technical
complexity, low CAPEX, and, therefore, it could be quickly implemented. Figure 7 shows a descriptive
flow sheet of the scenario 1.
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Figure 7. Descriptive flow sheet of the scenario 1.

The second scenario displayed in Figure 8 involves retrofitting of the existing 1G process to
produce 19,000 m?/year of advanced ethanol from corn stover, integrating 1G and 2G facilities at
the distillation stage. In this scenario, corn stover is subjected to a pre-treatment process in a steam
explosion unit obtaining two streams: a water-insoluble solid fraction (WIS) containing mainly glucose
and lignin, and a liquid fraction (pre-hydrolysate) consisting mainly of xylose. The WIS fraction
undergoes a presaccharification and simultaneous saccharification and fermentation process (PSSF)
producing a bioethanol-rich stream. Afterwards, the bioethanol-rich stream is concentrated to about
50% in a distillation column (beer column). The remaining stillage and the pre-hydrolysate are then
mixed together with the first generation in order to produce animal feed. On the other hand, the
bioethanol stream is sent to the distillation area of the first-generation plant, where it is purified to about
99.9%. The second scenario therefore requires several modifications, which will increase the duration,
the capital investment, and expenditure compared to the values resulting from the first scenario.

In addition to the development and evaluation of particular retrofitting case studies, one of the
main tasks of the BIOFIT project is to provide an overview on the challenges, barriers, and technical
solutions for the biofuel sector and to give recommendations for policy makers. In the case of the
bioethanol industry, a significant barrier is the low operational time of European 1G installations,
since they are fairly new (most of them built after 2005). In this context, investing in the retrofitting
of existing facilities may seem early from a plant investor’s view. Some recommendations obtained
through the BIOFIT project to promote biofuels and the retrofitting strategies in the sector are the
following [141]:

1. The biofuels sector is heavily influenced by regulations. Changes in the regulation framework
should be made with caution in order to keep running current 1G facilities’ business plan. It
seems difficult to get cellulosic ethanol without some benefits of 1G ethanol in the first place to
allow them to invest in retrofitting strategies.

2. Biofuel producers have no direct access to the customers, which means little chance to promote
the benefits of their products. Therefore, supplying different biofuels blends and advertising their
benefits at the petrol station could motive the costumer to use them.
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3. The CO; emissions of all fuels (fossil and biofuels) should be informed to customers at petrol
stations to exemplify the benefits of using biofuels compared to fossil fuel.
4.  Separate mandatory quotas for different biofuels’ production helps to promote each one of them.

The other option of retrofitting is the so-called 1.5 generation (1.5G). This option consists in the
transformation of the cellulosic sugars contained in the corn kernel fiber to produce ethanol. Corn
kernels are separated in the conventional starch-based 1G process, being mainly made up of starch
but also containing from 10% to 12% of fiber rich in cellulose and hemicellulose. The latter is easier
to transform into ethanol than other lignocellulosic materials because it is a clean and homogenous
feedstock with a small amount of lignin, making this material less recalcitrant [142]. According to the
enzyme producer Novozyme, corn fiber needs mild pre-treatment and has less inhibitors. In addition,
Novozyme shows experimental results in which it is observed that corn fiber can be easily digested
with a low dose of enzymes. In fact, an equal conversion of the corn fiber to that of the corn stover can
be obtained with a third of the enzyme dose [143].

Nowadays, different technologies are being developed to produce ethanol from the corn kernel
fiber. As an example, DSMAX technology (Grand Forks, ND, USA), created by BBI International
(Grand Forks, ND, USA) in 2015, allows the conversion of corn fiber and residual starch in a corn dry
mill ethanol plant into cellulosic ethanol [144]. Figure 9 shows a schematic diagram describing the
main stages of this technology.
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Figure 8. Descriptive flow sheet of the scenario 2.

In this process, the wet cake (containing the corn fiber) obtained by centrifugation of the stillage is
subjected to a diluted acid pre-treatment in order to convert the cellulose and hemicellulose contained in
that cake into monomeric sugars. The latter are then fermented to ethanol. Afterwards, the ethanol-rich
stream obtained is then distilled in a beer column and then concentrated into anhydrous ethanol by
rectification and dehydration in the same way as ethanol produced from corn starch. Finally, the
stillage obtained from the bottom of the beer column is processed in the same manner as the stillage
obtained in a 1G ethanol plant to produce animal feed (DDGS) [143]. D3MAX’s first license was sold
to Ace Ethanol in Stanley, WI, USA, in 2018. The construction of the Ace D3MAX system started in
October of the same year and it will produce about 13.2 million L per year of cellulosic ethanol. This
technology raises the overall ethanol yield of the plant by 11%. At present, the start-up of this system
has started [143,145].
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Another example is the ICM’S patent-pending generation 1.5 Grain Fiber to Cellulosic Ethanol
Technology (Colwich, KS, US). This method integrates a process for converting corn fiber to cellulosic
ethanol in existing 1G ethanol plants. The system combines mechanical, chemical, and biological
processes through the use of ICM’s patented technologies, selective milling technology (SMT), and fiber
separation technology (FST). Figure 10 shows a schematic diagram of this technology [142,145]. This
technology has already been proven in 57,000-L pilot fermenters with an approximately 2 million L
production working around 1000 h. This process achieves up to a 10% increase in ethanol yield.
The first full-scale installation was completed by the end of 2019 [146].

1G bioethanol process

= Ethanol recovery )
Corn  ———tf niling. Saceharfication Fermentation . i Y
System sieves Y b ETRANC] 7
_&nl\sge_‘
Animal feed production P
- ~
( DDGS )
-D-I Centrifuge |—T"irjs_!i]l_a;st¥b| Evaporators l—_symp- Dryers | = >
i ' ' --
Thin Stillage _ i ;;\:ﬂ;r
0 (DCDL/ J
D3MAX system - S
et cake— \

Stillage
-—.—“anaw-

Figure 9. Schematic diagram of D3BMAX technology (adapted from [143]).
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5.3. Repurposing

Repurposing of an 1G ethanol facility consists of modifying the production process of an existing
1G biofuel plant to produce 2G biofuels instead. At present, no 1G ethanol plant is known to have
applied this modification.

6. Bio-Based Products from Integrated Biorefineries

Current fossil fuel prices are the major limiting factor for the commercialization of biofuels. This
implies that they can only be introduced into the market through favorable government legislation or
substantial tax discounts, as was discussed in Section 2. However, this artificial market is unlikely to
last. Biofuel production costs must therefore be reduced significantly to create a sustainable market.
Biorefineries have appeared as promising approaches to reduce these production costs. Biorefineries
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are analogous to oil refineries, where both high added-value products (e.g., food and feed, chemicals
and materials) and biofuels can simultaneously be obtained from biomass resources within a very
efficient integrated approach. IEA Bioenergy (Paris, France) defines biorefinery as an installation
where a wide range of marketable products and energy are generated from biomass in a sustainable
way [147]. Therefore, the co-production of high added-value bio-products together with biofuels
should improve the overall economics of biorefinery operations and, in some cases, may even be the
main source of revenue.

The biorefinery concept has already been developed in the past several decades together with the
production of first-generation (1G) biofuels from sugar- or starch-containing feedstocks; in conventional
facilities, in addition to producing these biofuels, animal feed (DDGS) and oleo-chemicals are
generated [148]. Today, the transition to the production of advanced biofuels is driving the development
of second-generation (2G) biorefineries. In these modern facilities, the use of lignocellulosic feedstocks
is maximized in an integrated way to produce an expanded product portfolio, including biofuels and
energy (heat and electricity) together with bio-based chemicals and materials [149]. Moreover, the
development of these advanced biorefineries requires a sustainable design, including environmental,
social, and economic aspects, along the full product value chain.

Operations in 2G biorefineries can be directed to transform lignocellulosic feedstock as a whole
material by physical, chemical, and thermochemical technologies, the latter including fast pyrolysis,
liquefaction, and gasification (Patel et al.,, 2016). The other main group of operations in these
modern 2G biorefineries includes the separation of the principal components of lignocellulose, i.e.,
cellulose, hemicelluloses, and lignin, by physical, chemical, and/or biotechnological methods [58],
which can be further transformed into a variety of biofuels and bio-products. The “sugar platform”
is a representative example of this type of technology [150]. It is based on the saccharification of
carbohydrates by enzymatic or chemical processes to produce soluble sugars. In the case of enzymatic
hydrolysis, a prior pretreatment of lignocellulosic biomass is necessary to increase the accessibility
of carbohydrates to enzymes [76]. Depending on the products to be obtained, the type of selected
pretreatment varies. Those pretreatments based on the selective hemicellulose solubilization, i.e.,
hydrothermal processes in aqueous media or with added acidic catalysts (e.g., steam explosion and
auto-hydrolysis), lead to a liquid stream enriched in potential prebiotic oligosaccharides, hemicellulosic
sugars, furfural, levulinic acid, or low-molecular-weight phenolics, among others [151]. On the other
hand, the solid residue remaining from hemicellulose solubilization, enriched in cellulose and lignin,
can be hydrolyzed to give a glucose solution and a residual solid stream mainly made up of lignin
(hydrolysis lignin), which is generally burned to generate heat and energy or employed as a substrate
for gasification or pyrolysis [152,153]. Glucose and hemicellulosic sugars, i.e., xylose, arabinose,
mannose, and galactose, serve as the primary substrates for many fermentation and chemical processes
providing a variety of alcohols, organic acids, alkenes, lipids, and other chemicals [150]. High-value fine
chemicals and products, such as amino acids, vitamins, antibiotics, and enzymes, can also be obtained.

Alternatively, pretreatments based on lignin solubilization can also yield a solid residue enriched in
carbohydrates for subsequent enzymatic hydrolysis, and a liquid lignin side-stream [151], which along
with the hydrolysis lignin constitute the “lignin platform” for the production of low-molecular-weight
aromatics or materials [152,153]. Pretreatments based on delignification are the philosophy applied
in the last decades in the pulp and paper industry, highlighting the kraft and sulphite pulping
technologies [154]. The kraft mills produce energy from lignin-enriched black liquors through its
concentration and burning, although current approaches based on the gasification of this side-stream
are underway to improve the overall efficiency [152]. Sulphite mills obtain co-products from lignin
(lignosulphonates), hemicellulosic sugars, and acetic acid [151]. Major applications for lignosulfonates
are as dispersants, binders, and adhesives [152]. Recently, organosolv technology has emerged as an
interesting approach for the production of high-purity lignin (i.e., sulphur free), increasing its potential
as raw material to obtain a wide range of high added-value compounds (e.g., composites and polymers,
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resins, carbon fibers, aromatic compounds) [152,153]. In addition, the resulting solid residue from
organosolv, enriched in cellulose and hemicellulose, is susceptible to subsequent enzymatic hydrolysis.

6.1. Bio-Based Products from the “Sugar Platform”

The “sugar platform” is considered by volume to be the largest platform for the production of
bio-based chemicals and biofuels from lignocellulosic biomass [150]. It includes a mixture of C6 and
C5 sugars from cellulose and hemicelluloses (e.g., glucose, mannose, galactose, xylose and arabinose).
Post-processing of these sugars into bio-products is mainly via microbial fermentation (e.g., alcohols,
organic acids, alkenes, lipids and other chemicals) [155], although chemical-based processes have
also been developed (e.g., hydrogenation of glucose to sorbitol and acid dehydration of xylose to
furfural) [156]. Furthermore, subsequent downstream processing of a particular bio-product increases
even more the possibilities for obtaining a larger number of bio-based compounds [150]. In this
context, the resulting primary compounds can therefore be considered as the end product (e.g., ethanol
and butanol as biofuels and adipic acid for nylon production) or as building blocks for alternative
end products. In this sense, the US Department of Energy (DOE) has identified several promising
building block chemicals, including 2,5-furan dicarboxylic acid, 1,4-diacids (succinic, fumaric and
malic), aspartic acid, glucaric acid, 3-hydroxy propionic acid, glutamic acid, itaconic acid, levulinic
acid, 3-hydroxybutyrolactone, glycerol, sorbitol and xylitol/arabitol [157]. In the same way, other
institutions (e.g., IEA Bioenergy and European Commission Directorate-General for Energy) have
also listed several bio-based chemicals that can be obtained from the sugar platform and are in the
demonstration stage or already commercialized [147,150,158].

(1) Products from sugars: fermentation based

Bacteria, fungi, and yeasts (genetically and non-genetically modified) have been widely used
by the chemical industry to produce a high number of products by fermentation-based processes
under different conditions (e.g., anaerobic/aerobic, low/high pH and enriched/limited nutrients) [155].
In 2013, above 110 million tons of fermentation products were obtained, accounting for 207 billion
USD [158]. Among the different products, alcohols were the group with the largest share (94% of
volume and 87% of value), with ethanol fuel as its main representative. Similarly, production of fine
chemicals increased to around 11 million tons. The projected market growth for fermentation products
(e.g., alcohols, organic acids, polymers, amino acids, vitamins, antibiotics, and industrial enzymes) is
4.6% annually, 6.5% if excluding alcohols. Among the most important compounds are n-butanol and
xylitol (alcohols); lactic acid, succinic acid, 3-hydroxypropionic acid, and itaconic acid (organic acids);
polyhydroxyalkanoates (PHAs, polymer); and L-lysine (amino acid).

n-Butanol is an important chemical building block mainly used for the production of acrylate,
methacrylate esters, glycol ethers, and butyl acetate [155]. Among them, butyl acetate is widely used as
a solvent in paints, coatings for wood products, and also as a food flavoring [158]. Nevertheless, most of
the industrial initiatives for n-butanol target the biofuels market (for gasoline replacement) as it has better
fuel properties when compared to ethanol (i.e., higher energy content, lower water miscibility, and less
corrosive properties) [155]. n-Butanol is produced by anaerobic bacteria (e.g., Clostridium acetobutylicum)
and is co-produced with acetone and ethanol through the acetone-butanol-ethanol (ABE) fermentation
route [159]. Cathay Industrial Bio (China) currently produces 100,000 tons/year of n-butanol for
chemical applications [158].

Xylitol is a functional sweetener with applications in food, odontological, and pharmaceutical
industries and has no petro-chemical substitute [157]. It can be produced from xylose by fermentation
with microbial species belonging to the Candida genus [160], and also by catalytic hydrogenation [156].
Xylitol serves as a feedstock for the production of xylaric acid, glycols (e.g., propylene glycol, and
ethylene glycol), lactic acid, and polyesters [157]. Total production is around 200,000 tons/year, with
China being the main producer [158]. Highlights Dupont (Wilmington, DE, USA) produce xylitol from
the xylose contained in the liquid side-streams generated in a sulphite pulp mill.
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Lactic acid is a bulk chemical also obtained via sugar fermentation. In 2019, this product reached
a global production capacity of over 600,000 tons [158], highlighting the Dutch company Corbion
(Gorinchem, The Netherlands) as the main producer [150]. There are numerous microorganisms
capable of carrying out lactic fermentation, mainly bacteria, such as those belonging to Lactobacillus,
Streptococcus, Leuconostoc, Enterococcus, and Bacillus genera [161]. Some filamentous fungi (Mucor,
Monilia, and Rhizopus) can also perform lactic fermentation. The main applications of lactic acid are
in the food sector (acidity regulator) and in cosmetics (softeners, creams). Additionally, lactic acid
can be used in the pharmaceutical and chemical industries as solvent and as feedstock for lactate
ester production [157]. Lactic acid is also used for the production of polylactic acid (PLA), which is
considered a suitable polymer in the packaging, insulation, automotive, and fibers industries [155].
The company NatureWorks (Blair, Nebraska, USA) is the main global leader in PLA production [150].
In Europe, the demand for PLA is currently 25,000 tons/year, and could potentially reach 650,000
tons/year in 2025 [158].

Succinic acid has traditionally been produced by the petro-chemical industry from n-butane
through catalytic hydrogenation of maleic acid or maleic anhydride [155]. It can also be produced
via sugar fermentation at low pH using either yeast or bacteria (e.g., Actinobacillus succinogenes) [162].
In Europe, there are two main producers for succinic acid, Reverdia (consortium between the Dutch
company DSM and the French company Roquette with a large scale-plant in Cassano Spinola, Italy)
and Succinity (the joint venture between Corbion and the German company BASF with a plant located
in Montmel6, Spain), while BioAmber (Montreal, QC, Canada) and Myriant (Lake Providence, LA,
USA) are two major global companies for this product [150]. Succinic acid can be used in personal
care products and food additives (acidity regulator), as well as plasticizers, polyurethanes, resins, and
coatings. It is also a chemical building block for the production of 1,4-butanediol, tetrahydrofurane,
gammabutyrolactone, and polybutylene succinate, considered an important polymer in the production
of bioplastics [158]. In 2013, the production costs of bio-succinic acid equaled the fossil-derived succinic
acid [150], and even cheaper when considering a larger production scale (typically 50 ktons). It is also
important to note that the production of succinic acid from carbohydrates significantly reduces GHG
emissions compared to its petro-chemical equivalent.

3-Hydroxypropionic acid is obtained by using a genetically modified E. coli strain. This chemical
is mainly used for the production of acrylic acid via dehydration [150,163]. Acrylic acid is an important
chemical building block to obtain polyacrylates and commodity acrylates (e.g., methyl, ethyl, n-butyl,
and 2-ethylhexyl acrylate). The global market for acrylic acid is about 13.21 USD billion and it is used
in plastics, coatings, adhesives, textiles, resins, detergents and cleaners, and elastomers (synthetic
rubbers), as well as in floor polishes and paints [150,158]. This bio-based product significantly reduces
GHG emissions compared to petro-chemical equivalents (>70%), and major acrylic acid producers
are BASF-Cargill-Novozymes (Ludwigshafen, Germany—Minneapolis, MN, USA—Copenhagen,
Denmark) and OPXBio-Dow (Boulder, CO, USA—Midland, MI, USA).

Itaconic acid is a naturally occurring, non-toxic, and readily biodegradable white crystalline
powder produced from xylose fermentation by Aspergillus terreus [150,155]. Itis considered an important
building block in the chemical industry, where it can be used to produce lubricants and as a co-monomer
in the paper and architectural coating industry for the production of acrylonitrile-butadiene-styrene
and acrylate latexes. Together with acrylamide, itaconic acid can be used for the synthesis of hydrogels
that can be applied as controlled dosage systems for active ingredients, such as pesticides and drugs.
Itaconic acid production has been estimated at 40,000 and 70,000 tons/year, with China as the main
producer [158].

PHAs are a class of linear polyesters produced by many species of bacteria (e.g., Pseudomonas
species) from sugars or lipids under growth conditions characterized by an excess carbon source and
limitation of other nutrients, such as nitrogen and phosphorus [150,155]. These natural plastics are
biodegradable and can either be thermoplastic or elastomeric materials. Polyhydroxybutyrate (PHB)
is one of the most important PHAs due to its similar mechanical, physical, and thermal properties
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to many different plastics, such as polypropylene, polyethylene, polyvinylchloride, polystyrene, and
polyethylene terephthalate. It is used in the medical sector for internal suture, in the pharmaceutical
industry for capsules and packaging, replacing polystyrene to make foam, and in automotive, design,
and high-tech electronics [157]. This bio-based product shows a significant reduction in GHG emissions
(>90%) compared to the petrochemical equivalents when using lignocellulosic as the substrate [150].
The markets for PHAs are potentially equally large to synthetic polypropylene and polyethylene, with
Biomer and Bio-on being the key European producers, and Metabolix the largest in the USA.

L-lysine is an essential amino acid used as a supplement in animal nutrition, with a global market
of over 1.7 million tons in 2014 and is expected to reach over 2.7 million tons by 2023 [42]. Evonik
(Essen, Germany) is the only company that produces this amino acid. It is obtained from glucose by
Corynebacterium glutamicum, although the use of engineered microorganisms capable of using pentoses
has also been demonstrated.

(2) Products from sugars: chemical based

Sugars can also be subjected to chemical processes (e.g., selective dehydration, hydrogenation,
and oxidation reactions) to obtain useful products, such as sorbitol, levulinic acid, and furan
derivatives [156].

Sorbitol is produced by catalytic hydrogenation of glucose, and has no fossil-based substitute.
Several global companies target the production of sorbitol, which reaches an annual volume of about
1.8 million tons [164]. Sorbitol is mainly used as food additive or as feedstock to obtain other products,
such as surfactants and polyurethanes. Additionally, it can be further converted into ascorbic acid
(80,000 tons/year by combining the biotechnological/chemical process), sorbitan (50,000 tons/year),
isosorbide (by selective dehydration), and 1,2-propanediol (by hydrogenolysis) [158].

Levulinic acid is generally produced by isomerization of glucose to fructose, which is subsequently
subjected to dehydration to obtain HMF, which further yields levulinic acid and formic acid (by-product)
by hydrolysis [157]. Xylose and arabinose can also be used as substrate by including a reduction step
(via furfuryl alcohol) [158]. Levulinic acid is used in pharmaceuticals, pesticides, cosmetics, and food
additives. Other minor uses include nylons, synthetic rubbers, and plastics. As a chemical building
block, levulinic acid is greatly important for biorefineries [165], serving as feedstock for the production
of relevant chemicals, such as fuel additives (methyltetrahydrofuran) and pesticides (5-aminolevulinic
acid), plasticizers (diphenolic acid), and even potential biofuels (methyltetrahydrofuran, valerolactone,
and ethyl levulinate) [150]. The production of diphenolic acid is of particular interest as it can replace
bisphenol A in the production of polycarbonates.

Furfural is produced by dehydration of xylose or arabinose and has no petro-chemical alternative.
The production of furfural has been estimated at around 200,000-360,000 tons/year worldwide, of which
60-70% is transformed into furfuryl alcohol by hydrogenation [166]. Other furan derivatives include
HME, 5-chloromethylfurfural, 2,5-furandicarboxylic acid (FDCA), and 2,5-dimethylfuran. Special
attention is for FDCA, which is obtained from oxidation of HMF and can be used in the production of
polyester polymers to replace terephthalic acid. Furthermore, FDCA can be considered an alternative
to adipic acid, levulinic acid, and succinic acid.

Table 2 summarizes the different bio-based products from the sugar platform considered in
this section.
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Table 2. List of bio-based products from the sugar platform.

Product Production Processes Application
Chemical building block: production of acrylate,
n-Butanol iiite)ﬁf:;l;:nol-ethanol (ABE) methacrylate esters, glycol ethers, and butyl acetate
Biofuel
Xylose fermentation with microbial Sweetener: used in food, odontological, and pharmaceutical
Xylitol species (Candida genus) 1ndust.r1es a1 . . R
Catalytic hydrogenation Chemical building block: production of xylaric acid, glycols,
y lactic acid, and polyesters
Lactic 'fermentatlo.n mainly with Acidity regulator in food industry
bacteria, (Lactobacillus, Streptococcus, Cosmetics (softeners, creams)
Lactic acid Leuconostoccus, Enterococcus), and some ’

filamentous fungi (Mucor, Monilia,
Rhizopus)

Solvent in pharmaceutical and chemical industries
PLA production

Succinic acid

Low pH yeast or bacterial
carbohydrates fermentation (e.g.,
A. succinogenes)

Acidity regulator in personal care products and food
additives

Plasticizers, polyurethanes, resins and coatings

Chemical building block: production of 1,4-butanediol,
tetrahydrofurane, gammabutyrolactone, and polybutylene
succinate

3-Hydroxypropionic
acid

Sugar fermentation with a genetically
modified E. coli strain

Acrylic acid production

Sugars or lipids fermentation with

Natural plastics: applications in medicine (internal suture),
in pharmaceutical industry (capsules and packaging),

PHAs Ejggozjjzéissoigicst)ena (g replacing polystyrene to make foam, and in automotive,
pect design, and high-tech electronics

L-lysine Glucose fermentation by C. glutamicum  Supplement in animal nutrition

Sorbitol Catalytic hydrogenation of glucose Food

Surfactants and polyurethanes production

Levulinic acid

Isomerization of glucose to fructose,
then dehydration of fructose to HMF
followed by hydrolysis

Pharmaceuticals, pesticides, cosmetics and food additives
Minor uses: nylons, synthetic rubbers and plastics
Building block: methyltetrahydrofuran, pesticides
(3-aminolevulinic acid, and diphenolic acid) production
Potential biofuels production: methyltetrahydrofuran,
valerolactone, and ethyl levulinate

Furfural

Dehydration of xylose or arabinose

Main use: furfuryl alcohol production
Other uses: HMF, 5-chloromethylfurfural, FDCA, and
2,5-dimethylfuran production

FDCA: 2,5-furandicarboxylic acid; HMEF: 5-hydroxymethylfurfural; PHAs:

polylactic acid.

polyhydroxyalkanoates; PLA:

6.2. Bio-Based Products from the “Lignin Platform”

Lignin is the most abundant renewable aromatic resource on earth. Through its main intrinsic
properties, such as hydrophobicity, UV stabilizer, plasticer, poly-electrolite, aromatic structure, and
multifunctional groups, lignin serves as a renewable feedstock for the production of fuels, chemicals,
and materials [167]. Depending on the pretreatment technology and conditions, as well as the isolation
process, the intrinsic properties of lignin can be further modified [168]. Additionally, chemical, thermal,
and enzymatic modification can modulate these properties for the desired products [152,169].

Currently, the main source of lignin is the pulp and paper industry. Approximately, 50-70 million
tons/year of lignin are generated at pulp and paper industry mills worldwide, mainly from those mills
based on kraft and sulphite pulping technologies, such as Borregaard LignoTech (Sarpsborg, Norway),
Tembec Inc. (Montreal, QC, Canada), Domsjo Fabriker AB (Ornskoldsvik, Sweden), or Nippon Paper
Industries Co. LTD (Chiyoda, Japan) [152,169]. Kraft lignin and lignosulphonate prices fluctuate
between 260 and 500 USD/MT and 180 and 500 USD/MT, respectively. By 2030, lignin production
is estimated to increase up to 225 million tons/year, when advanced 2G biorefineries become fully
operational. This 2G lignin could either be in the form of lower quality hydrolysis lignin or high-purity
lignin isolated as part of the pretreatment [170], such as organolsov lignin commercialized by Repap
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Enterprises Inc. (Montreal, QC, Canada), CIMV (Neuilly-sur-Seine, France) and Suzano (Sao Paulo,
Brazil), with prices varying between 280 and 520 USD/MT [152,169].

To date, lignin is mainly combusted to generate internal energy in the pulp and paper industry
in the form of heat and electricity. Lignin from advanced biorefineries may also be directed
towards combustion, reducing both the operation costs and the life cycle GHG emissions in these
facilities [152,153]. However, in 2G biorefineries, approximately 60% more lignin is generated than
what is needed to meet plant energy requirements through combustion [171]. Therefore, different
research efforts are accelerating to identify viable opportunities for valorizing this residue into chemicals
and materials. Among the alternative potential applications of lignin, we found its degradation to
low-molecular-weight aromatics or its use as a multi-functional macromolecule.

(1) Lignin as a feedstock for low-molecular-weight aromatics

Lignin depolymerization into low-molecular-weight aromatics is the main approach to produce
specialty fuels and chemicals [153,169]. Due to its complex structure, lignin depolymerization
is very challenging, and different approaches have emerged towards this goal, including
thermochemical treatments (e.g., gasification and pyrolysis), hydroprocessing (e.g., hydrogenolysis
and hydrodeoxygenation), and oxidation processes (e.g., chemical and biological) [172].

Lignin gasification in the presence of oxygen produces a mixture of gases (syngas), including
hydrogen (H;), carbon monoxide (CO), and a very small amount of CO, [173]. Syngas can be used
in heating, cooking, and electricity, but its main interest lies in coupling this product with catalytic
or fermentation processes to produce methanol/dimethyl-ether, a mix of alcohols, and green diesel
through Fischer-Tropsch technology [174]. Lignins derived from steam explosion and enzymatic
hydrolysis have been subjected to gasification only to a limited extent on a bench and pilot scale [175].

Thermal degradation of lignin by pyrolysis (i.e., in the absence of oxygen) generates solid biochar,
syngas, and bio-oil as the main byproducts [171]. This technology has been applied on the lignin
resulting from the hydrolysis of wheat straw during bioethanol production, obtaining a bio-oil mostly
composed of oxygenated aromatics coming from the lignin monomers (guaiacol-, syringol-, and
phenol-derived compounds) [176]. Lignin can also be transformed to BTX (benzene, toluene, and
xylene) by pyrolysis coupled to hydrodeoxygenation [177]. BTX is an important chemical product.
It is the source of 60% of the aromatics currently placed on the market, and up to 24% of the total
petro-chemical market [178]. BTX has an average price of 1200 USD/ton, and its annual demand exceeds
100 million tons, thus accounting for a market of ca. 100 billion USD [179]. Although lignin-based BTX
is currently in the R&D stage, its commercialization is expected to start in the coming years [152].

Reductive depolymerization of lignin by hydrogenolysis, in combination with metal catalysts,
can lead to liquefied mixtures containing hydrogenated products (linear and branched hydrocarbons,
and cycle hydrocarbons) and substituted phenols [171]. This technology has received substantial
attention to be integrated into the 2G bioethanol process by treating the lignin-rich phase of biomass
after enzymatic deconstruction and fermentation with an alkaline hydrogenation stage to produce
a green diesel/gasoline resource [180]. Additionally, hydrodeoxygenation of lignin followed by
demethoxylation produces phenols, which are currently produced from petroleum-based benzene
via cumene. The global market for phenol is around 8 million metric tons, valued at 1000-2000
USDy/ton in 2010 [169]. Phenols are widely used in the production of formaldehyde resins as well as
polyurethane [178]. Phenols also have potential application in the cosmetic, plastic, pharmaceutical,
food, and perfumery industry [152]. The advantage of phenol from lignin compared to phenol from
petroleum is that it has a stable market value price of 1.22-1.46 USD/kg.

Lignin oxidation involves catalytic side-chain oxidation and fragmentation reactions, resulting in
aromatic acids and aldehydes or ring-opened organic acids [181]. Oxygen, peroxide, peracetic acid, and
air are usually used as an oxidant, and organometallics, acid and bases, and metal salts as catalysts [172].
Vanillin is a well-known product of lignin oxidation. It is used as a flavoring agent in food, beverages,
and pharmaceuticals [152]. The synthetic vanillin has a marked price of about 12,000 USD/MT [178],



Processes 2020, 8, 1310 32 of 45

and up to 20% of the total synthetic vanillin comes from lignin [169]. The main lignin-based vanillin
commercial production is attributed to Borregaard Lignoctech (Sarpsborg, Norway) [178], which
utilizes oxidative depolymerization of lignosulfonates from sulphite pulping. Nevertheless, some
studies have explored the production of vanillin by catalytic oxidative depolymerization of the lignin
resulting after enzymatic hydrolysis during lignocellulosic ethanol production, and from hardwood
organosolv lignin, using different metal salts-based catalysts [182,183]. The oxidative depolymerization
of lignin by biological processes (mainly by oxidative enzymes, such as laccases and peroxidases) into
various phenolic and aromatic compounds is also gaining particular attention [184].

(2) Lignin as a multi-functional macromolecule

The recalcitrant nature of lignin makes the depolymerization strategy energy intensive and
expensive. Therefore, the direct use of lignin as a macromolecule for the production of high added-value
materials without the need of depolymerization is a promising approach [153,169]. Indeed, about 75% of
the commercial lignin-derived products take advantage of this property [177]. Some of the lignin-based
materials with major projection include carbon materials (carbon fiber and activated carbon), resins
(phenol-formaldehyde and polyurethane), hydrogels, and polymer modifiers, among others.

Carbon fiber has multiple applications, especially in the automotive industry where this composite
material could replace structural steel [169]. The global demand for carbon fiber is estimated to be
140,000 tons, accounting for 4.5 billion USD [152]. However, its high price (18 USD/kg) is a major
limitation [178]. The reason for the high costs is the high price of its precursor, polyacrylonitrile
(PAN), which costs 15 USD/kg [177]. In this context, lignin can be used as an alternative to PAN and
consequently make the process rather cheap. The process involves several production techniques, such
as the melting spin of lignin, oxidative stabilization of lignin fiber, carbonization under N, and surface
treatment sizing [153]. However, certain issues must be solved prior to the use of lignin as a precursor
of carbon fiber. This includes improving its mechanical properties to those compared with traditional
PAN-based carbon fiber and overcoming the difficulties in melt spinning. These challenges have been
addressed through several strategies, such as purification and chemical modification of lignin [177].
Carbon fiber has been produced using kraft lignin from hardwood and softwood materials [152].
Lignin resulting from 2G biorefineries could also be considered an important precursor for the synthesis
of carbon fiber. The Oak Ridge National Laboratory (ORNL) is currently leading the development of
high-quality low-cost lignin-based carbon fiber with an estimated price value of 12 USD/kg, which is
close to the target range for the automotive industry [177].

Lignin can be also converted into a range of carbon materials, including active carbon, graphitic
carbon, or carbon black [152]. These materials are produced by thermochemical processes and can
be used in manufacture, energy storage, catalysis, and pollutant removal [185]. For instance, lignins
derived from organosolv pretreatment and enzymatic hydrolysis have been valorized with different
applications, such as the electrode material in supercapacitors, or as an adsorbent in environmental
water remediation [186]. The market price for activated carbons shows great fluctuations between 500
USD/MT and 62,000 USD/MT, which very much depends on its properties and applications [169].

Phenol-formaldehyde (PF) resins are the most commonly used adhesive in the industry, such as
wood bonding, insulation, lamination, or plywood adhesives. In 2010, the market value for PF accounted
for 10 billion USD, although annual values are estimated to be 4.5 to 6 billion USD [169]. Lignin is a
good candidate for the replacement of petro-chemical phenol in PF resins due to its polyphenolic nature.
However, the low reactivity of lignin to formaldehyde promotes partial phenol replacement in PF (up
to 50%) when non-modified lignin is used. Different strategies (e.g., demethylation, phenolation, and
methylolation) have been assayed towards improving the low reactivity of lignin to formaldehyde [187],
reaching up to 100% phenol replacement when modified lignin from cellulosic bioethanol from corn
stover was used [188].

Lignin is also a promising feedstock for the production of more environmentally friendly thermoset
resin polyurethane. Polyurethane is a highly versatile polymer with a great number of applications,
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such as the shipbuilding, automotive, furniture insulation, and packaging industries [152]. In 2015, the
global polyurethane industry accounted for 52 USD billion of revenue, which is expected to increase
up to 77 USD billion by 2023 [177]. Polyurethane production is performed through the so-called
urethanization process that includes the reaction of diisocyanates and polyols with terminal hydroxyl
groups. These polyols can be replaced by lignin due to its phenolic nature, resulting in lignin-based
polyurethanes with superior physical properties in some cases [189]. The urethanization reaction
has also been assayed for the production of lubricant-oleogels from eucalypt and pine kraft and
hydrolysis-derived lignins, which were functionalized with diisocyanate and subsequently dispersed
in castor oil [190].

Biopolymer-based hydrogels are one of the most typical materials for biological, biomedical,
and environmental applications, including drug delivery, living tissue, healing system, and water
purification processes [169]. These hydrogels are either a physically or chemically cross-linked
three-dimensional hydrophilic network with the capacity to retain water or other solvents up
to thousands of times their dry weight without being dissolved. Due to its biocompatibility,
biodegradability, low toxicity, and its susceptibility to enzymatic degradation, lignin can also be
considered as raw material for the production of natural polymer-based hydrogels [191].

Other applications of lignin as a macromolecule include polymer modifiers. This is due to the
antioxidant and radical scavenging ability for UV protection of lignin [187]. In this context, lignin can
be blended with polymers, such as polyethylene, polypropylene, and natural rubber, thus improving
their thermal oxidative resistance [192]. It can also be used as a fire retardant since it reduces the
flammability of polymers, such as polypropylene, polybutylene succinate, polyethylene terephthalate,
and acrylonitrile butadiene styrene [193]. In the same way, the blending of lignin with polymers,
such as methyl methacrylate and styrene, has received special attention in the field of thermoplastic
elastomers, polymeric foams, and membranes [153].

Table 3 below shows a list of the lignin-derived compounds discussed in this section, highlighting
the main production pathways and relevant applications.

Taking into the account all the different products that can be obtained, the advanced biorefinery
approach opens many opportunities for the production of biofuels in conjunction with hundreds of
bio-based chemicals and materials from sugars and lignin in a very efficient integrated approach.
This strategy might generate 10 billion USD revenues for the chemical industry globally [158] and
reduce the production costs of the biofuels by about 30%, which would make them more competitive
with fossil fuels. In this sense, several techno-economic studies have demonstrated the feasibility
of co-producing biofuels and bio-products. Then, splitting a carbohydrate stream (4:1) in a grain
ethanol plant for co-production of ethanol and lactic acid could reduce the required ethanol sale price
from 775 to 545 € per ton [194]. In the same way, the valorization of the xylose liquid stream from
steam-exploded corn stover to xylitol or furfural, together with the thermal conversion of residual
hydrolysis lignin, could reduce the ethanol selling price from the glucose solid stream from 1.62 €/kg in
the case base to 0.79 €/kg [195]. Nevertheless, although the co-production of bio-based chemicals and
materials might contribute to solving the economic challenges of advanced biofuels, the full deployed
integration of bio-products and biofuels production in the biorefinery context still requires different
supports regarding feedstock availability, logistic and supply, technology, process design, financial,
regulatory, and social acceptance.
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Table 3. List of bio-based products from the lignin platform.

Product Production Processes Application
Casification Chemical building block: methanol, ethanol, dimethyl-ether, mixed of
Syngas Pyrolvsis alcohols, carboxylic acids, and Fischer-Tropsch green diesel
yroty Heating, cooking and electricity
Hvdrocarbon: Eyrd(;lyjls )C(Ollpjleactlit(; Benzene-toluene-xylene: source of aromatics
ydrocarbons yarodeoxygenato Linear and branched hydrocarbons: green diesel/gasoline resource
Hydrogenolysis
Pyrolvsi Bio-oil (guaiacol-, syringol-, and phenol-derived compounds)
yroysis . Phenols for production of formaldehyde resins as well as
Hydrodeoxygenation followed by
Phenols demethoxvlation polyurethane
emetioxy atio . Phenols for potential application in cosmetic, plastic, pharmaceutical,
Biological (laccases and peroxidases) food, and perfumery industry
Chemical (oxidants in presence of
Oxidized products catalysts) Vanillin: flavoring agent in food, beverages and pharmaceuticals
Biological (laccases and peroxidases)
Melting spin of lignin, oxidative
Carbon fiber stabilization of lignin fiber, Replace structural steel in automotive industry

carbonization under Ny, and surface
treatment sizing

Carbon materials

Pyrolysis

Active carbon, graphitic carbon or carbon black: manufacture, energy
storage, catalysis, and pollutant removal

Phenol-
formaldehyde resins

Lignin as phenol replacement

Adhesive in the industry such as wood bonding, insulation,
lamination or plywood adhesives

Polyurethane resins

Lignin as polyol replacement

Shipbuilding, automotive, furniture insulation, and packaging
industries

Oleogels Lignin urethanization reaction Biolubricants
. Biological, biomedical and environmental applications, including
Hydrogels Copolymerization drug delivery, living tissue, healing system, and water purification
ydrog Crosslinking & ¥ & ! &8y ’ P

processes

Lignin blended with polyethylene, polypropylene, and natural rubber

to improve their thermal oxidative resistance

. e . Lignin blended with polypropylene, polybutylene succinate,

Polymer blends Extrusion with lignin previously polyethylene terephthalate, and acrylonitrile butadiene styrene as

i
modified flame retardant

Lignin blended with methyl methacrylate and styrene in the field of
thermoplastic elastomers, polymeric foams, and membranes

7. Concluding Remarks

Transportation is an important sector with a significant share of the global energy consumption.
It highly contributes to global warming, making the necessity of introducing alternative and renewable
forms of energy an imperative. Among the different options available today, bioethanol is the most
widespread liquid biofuel worldwide. It is mainly produced from the sugars contained in biomass by
microbial fermentation processes and can be used in today’s cars directly in ethanol/gasoline blends up
to 10%, or in higher proportions in specific modified engines.

Even though the ethanol industry has shown its viability at the commercial scale for the production
of the so-called 1G bioethanol from food-based products, a shift is needed towards increasing the
production volumes of advanced bioethanol and to reach a more sustainable production process.
Hence, the use of non-food materials, such as lignocellulose, algal biomass, or industrial-derived
wastes, may be considered excellent options to replace those feedstocks directly linked to the food
market. Lignocellulosic bioethanol production by means of biochemical processes (also known as 2G
bioethanol or cellulosic ethanol) has attained a level of development close to commercialization, and
great efforts have been made to place this product in the market. However, the difficulties found in
accessing and releasing the fermentable sugars of the lignocellulosic materials represent an important
limiting factor for the implementation and deployment of such technology at a large scale due to the
increase in the overall process costs.

Other options are now being investigated towards a cost-effective advanced bioethanol production.
Pathways, such as the thermo-catalytic route (biomass gasification and catalytic conversion of syngas),
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the hybrid route (biomass gasification and syngas fermentation), or the glycerol route (fermentation or
catalytic conversion of glycerol generated during biodiesel production), have appeared as interesting
choices for the conversion of a great variety of biomass feedstocks. Significant advances have been
reached up to now in the different mentioned technologies, although further research is needed to
reach a mature stage in all of them and demonstrate their technical feasibility and economic viability at
a large scale.

Another possibility with high potential for reducing current 2G production costs in the short to
medium term is the integration of 2G technology within an existing 1G facility. This strategy appears
as an excellent option to ease the transition from 1G to 2G biofuels, offering several alternatives, such
as retrofitting, co-locating, or repurposing. Furthermore, this approach could result in synergies and
cost savings, supporting the establishment of 2G ethanol production technologies. For the long term, it
is, however, important to stress the relevance of co-producing both bioethanol (and biofuels in general)
and high added-value products (e.g., chemicals, materials, food and feed products), from a wide range
of biomass resources within an efficient and integrated biorefinery concept.
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