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Abstract

Nowadays there are several concerns about the use of resources and the impacts generated in the
transformation of these into good and services. Currently biomass appears as an alternative to the
oil based economy with the production of biofuels. Nevertheless its sustainability has been
questioned. Alternative to this, the biorefinery concept appears as an option to build a bio-based
economy given the multiproduct portfolio that represents. In this way this master’s thesis develops a
strategy for the design and analysis of biorefineries using hierarchy, sequencing and integration
concepts. This strategy was applied to evaluate biorefineries from sugarcane, citrus fruits (orange
and mandarin), avocado, coffee cut-stems and Oil palm in the Colombian context. As an extra an
experimental setup for the corroboration of a biorefinery sequence is shown for mandarin fruit. All

the evaluations include technical, economic, environmental and social assessment point of view.

Keywords: Green biorefinery, Sustainability, Hierarchy, Sequencing, Integration, Feedstocks,

Products.
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Resumen

Hoy en dia hay varias preocupaciones sobre el uso de los recursos y los impactos generados en la
transformacion de éstos en bienes y servicios. Actualmente la biomasa aparece como una alternativa
a la economia basada en petroleo para la produccion de biocombustibles. Sin embargo, su
sostenibilidad ha sido cuestionada. Como alternativa a esto, el concepto de biorefineria aparece
€como una opcidn para construir una bio-econmia dado el portafolio multiproducto que representa.
De este modo, esta tesis de maestria desarrolla una estrategia para el disefio y analisis de
biorefinerias usando conceptos de jerarquia, secuenciacion e integracion. Esta estrategia se aplic
para evaluar biorefinerias de cafia de azUcar, citricos (haranja y mandarina), aguacate, zoca de café
y palma aceitera en el contexto colombiano. Todas las evaluaciones incluyen el punto de vista
técnico, econémico, ambiental y social. Como extra un montaje experimental para la corroboracion

de una secuencia de biorrefineria se muestra para fruta mandarina.

Palabras clave: Biorefineria verde, Sostenibilidad, Jerarquia, Secuenciacién, Integracién, Materias

Primas, Productos.
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Introduction

Nowadays there are several concerns about resources and the impacts generated in the
transformation of those into goods and services. Last has lead to depletion in fossil fuel reserves
which contribute to a difficulty on waste treatment because the high energy and products demand to
the daily population consumption. Given all these together the climate change is a reality. Currently
biomass appears as an alternative to the oil based economy with the production of biofuels.
Nevertheless, early efforts in its production established separately routes for obtaining a single
biofuel using food based sources as feedstocks [1]. Last has been discussed and debated by several
organizations, entities, researches because a deep revision on food security threat must be

considered, especially in countries under development [2-4].

The use of biomass as a resource for energy and fuel production will be limited by maximum
production rates and the supply of biomass rather than the demand for energy and fuel. The
relatively low energy content, seasonality and discrete geographic availability of biomass
feedstocks have been noted as barriers to the large volume demands for energy and fuel.
Consequently, there has been an increase in lignocellulosic biomass processing research, focusing
particularly on agricultural and forestry residues, since these are low in cost, abundant, readily
available and renewable [5-8]. Biomass offers a promising alternative to the needs of modern
society, already providing 13% of the world energy needs (IEA Statistics 2005). Annually, there are
near to 220 billion tons of biomass production underexploited in the world and this is the only
renewable source of carbon-bases fuels. Nevertheless the use of these type of feedstocks had been
submitted to criticism due to the high energy required in the processing stages which leads to a
negative environmental impact and increments in the production costs which is the main barrier to a
technology transfer for large scale treatment. Also algae appears to be a promising raw material for
obtaining new products and energy but its technological development is still questionable because

of the raise in production costs [9].
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On the other hand, Colombia despite its relative small size, is home of about the 10% of species of
the world [10]. Given its unique geography and climate, a permanent production (all year) of
several agro-based commodities and biomass resources is obtained. For instance Colombian
sugarcane plantation concentrates the most productive crop in world for this plantation [11]. On the
other hand, Colombia is an important source of fruits that in recent years has become in a increment
for domestic consumption, but they have also progressively penetrated into international markets
[12]. Nevertheless due to several logistics mistakes most of food products do not reach the final
destiny on human consumption and many crops are still losing in fields. This happens to not well
established agro-based chains for many products (FAO reports)[13, 14].

Considering all of those known problems the development and implementation of biorefinery
processes is very important to build a bio-based economy. Considering the Colombian case several
problems associated with product demand and food security can be solved if an integrated portfolio
is considered. In this way, biorefineries represent ordered combinations of raw materials, process
pathways, process technologies and products. Given this the aim of this master's thesis is focused in
the development of a strategy for the design and evaluation of biorefineries looking forward to its
sustainability using feedstocks from tropical region countries (e.g. Colombia). The strategy is based
on process engineering approach which includes the influence of feedstocks, processing sequences,
technologies, energy consumption and use of fresh sources on the technical, economical and
environmental performance of each design. Also the social aspects are discussed in a qualitative
manner. This thesis includes the assessment of different feedstocks based biorefineries in the
Colombian context according to the built strategy. The analyzed feedstocks consist in sugarcane,
citrus fruits (orange and mandarin), avocado, coffee cut-stems and Oil palm. As an extra an

experimental setup for the demonstration of a biorefinery sequence is shown for mandarin fruit.
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Thesis Hypothesis

It is possible to determine the technical, economic, environmental and social viability for the
production of phenolic compounds, biopolymers and energy production under the biorefinery
concept from three raw materials from the tropical region in the Colombian context, using a process

engineering approach based on Sequencing, Hierarchy and Integration.

Thesis Objectives

General Objective

To design and analyze from the technical, economic, environmental and social point of view

biorefineries based on three Colombian raw materials (sugarcane, citrus fruits and avocado).

Specific Objectives

e To design and analyze transformation routes of feedstocks (sugarcane, citrus fruits and

avocado) to obtain high added value products under the biorefinery concept.
e To pose multiproduct biorefineries for the different feedstocks of interest.
e Todesign and implement a hierarchy and sequencing strategy for biorefinery calculations.

e To evaluate from the technical, economic, environmental and social point of view different

biorefineries based on the Colombian context.



22 Design and Evaluation of Sustainable Biorefineries from Feedstocks in Tropical Regions.

1. The biorefinery concept

Overview

Many authors define the biorefinery concept as an analogy to current oil refineries. The main
difference vary in the feedstock distributions and opportunities where biomass in fractionated
biomass into a family of products [11] . Depending on the physical and chemical nature of the raw
material as well as on the economic interest, its yields and distributions vary widely. Sustainable
multiproduct biorefineries should focus on portions of biomass that produce multiple products
integrated into one facility. Nevertheless there are several points of view for biorefining options
which leads to different definitions and positions. In this way this chapter aims to describe in a
brief but clearly way different perceptions for the biorefinery concept perceptions presented in the
literature. Last helps to show a theoretical background of these complex systems.

1.1. The biorefinery concept: Discussion on definitions
found in literature

Around the world different steps are being taken to move from today's fossil based economy to a
more sustainable economy based on greater use of renewable resources. The transition to a bio-
based economy has multiple drivers: an over dependency of many countries on fossil fuel issues of
climate change and the desire to reduce the emission of greenhouse gases, and the need to
stimulate regional and rural development [15]. Products based on bio-resources can be obtained in
a single product process. However, the integrated production of chemicals, materials, energy and
food is probably a more efficient approach for the sustainable valorization of biomass resources in

future biobased economies [6, 16-19].

Depending on the physical and chemical nature of the raw material as well as on the economic

interest, its yields and distributions vary widely. However, the term biorefinery could be extended
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to other sectors at the industrial scale, if products that only can be obtained from vegetable raw
materials and foodstuffs are included [20, 21]. Sustainable multiproduct biorefineries should focus
on larger portions of biomass that will produce multiple streams with large volumes and lower sale
prices (e.g. biofuels) and streams with low volumes and higher sale prices (e.g. biomolecules) [22-
24].

According to Huang et al. [25] defined biorefinery as processes that use bio based resources such
as agriculture or forest biomass to produce energy and a wide variety of precursor chemicals and
bio-based materials, similar to the modern petroleum refineries. Industrial platform chemicals such
as acetic acid, liquid fuels such as bioethanol and biodegradable plastics such as
polyhydroxyalkanoates can be produced from wood and other lignocellulosic biomass. In
compliance with Huang and Gonzalez-Delgado & Kafarov [25, 26] a biorefinery is the most

promising way to create a biomass-based industry.

The Biorefinery is a complex system where biomass is processed to obtain energy, biofuels and
high value products. This concept can be compared to the current concept of oil refineries where
the process are based on the fractioning of a complex mixture. However, there are two major
elements that make them different: the first is the raw material, because those used in biorefinery
have not undergone the biodegradation of crude oil over the time. So the possibilities of obtaining
more products using biomass as a feedstock are greater; and the second is the application of

different existing and emerging technologies in order to obtain bioproducts.

Furthermore biorefining involves assessing and using a wide range of technologies to separate
biomass into its principal constituents (carbohydrates, protein, triglycerides, etc.), which can
subsequently be transformed into value-added products. The palette of products from a biorefinery
not only includes the products obtained in an oil refinery, but also products that cannot be obtained
from crude. Biorefineries can produce energy in the form of heat or by producing biofuels,
molecules for fine chemistry, cosmetics or medicinal applications, materials such as plastics and

sources of human food and animal feed [27-32].

In addition to the concepts previously given, Clark [33] proposes the following definition:
“Biorefinery is a concept of converting plant-based biomass to chemicals, energy and materials

that run our civilization, replacing the needs of petroleum, coal, natural gas, and other non-
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renewable energy and chemical sources. Biomass is renewable, in that the plant synthesizes
chemicals by drawing energy from the sun and carbon dioxide and water from the environment,
while releasing oxygen. This process or cycle continues without human intervention. Combustion
of biomass releases energy, carbon dioxide and water. Sustainable Harvesting and utilization of
biomass does not negatively affect the environment and is carbon neutral. Therefore, the
Biorefinery plays a key role in ensuring the cycle of biomass production and consumption includes
satisfying human needs for energy and chemicals. The Biorefinery concept is analogous to that of
an oil refinery. The refineries take petroleum or crude oil and fractionate all of the potential
molecular feedstocks for further processing and blending to produce the vast array of fossil-fuel

based products that we use today.”

Also, some authors like [11, 15, 17, 18, 21, 24, 26, 27, 29, 30, 32-45] conceive a biorefinery as a
facility that integrates biomass conversion processes and equipment to produce fuels, power, and
value-added chemicals from biomass. For this point of view, the biorefinery concept is analogous
to today’s crude oil refineries, which produce multiple fuels and products from petroleum. In a
broad definition biorefineries process all kinds of biomass (all organic residues, energy crops, and
aquatic biomass) into numerous products (fuels, chemicals, power and heat, materials, and food
and feed). A biorefinery is a conceptual model for future biofuel production where both fuels and
high-value coproduct materials are produced. Biorefineries would simultaneously produce biofuels

as well as bio-based chemicals, heat, and power.

Biorefineries would present more economical options, where bio-based chemicals are co-products
of liquid fuel. Future biorefineries would be able to mimic the energy efficiency of modern oil
refining through extensive heat integration and co-product development. Heat that is released from
some processes within the biorefinery could be used to meet the heat requirements for other

processes in the system.

The biorefinery concept attempts to apply the methods that have been applied to the refining of
petroleum to biomass conversion. The goal is to maximize the value of the products obtained from

the biomass.

Officially, the US Department of Energy (DOE) uses the following definition: “A biorefinery is an

overall concept of a processing plant where biomass feedstocks are converted and extracted into a
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spectrum of valuable products. Based on the petrochemical refinery.” Besides, The American
National Renewable Energy Laboratory (NREL) published the definition: “A biorefinery is a
facility that integrates biomass conversion processes and equipment to produce fuels, power, and
chemicals from biomass. The biorefinery concept is analogous to today’s petroleum refineries,
which produce multiple fuels and products from petroleum. Industrial biorefineries have been

identified as the most promising route to the creation of a new domestic biobased industry.” [41].

However, the definition of the term biorefinery has been a subject to debate. Ideally, a biorefinery
should integrate biomass conversion processes to produce a range of fuels, power, materials, and
chemicals from biomass. Conceptually, a biorefinery would apply hybrid technologies from
different fields including polymer chemistry, bioengineering and agriculture. Simply, many
petrochemicals are produced from crude oil-fed refineries, whereas in the future, it is anticipated
that many biobased products analogous to petrochemical will be produced in biorefineries fed

with biomass.

The term biorefinery is derived both from the raw material feedstock which is renewable biomass
and also from the bioconversion processes often applied in the treatment and processing of the raw
materials. This allows the development of systems that ideally attempt to render the term “‘waste”,
in its application to biomass processing, obsolete as each production stream has the potential to be
converted into a by-product stream rather than waste streams [5, 15, 18, 21, 26, 27, 29, 30, 32, 33,
35-46].

Generally, a biorefinery approach involves multi-step processes in which the first step, following
feedstock selection, typically involves treating the precursor-containing biomass to make it more
amenable for further processing. This step is conventionally referred as pretreatment. Following
pretreatment, the biomass components are subject to a combination of biological and/or chemical
treatments. The outputs from this step (specialty chemicals or reducing sugars) could be further
converted to chemical building blocks for further processing uses. Additionally, the conversions to
specialty polymers ready for market use, to a fuel/energy source, or use in composite materials are

possible processing options [21, 47-52].

By integrating production of higher value bioproducts into biorefineries with fuel and power

output, overall profitability and productivity of all energy related products are potentially
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improved. Increased productivity and efficiency can also be achieved through operations that
decrease overall energy intensity of biorefineries unit operations, maximizing use of all feedstock
components, byproducts and waste streams, and using scale-up economies, common processing
operations, materials, and equipment to drive down all production costs. Biorefinery can be

considered as an evolution of concepts like “Green Chemistry” or Chemurgy [33, 52-56].

1.2. Biorefinery feedstocks

Depending on raw materials, technological processes, and products obtained, biorefinery platforms
can be distinguished based on sugar (biochemical), syngas (thermochemical), biogas, or carbon-
rich chains platforms. Biorefinery platforms may incorporate other processes from other platforms
and combined different processing routes. Some biorefinery platforms are described as
lignocellulose feedstock based biorefinery, whole crop biorefinery that uses cereals integrating

residues and as an alternative feedstocks generation among many others [53].

Nevertheless feedstock classification is also important to be described. Last helps to understand
which is the source of the raw materials is and how can this affect the overall performance of the
biorefinery in terms of feedstock generation. Feedstock generation refers to a first generation

which includes edible crops used in processing (e.g. sugarcane, Oil palm).

The second generations had been pushed into a many debates because many residues can be
integrated in this generation. Also non-edible crops (e.g. Jatropha) can be classified into this

generation. Nevertheless some authors consider non-edible crops as a Fourth feedstock generation.

Finally microalgae are nowadays classified as the third feedstock generation. In order to describe
the classification presented by some authors Table 1-1 shows examples of some biorefinery
feedstock classifications. It is important to note that non edible oils in named of some authors as 4"
generation systems. However, these materials are just an specific group in the first generation

feedstocks.

Table 1-1: Feedstock classification into the different generations shown in the literature for

biorefinery design.
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Second
First generation: generation: Third generation: Fourth generation Ref
Edible Crops Residues (Mainly Algae Non edibles '
lignocelluloses)
Corn stover, Oil Palm, Sa\{vdust. Starchy Jatropha
residues.  Woody
Sugar beet, Sugarcane, bi C - Castorbean [55]
Sorghum iomass. rop
residues
Wheat, straw, Fibers. Pulping
. . - - [43]
switchgrass liquors
Soybean. Sunflower.
Rapeseed ) ) ) [31]
Botryococcus braunii.
Crypthecodinium
Nitzschia sp.
- - Phaeodactylum - [26]
Schizochytrium sp.
Tetraselmis suecia
Pavlovalutheri
Scenedesmus ob.
Spirulina maxima.
i ) Ankistrodesmus sp. ) 57]
Chaetoceros cal.
Chlorella vulgaris.
Dunaliella tertiolecta.
Forest  harvesting
residues
i Bagasse ) ) [44]
Paper
Waste cooking oils
Animal fats Fats from Grease traps [58]
slaughterhouse
Urban wood wastes
Industrial ~ organic [59]
wastes
Soapnut
Alfalfa Soap stock [60]
Karanja
Sugarcane biomass.
Sugarcane Cell biomass from - - [11]
fermentations
i Raw Glycerol from ) [6]

biodiesel
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1.3. Biorefinery Products

As discussed along the chapter several products can be obtained from a biorefinery. Nevertheless

the classification is very important to give a better idea of the different applications for the

obtained products. Table 1-2 shows the classification of products for different examples of

biorefineries.

Table 1-2: Product classification into shown in the literature for biorefinery examples

Biofuels Food products  Bioenergy Biomaterials Biochemicals Ref.
Oxy fuel additives, Phenols
and furfural,

- - Fatty acids, Industrial
B_|od|esel, Glutten Electricity, Activated carbon surfactants. Dyes and [61]
Bioethanol Heat . . .

pigments. Oils and inks..
Paints and varnishes.
Detergents-Cleaners
Proteins
Syngas Aminoacids - - - [40]
Sugar substitutes
Lubricants
Bioethanol - - - - [62]
Biomethanol
Hydrogen - - - - [42]
Steam Agricultural chemicals,
Glycerol i Power Pulp and papers Fertilizers, Sorbitol [32]
Industrial
adhesives
Glycerol, Biopolymers
Biomethane, - Charcoal films, Composite ~ Pharmaceuticals, Cosmetics  [54]
Lignin materials,
Dielectric fluids,
Binders
Bioplastics,
- - Biobased epoxy, - [63]
resin, Cement
Protective
colloids
Vanillin Thickeners [50]
Emulsifiers
Stabilizers
Bioethanol Sugar Electricity Poly-3- Anthocyanins [19]

Steam hydroxybutirate
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1.4. Biorefinery design approach

There are several models for calculations, approximations and approaches reported in the literature
for the design and evaluation of biorefineries. However, the two major fronts approaches are
summarized in optimization, superstructure and conceptual design. However it is important to note
that the design requires deeper levels where the two main approaches can be combined together.
To show some examples of approaches in the design of a biorefinery, Table 1-3 shows some of

them reported in the literature.

The design approach for biorefineries is still an important issue to discuss because of the difficulty
and the infinite possibilities of portfolios to assess. Due to aspects as raw materials, technologies,
products, context, paths for transformation, social aspects, logistics, policies, laws and many others
biorefineries turns into an open and complex problem. This needs to include a holistic view
depending on the context and the impacted region. The latter allows patterns development for local

solutions.

Therefore the different design approaches depend on restrictions for systems, adjacent markets and
especially the population to be impacted. In many cases the design of biorefineries forgot
important social aspects as food security, so it is recommended to establish a calculation strategy to
be applied in contexts of developing countries as the Colombian case.

Last allows to display and note that the assumption on the availability of raw materials is not
always the most appropriate and important restrictions that schemes should reflect from the
technical, economic, environmental and social point of view. This discussion is largely covered in

the proposed strategy for the design and evaluation of biorefineries applied to the tropical region.



30 Design and Evaluation of Sustainable Biorefineries from Feedstocks in Tropical Regions.

Table 1-3:Some examples on biorefinery design approach.

Feedstock

Products

Top

Secondary

Technology

Methodology

Ref.

Wood residue

Ethanol
Steam

Lignin
Acetic acid
Furfural

Optimization

[64]

Wheat Straw

Cellulose Nanofibers
Ethanol

Hemicellulose
Lignin
Steam

Ethanol: endoglucanase, exoglucanase and
glucosidase fermentation.

Conceptual design

[65]

Raw glycerol

Glycerol at 88%
Glycerol at 98%
Glycerol at 99.7%
Methanol
Acrolein
Hydrogen
1,2-Propanediol
Succinic acid
Propionic acid
Lactic acid
PHB
1,3-Propanediol
Ethanol

Chemical transformation routes from
glycerol obtained in biodiesel industry
Biochemical transformation routes.
glycerol obtained in biodiesel industry

Conceptual design

[66]

Alfalfa
Grass
Clover

Green protein product
White protein product

Biogas

Conceptual design

[40]

Grass biomass

Fibre product
Protein product
Fertilizer

Biogas

Optimization

[44]

Grass silage juice

Lactic acid
Aminoacids

Lactic acid and Aminoacids: juice
processing by a reactive nanostructured
membrane.

Conceptual design

[67]
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Table 1-3.: (continued).
Feedstock Products Technology Methodology Ref.
Top Secondary
Corn Ethanol Trimethylene glycol Ethanol, oil and diesel: Kluyveromyces Conceptual design [62]
Sorghum Corn oil 1,3-Propanediol marxianus and Candida shahatae
Transportation diesel Polyester polymers
Terephtalic acid
Succinic acid
Corn Ethanol Acetic acid Ethanol and Succinic acid: Escherichia Conceptual design [68]
Barley Succinic acid coli AFP184 with CO2 fixation
Oil palm Biodiesel Palm kernel oil Bioethanol: fermentation of both feedstocks Conceptual design [69]
Bioethanol Palm kernel cake by Saccharomyces cerevisiae. Integration approach
Arabidopsis PHA bioplastics 3-hydroxybutyrate PHA: crop treatment using the peroxisome Conceptual design [70]
Tobacco 3-hydroxyvalerate gene promoter
Potato 3-ydroxyhexanoate
Cotton 3-hydroxyoctanoate
Lignin Bio-oil Hydrogen Bio-oil: wood pyrolysis Conceptual design [42]
Coke
Biomonomers
Sugar cane PHB - PHB: sugar fermentation by Ralstonia Conceptual design [71]
Ethanol eutropha. Integration approach
Sugar
Electrical power
Steam
Lignocellulosic Methane Methanol Methane: biomass gasification, methanation Conceptual design [72]
biomass Syngas Higher alcohols and digestion
Syngas: biomass gasification, digestion and
autothermal reforming
Lignocellulosic Bio-alcohols - Different reforming alternatives Optimization. [30]
biomass Superstructure
models
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2.Hierarchy, Sequencing and Integration
strategy proposal for a biorefinery design

Overview

In this chapter a description of the strategy proposal for the design and evaluation of a biorefinery
is shown. This chapter focuses on different critical concepts in the design and analysis of a
biorefinery. The first concept involves the Hierarchy definition which involves different hierarchy
for raw materials, products and technologies. The second concept involves the sequencing
definition which includes the different processing lines that leads to a logical step-by-step design.
Sequencing refers basically to the relation of technology routes with products. The third concept
involves the definition of integration which considers three levels, one by raw material, other by
technologies and other by products. Finally the combinations of the different concepts lead to the
establishment of different biorefinery rules based on the green chemistry and green engineering

principles. These rules were defined as green biorefinery rules

2.1. Hierarchy concept in biorefinery design

Feedstocks and products

As mentioned previously in the chapter 1, there are several approaches in the design and evaluation
of a biorefinery. Nevertheless, a biorefinery must follow an holistic approach including new
challenges to account for the wide range of raw materials and the need to develop patterns of local
and regional solutions. These biorefineries will likely take the form of the design of regional
development to better exploitation of resources. In this way the first level that must be evaluated is
the feedstocks. However, feedstocks are the basis for several processing routes for high added
value products. In this way, the proposed methodology for the conceptual design of biorefineries is

based on the study of different sources of the raw materials. Given this, feedstocks can be
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classified in three types. The first type of feedstocks refers to crops, determined as the first
generation. The first generation of feedstocks also makes reference to crops which are destined to
food processing to preserve food security. The second type of feedstocks (so called second
generation feedstocks) makes reference to agro-industrial residues from the harvesting and
processing of first generation materials, for instance lignocellulosic biomass. Also the second type
of feedstocks makes reference to crops that do not need special treatment and do not threat with
food security, as the case of some oilseeds (e.g. Jatropha Curcas, Castorbean). The third and last
type considered for this approach involves the uses of algae for several metabolites production,
referred as the third generation of feedstocks. A multiproduct biorefinery from algae can be raised
because the same species of algae are capable to synthesize multiple varieties of products.
Additionally, the residues generated in the algae processing can be integrated with second

generation feedstocks. Last is explained in integration strategy [6, 11].

The analysis of feedstocks considers possible relations between the different generations (first,
second and third generations). This establishes different sequences to obtain different products
based on the affluence of diverse material flows. For this study, five families of products are
considered: biofuels, bioenergy (referred as direct energy), biomolecules and natural chemicals,
biomaterials and food products. From the direct relationship between feedstocks and products,
biorefineries can be also classified: first generation, second generation and third generation.
Nevertheless, the biorefinery generations are combined into one process facility, generally to
include waste management and treatment considering integrated biorefineries. At this point is

evident a Hierarchal decomposition of feedstocks, but also products.

As can be seen in Figure 2-1 several relation on the hierarchy level of feedstocks induce that both
second and third generation tend to go to the first generation and the platforms that are available
for that generation. For example the materials of the first generation are rich in sugars, starches,
proteins and oils (among many others) which are generally for human consumption. Nevertheless
the generation of waste in first generation treatments involves the formation of a second generation
which can be based on different platforms similar to those of the first generation. However, the
human consumption products cannot always be guaranteed, and then a restriction appears.
Similarly happens with the third generation because uses first and second generation sources.
Generally growth is based on waste generated in first and second generations such as carbon

dioxide from the bagasse combustion.
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Figure 2-1. Hierarchical decomposition of feedstocks and products. Direct relation of processing

lines.

Furthermore there is also a significant hierarchy in products. Depending on the applications and
uses some restrictions appear. In this way, the higher value-added products have highest priority
over bulk products as energy. Those include functional foods, metabolites, etc. Nevertheless, it is
very important to meet each of the sectors and induce more sophisticated technological schemes to
take advantage of the best raw materials and perform the necessary integrations between different
generations of biorefineries. For example the current state of the sugar cane refineries in Colombia
uses lignocellulosic materials only as basis for energy cogeneration, but may occur that the
cellulose rich fraction after lignocellulose complex treatment can be used for the production of
alcohol [11, 73].

Given this, there is a lot questions related to food security and its sustainability implications. In this
way, some aspects appears as the energy consumption during the processing stage, high production
cost due to source transportation and quality. In this sense, in some cases food security can be

subsidy, depending on profitability considering other products, in other cases food security is
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included as a product. The most important is to guarantee food security, not wasting land and
increasing productivity that support food as a priority, which includes a very deep social impact,

especially in emergent countries that need an urgent optimization of the food supply chain.

Technologies

This hierarchy decomposition level is based on the process which has the highest implication of the
entire facility. For example, some biorefineries requires starting from a bioreactor design. Last is
explained because fermentation is the main route that guarantees the transformation of raw
materials into the final product, so if there is no reaction, separation scheme does not work.
Similarly, depending on the raw material and its characteristic pretreatments would be even more
important than the same reaction scheme. In this way it is necessary to decompose the problem in
its most important issues. These strategies are well established for process design for a single
product or a major product facility. As an example the well known onion diagram for process
designs. However there is the need to export the strategies into more complex biorefineries, so the
approaching focusing in equipment with the highest priority is determinants for sequencing. For
example note the production of alcohol in a sugarcane based biorefinery [73, 74]. There are two
options for its production. The first consist in the alcohol production from juice or molasses. The
second one consist in the ethanol production from cane bagasse. In the case of the juice, it is
obvious that the first hierarchical level involves the bioreactor, because the raw material being rich
in sugars, the pretreatment needed is minimal and therefore the effort is focused in the best
fermentation conditions. In addition to the case of lignocellulosic ethanol, the most important step
is the pretreatment and hydrolysis. Last because depending on the operating variables and
considerations a good product could or could not be obtained, for instance high values of Furfural
and so on, this significantly affects the fermentation stage. In this case the pretreatment and
hydrolysis will take prevalence over the fermentation process. In this way plenty of examples in

which the hierarchical level of technology must be seen in a more detailed form.

2.2. Seqguencing concept in biorefinery design

The term sequence is used to establish a logical order to relate technologies and products. Last also
considers the hierarchy definition described above. This leads to involve certain restrictions in the
order and production lines. For instance using the sugarcane base case, it is necessary first to

extract and produce sugar for human consumption. It is not possible to extract juice, the produce
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ethanol and from the non-converted sugars produce a product for human consumption. In this way
there is a clear restriction that the first product must be the sugar. Another example which is more
descriptive is the metabolite extraction from citrus peels. The first sequencing steps must be the
phenolic compounds extraction [75]. After that the second step must be the acid treatment to
recover pectins . Therefore, it is not possible to produce pectins first and then extract the phenolic
compounds. One of the limitations is that metabolites will be diluted in an acid medium; this leads
to a degradation and a lessen in their functional capacities. On the other hand it could be possible
that even these compounds cannot be recovered from the liquor because the small amount
compared to the large volumes in pectin extraction. In this way the sequence involves the hierarchy

for products. At this point it is clear the relation between hierarchy and sequencing.

On the other hand, a sequence appoint to technological lines, for instance, from cogeneration
schemes large quantities of CO2 are produce, which can be an interesting nutrient source for
microalgae growth [9]. This algae can be derived into the oil line and the carbohydrate line, from
which many molecules can be derived, including other technological lines. Other sequencing
example could be based on the different metabolism routes for different microorganism, deducing
which could be the best substrate and technology to reach a product. In this way the hierarchies for
raw materials, products and technologies are integrate in a logical sense. For instance, given the
same raw material amount different scenarios can be established based on processing sequence. An
exceptional case is the sugarcane industry producing sugar, electricity and ethanol together in one
facility [76]. Nevertheless the established sequence in this industry uses molasses and juice
fractions for ethanol production. This decrease the stability of production volume for sugar.
Bagasse is used for electricity production and exchange with the paper pulp industry. However, an
alternative for the same configuration could be the sugar production using the whole juice volume
and the ethanol production from bagasse [8, 11]. Also the residual lignin from ethanol production
could be use for the electricity production [11]. It could be note that in this last configuration
molasses can be exploited as potential raw materials for other products (e.g. Citric Acid, Lactic
Acid, PHB) and sugar production volume can be higher helping to guaranteed food security.
Nevertheless it is important to make a deeper evaluation on alcohol and electricity production
capacity. Note that this sequence can easily affect positively or negatively the overall performance

of the biorefinery (in terms of techno-economic, environmental and even in social aspects).
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2.3. Integration concept in biorefinery design

As mentioned previously, the different types of biorefineries (first, second and third generation)
can be integrated between each other. The integration levels must be coupled with sequencing.
Integration makes reference to the maximum use of resources within the same plant. Integration
can be performed between raw materials, technologies and even products. For instance, a raw
material integration case is the exploitation of GHG as substrate for algae growth [9]. Another
integration case between raw materials is the waste integration between processing sequences. As
the case of technologies, energy integration using pinch analysis is an opportunity to reduce
heating sources and reduce overall processing impact. Also the mass exchange networks for mass
integration. Coupling cogeneration schemes with different processing routes allows to cover own
plant heating needs and obtain a surplus product (electricity). The integration levels enhance the

overall performance of the entire biorefinery.

On the other hand the integration level of products can appear with a final product of a biorefinery
section which can be a raw material in other processing stage. For instance the ethanol case that is
used for the pectin precipitation, that actually can be produced from the same solid fraction

(lignocellulose) that results in the pectin extraction.

Additionally to the discussed above the integration of operation in one unit: reaction and reaction
(e.g. saccharification and fermentation,), separation and separation (e.g. distillation and extraction),
reaction and separation (e.g. reactive distillation) could have high positive influence on the
biorefinery performance. Even if some of these applications are used in the thesis just as proposed
technologies, they are not discussed or assessed in detail due to this thesis objectives and time

restrictions.

2.4. Green biorefinery rules

Base on the green chemistry and green engineering principles [77-79], a set of rules are proposed
in order to integrate the hierarchy, sequencing and integration concepts. These rules reflects the

application of the different topics covered. The “green biorefinery” rules are shown as follows
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Integrated technologies should have priority over separated technologies. For example
cogeneration and fermentation technologies in the same processing line. For instance the
use of Supercritical fluids as solvent, reduces the total impact on final disposal, because

the easiest way to recover by pressure changes the carbon dioxide.

Feedstocks from Natural Sources, looking for first, second and third generation
integration. In the case of sugarcane as raw material, Sugar cane juice, molasses and CO2
from cogeneration can be fully used as total natural resources utilization. The correct
exploitation of these ones allows establishing different agroindustrial activities that support

sustainable resource production, retrofitting the supply chain.

Reduce wastes, integrating products with feedstocks in multiprocessing biorefineries. For
instance pinch integration approach for mass and energy in a multiprocessing biorefinery
could demonstrate the effectiveness of this rule. Other important example is the integration
of cogeneration systems using solid wastes from the same facility. Also the energy
integrations levels are important in order to take advantage of heat capacity of process to
process stream. Also the levels on water integration (recovery) allows to not dispose
organic effluents inducing positive environmental impact and reduce the use of fresh water

which impacts in a positive way the charges for raw materials.

Preserve Ecosystems and biodiversity. The use of second and third generation raw
materials helps to improve the overall performance of the biorefinery avoiding the needing
for other natural sources and possible pollution. For instance the production of fuel alcohol
from agroindustrial residues is a challenge but will decrease the dependency on first
generation feedstocks. Also the competitiveness with food security could be solved and an

important social implication appears.

Innovative Engineering Solutions. All the state of the art technologies for biorefinery
design can be applied. For instance the combined cycle coupled with gasification
technology for cogeneration has a better performance than the technology based on direct
combustion. Other interesting example is the recovery of lactic acid from fermentation
broth using ionic resin exchange columns. Other example follows the production of

anthocyanins from cell cultures
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e Social Impact and evaluation is essential. The supply chain is improved when the
biorefinery is working properly in terms of efficiency. Last allow to increase the profit and
then to redistribute it on the growers or other chain actors. So the welfare is increased and

new jobs can be generated in a sustainable way.

e Adopt the term of Life Cycle. For process design WAR and Green House Gas (GHG)
calculations allow the understanding of the life cycle assessment. The environmental
impact should be expected to be less than process with a single product, when a fully

integrated biorefinery is designed.

e Reduce as possible energy consumption and byproducts with low added value.
Cogeneration is a key strategy for reaching this rule as well as the energy integration

through Pinch approach as mentioned previously.

e Use tools and strategies of analysis and evaluation for environmental, technical and
economic impact. The use of Aspen Plus and other software for specific units and
calculations results in a very accurate way to predict large scale process. Also different
tools as the WAR algorithm developed by the Environmental Protection Agency (EPA),
Aspen economic analyzer, Aspen Energy Analyzer tool allows to have an idea which
biorefining alternative could be a good design in terms of performance from the techno-
economic and environmental point of view. Also the implementation of optimization

strategies and models could be interesting when coupling with further design.

e Food security implications should be analyzed in an objective look, including social,
environmental and economic impact. In this case the food production and the functional
molecules as additives should be studied to get the real map of contributions or effects on
food security. For instance the xylitol production is projected as a high added value
molecule because its similar characteristics in taste to sucrose, but different functional

characteristics which makes that molecule edible in patients with diabetes.
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o Design safer processes. The use of chemicals and materials under controllable conditions
is a goal of the good simulation to ensure stability of the units. The technology hierarchy
concept plays an important part in this because the correct design priority follows the next
sections of the process.

o Design processes for innovative molecules with high added value. Antioxidants, functional

sugars and biopolymers are a good example for this rule.

e Supply chain and logistics should be an essential part of a green biorefinery. After good
biorefinery design, the context of the project including transport, products distribution and
other can be involved in the discussion. For instance a sugarcane based biorefinery located
in Caldas could be profitable if different sequencing alternatives are proposed for the

current base case [11].

At this point it is very important to take into account that biorefinery rules includes important
aspects of the sustainability pillars (environment, society and economy). In this way the proposed
rules could be considered in the sustainability framework. The biorefineries that follow this
principles are considered as sustainable biorefinery or green biorefinery (see Figure 2-2 ). From

this point this strategy was used as the global methodology for evaluation.

On the other hand, in some cases some it is necessary to corroborate some of the proposed strategy
at a lab or pilot scale level. This depends basically in the development of the agroindustrial chain
to be evaluated. For instance the experimental evaluation of sugarcane could be a missing effort
due to the high level of research done for this feedstock in Colombia and World. On the other hand
experimental corroboration for incipient chains as avocado will need first a large theory
background and experimental procedures not always establishes standards for a pre-design
knowledge. Nevertheless, the inclusion of growing chains compared with well established chain in
other countries leads to a better understanding of their context and the possible application to
Colombia. This is why a experimental procedure for citrus fruits can be more interesting than

Avocado and Sugarcane, because is a potential growing agro chain in tropical countries.
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3. Methods

Overview

This chapter describes the methods used for assessing the different biorefinery processing routes.
In this chapter the simulation procedure is shown. Last includes the assumptions the
thermodynamic models used and technical parameters (e.g. kinetic models). On the other hand a
description of the economic evaluation software is also shown. Last the environmental evaluation
packages are also explained. On the other hand a brief description on the methods used in the
experimental setup for a mandarin corroboration biorefinery at lab scale is shown. All this together
helps to understand how the use of evaluation packages and specific designed software were used

across the Thesis.

3.1. Modeling and process simulation

In this level the methods used for the technical economic and environmental assessment will be

described as follows.

Simulation Procedure

For a given scenario, flowsheet synthesis was carried out using process simulation tools. The
objective of this procedure was to generate the mass and energy balances from which the
requirements for raw materials, consumables, utilities and energy needs are calculated. The main
simulation tool used was the commercial package Aspen Plus v7.1 (Aspen Technology, Inc.,
USA). Specialized package for performing mathematical calculations specially for kinetic analysis
such as Matlab was also used. Also GAMS package was used to solve optimization problems (as
shown for sugar cane). The fermentation stage for fuel ethanol production was calculated using the

kinetic model reported by Leksawasdi et al. [80] when Zymomonas mobilis is used as
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microorganism and the kinetic model reported by Rivera et al. [81] when Saccharomyces
cerevisiae is considered. The kinetic models used for calculations used for hydrolysis steps were
reported by Jin et al. and Rinaldi & Schiith [38, 82]. Kinetic model for detoxification were reported
by Martinez et al. [83]. The kinetic model used for the calculation of PHB production was reported
by Shahhosseini [84]. The kinetic model for cell growth in the case of anthocyanin production
was reported by Zhang et al. [85]. For some products (citric acid, xylitol, lactic acid and so on)
fermentation conditions were adapted from different studies [86-88]. One of the most important
issues to be considered during the simulation procedure is the appropriate selection of the
thermodynamic models that describe the liquid and vapor phases. The Non-Random Two-Liquid
(NRTL) thermodynamic model was applied to calculate the activity coefficients of the liquid phase
and the Hayden-O’Conell equation of state was used for description of the vapor phase. Also
different models were needed when oily materials were involved in the different biorefinery
sequences. This models were applied only to specific equipment were the NRTL model do not
predict properties (e.g. Liquid-Liquid separations and distillation columns). The most selected
model for this issue was UNIFAC-DORTMUND for liquid phase and Soave Redlick Kwong for
vapor phase. For several biorefinery compounds an Additional data for components was needed as
the physical properties required for simulation were obtained from the work of Wooley and
Putsche [89].

On the other hand, the method for assessing the energy integration approach was applied using the
methodologies shown by El-Halwagi [90]. Last allows a global view on the different levels of
energy integration. Also the specialized package Aspen Energy Analyzer V7.1 served as the basis
for the stream mapping of each scenario. This software was adapted to the Colombian context. On
the other hand mass integration strategies were based on the methodology of targeting, direct
recycle and integration networks well discussed by El-Halwagi [90].

Cost Estimation

The estimation of the energy consumption was performed based on the results of the mass and
energy balances generated by the simulation. Then, was calculated the thermal energy required in
the heat exchangers, and re-boilers, as well as the electric energy needs of the pumps, compressors,
mills and other equipments. The capital and operating costs were calculated using the software

Aspen Economic Analyzer V7.1 (Aspen Technologies, Inc., USA). Also energy consumption was
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determined regarding different levels on energy integration and coupling cogeneration systems.
On the other hand specific parameters regarding some Colombian conditions such as the raw
material costs, income tax (33%), annual interest rate (16.02%), labor salaries, among others, were
incorporated in order to calculate the production costs per unit for the different obtained products.
Table 3-1 shows prices for utilities and main raw materials and products in the different biorefinery
configuration evaluated in the Colombian context. This analysis was estimated in US dollars for a
10-year period. The above-mentioned software estimates the capital costs of process units as well
as the operating costs, among other valuable data, utilizing the design information provided by
Aspen Plus and data introduced by the user for specific conditions as for example project location.
The depreciation of Capital was calculated using the straight line method. Equipment calculations
were performed following the Aspen Economic Analyzer V.7.1 user guide (Aspen Technologies,
Inc., USA), which also uses correlations reported by Peters et al. [91]. Utilities, civil works,

pipelines, man hours, and many different parameters were estimated using the same software.

Environmental evaluation.

The Waste Reduction Algorithm WAR, developed by the National Risk Management Research
Laboratory de la U.S. Environmental Protection Agency (EPA) was used as the method for the
calculation of the Potential Environmental impact. This method propose to add a reaction of
conservation over the potential environmental impact (PEI) based on impact of input and output
flowrates from the process. For this application the EPA developed a software named WAR GUI.
The PEI for a given mass or energy quantity could be defined as the effect that those (energy and
mass) will have on the environment if they are arbitrary discharged. The environmental impact is a
guantity that cannot be directly measure, however, it can be calculated from different measurable
indicators. The WAR GUI software incorporates the Waste Reduction Algorithm in process design
measuring eight categories. This categories are: Human toxicity by ingestion (HTPI), human
toxicity by dermal exposition or inhalation (HTPE), aquatic toxicity potential (ATP), Global
warming (GWP), Ozone depletion potential (ODP), Photochemical oxidation potential (PCOP) and
acidification Potential (AP). This tool considers the impact by mass effluents and the impact by
energy requirements of a chemical process, based on the energy and mass balances generated in
Aspen Plus. Then the weighted sum of all impacts ends into the final impact per kg of products.

Table 3-1: Prices for different products and raw materials used in the economic evaluation.

Item Unit Price Reference
Sugarcane USD/tonne 35,70% Asocafia [92].
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PHB USD/kg 3.12 Posada et al. [93].
Anthocyanin USD/kg 70° Sigma Aldrich [94].
Sugar USD/kg 0.42 Asocaria [92].
Electricity USD/kWh 0.1 National average.

High P. steam (105 bar) USD/tonne 9.86 Moncada et al.[11].

Mid P. steam (30 bar) USD/tonne 8.18 Moncada et al.[11].
Low P. steam (3 bar) USD/tonne 1.57 Moncada et al.[11].
Water uUSD/m3 1.252 National average.
Calcium Hydroxide USD/kg 0.05 ICIS [95].

Sulfuric Acid USD/kg 0.1 ICIS [95].

Orange Qil (Essential) USD/kg 3.25 ICIS[95].

Citric Acid USD/kg 1.74 1CIS[95].

Ethanol USD/L 1.24 Fedebiocombustibles [96].
Mandarin Arrayana USD/kg 0.78 Asohofrucol [97].
Orange Valencia USD/kg 0.35 Asohofrucol [97].
Hexane uUsSD/L 0.31 ICIS [95].

CO2 USD/kg 1.55 Cryogas Indura [98].
Pectin USD/kg 12.62 ICIS [95].

Protein (feed) USD/kg 0.21 ICIS [95].

Seed oil USD/kg 0.96 ICIS [95].

Antioxidants USD/kg 87.44° Sigma Aldrich [94]
Orange Juice USD/kg 1.07 Ifu-Fruitjuice [99].
Xylitol USD/kg 7.95 Xylitol Canada [100].
Lactic acid USD/kg 1.87 ICIS [95].

Coffee cut-stems USD/ton 30 Estimated by transportation costs
Avocados USD/kg 1.12 Asohofrucol [97]
Avocado Oil USD/kg 6.7 Soapgood [101]
Avocado seed oil USD/kg 2.7 Soapgoods [101]
biodiesel USD/L 1.44 Fedebiocombustibles [102].
Glycerol USD/kg 2.76 Posada et al. [93]
Operator Labor US$/h 2.14 Colombian Government
Supervisor Labor US$/h 4.29 Colombian Government

#Price include transportation to Caldas location (35 USD/tonne)

® Sigma aldrich price for Pelargonidin chloride is 195.50 USD/mg. For this study due to a mixture
of anthocyanins price was arbitrary selected to 70 US$/kg.

¢ Sigma aldrich average price for the antioxidant mixture is 3497.5 USD/kg. For this study due to a
mixture of Phenolics price was calculated arbitrary using the 2.5 % of total price (87.44 USD/kg)

On the other hand other important environmental parameter is the Green House Gas (GHG)
emissions associated to a chemical process. This procedure was completed following the IPPC
Guidelines [103].The GHG emissions are calculated using equivalent factors of 14 for CH,, 4.5

for CO, 196 for NO,. Also GHG emissions are calculated for energy needs when no integration
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with cogeneration schemes was done. The external energy source is charcoal with a emission
factor of 94600 kg CO2-e/TJ [103]. Nevertheless, when biorefinery configurations were coupled
with cogenerations systems the GHG emissions corresponds to the mass balance in the exhausted

gases from gasification/combustion.

3.2. Methods used in the experimental setup.

In this section an explanation on the quantification methods for the experiments are shown. The
experiment development is coupled with the sequencing approach. This is why this section needs
to be coupled and the main principle variables of the procedures are explained in the results

section.

Determination of total phenolic compounds.

The total content of phenolic compounds in extracts was determined by the Folin—Ciocalteu
method, which was adapted from Cicco et al., [104]. 100 pl of properly diluted samples,
calibration solutions or blank were pipetted into separate test tubes. 1600 pl of distilled water and
100 pl of Folin Ciocalteu 1N reagent were added to each tube. The mixture was mixed well and
allowed to equilibrate at room temperature. After 2 min, 200 pl of a 20% (w/v) sodium carbonate
solution were added. The mixture was swirled and allowed to stand 60 min at room temperature in
the dark. A calibration curve was made from a galic acid standard solution (50, 70, 100, 150, 250,
350, 500 mg I"") and the blank was prepared with distilled water. Absorbance was measured at 765
nm in a JENWAY 6405 UV-Vis spectrophotometer. The total content of phenolic compounds was
expressed as milligrams of Gallic Acid Equivalent (GAE) per dry weight of peel (mg GAE gdw).

Reducing sugars assay.

The reducing sugars were quantified by the 3,5-Dinitrosalicylic acid (DNS) method as described
by Wood and Bhat [105]. To 0.5 mL of the sample in a test tube 0.5 ml of the DNS reagent was
added. Tubes were placed in boiling water bath for 5 min, transferred to ice to rapidly cool down.
Then, 5 ml of distilled water was added. The mixture was mixed and allowed to stand 15 min at
room temperature. Then, absorbance was measured at a wavelength of 540 nm, against a blank. A
calibration curve was made from an anhydrous glucose standard solution (0.4, 1, 2, 3, 4 g I'") and

the blank was prepared with distilled water.
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Sugars and Ethanol concentration determination.

Sugars were quantified by the HPLC system (Agilent Technologies) using a HyperREZ XP Sugar
Alcohols column (250 x 4.0 mm). Degassed, deionized water was used as mobile phase. The
column oven and RID were maintained at 65°C, and flow rate for mobile phase was fixed at 0.3
ml/min. The samples were diluted, centrifuged and filtered using 0.45 1 RC membranes into the
HPLC vials. Peaks were detected by the RI detector and quantified on the basis of area and
retention time of the standards (sucrose, glucose, xylose, arabinose, ethanol) procured from

Sigma—Aldrich and prepared in the same mobile phase as the one used for elution.

Supercritical Fluid Extraction

The supercritical fluid equipment consists of a pump system that can deliver a current of either
modified or continuous supercritical fluid (SCF). The cylinder capacity is 122 ml and the
maximum pressure 350 bar. The temperature can range from 292.15 to 375.15 K, and the SCF
flow rate between 0.5 and 5 ml/min. The employed temperature and pressure were 40 °C and 300
bar, respectively. The operation conditions were chosen to ensure that a complete saturation of the
supercritical phase is achieved in a reasonable time (approximately 3 hours). The ethanol solution

consists in 150 m,. Ethanol was used as a co-solvent to trap the phenolic compounds.
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4. Results

It is important to note that the methodology proposed in previous chapters (mainly chapter 2) is a
result itself of this thesis, where the appropriate methodology of design and analysis had to be
constructed. Hereinafter the results section of this thesis truly correspond to the application of this

proposed methodology.

4.1. Sugarcane based biorefinery

4.1.1. Techno-economic analysis for a sugarcane biorefinery:
Colombian case

Overview

Sugarcane is one of the most important energy crops in tropical countries like Brazil and India,
especially to produce fuel ethanol. In Colombia approximately 99 % of the total sugarcane
production is located in the west zones close to the Cauca River. In 2010 the planted area in this
region was nearly 218.000 ha producing 20°272.500 tonnes of sugarcane [92]. Colombian
sugarcane is the main feedstock especially for sugar as food and food additive and fuel ethanol as
indirect energy for the Colombian gasoline oxygenation program. Recently electricity and steam as
direct energy is produced through cogeneration schemes from sugarcane bagasse [92]. Today the
Colombian government and sugarcane sector looks forward to increase productivity, using
reasonably wastes or residues possibilities for new products and making investments in research
for integrated process flowsheet and new technologies [92]. An integrated and simultaneous
production of sugar, ethanol and electricity moves forward to the growing biorefinery concept. In
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this sense, sugarcane is the base for distinctive products actually imported in the Colombian market

(biopolymers, organic acids, alcohols, among many others).

Given this, in this chapter a techno-economic analysis for a sugarcane based biorefinery is
presented for the Colombian case. It is shown seven scenarios for different conversion pathways as
function of feedstock distribution and technologies for sugar, fuel ethanol, PHB, anthocyanins and
electricity production. These scenarios are compared with the Colombian base cases which
simultaneously produce sugar, fuel ethanol and electricity. A simulation procedure was used in
order to evaluate biorefinery schemes for all the scenarios, using Aspen Plus software, that include
productivity analysis, energy calculations and economic evaluation for each process configuration.
The results showed that the configuration with the best economic, environmental and social
performance is the one that considers fuel ethanol and PHB production from combined cane
bagasse and molasses. This result served as the basis to draw recommendations on technological
and economic feasibility as well as social aspects for the implementation of such type of
biorefinery in Colombia. The analysis of the chosen scenario demonstrated the importance of the

criteria used for the biorefinery design in terms of hierarchy, sequencing and integration.

Sugarcane based biorefinery

The relation between feedstocks and products that have been discussed previously including the
different biorefinery configurations. In the case of a sugarcane based biorefinery, the first and
second generation of feedstocks, can be included. Also the third generation of feedstocks can be
integrated when CO, from sugarcane bagasse cogeneration or CO, from fermentation steps is
considered as carbon source for microalgae growth as the case of Chlorella Vulgaris [106]. Taking
into account this, several configurations for a sugarcane based biorefinery can be proposed. In this
case the sugarcane based biorefinery configurations include the use of first and second generation
of feedstocks, integrating fresh sugarcane harvesting for milling and sugarcane bagasse generated
at the processing stage as a new raw material. For this study, only the sugarcane bagasse is
considered as the second generation of feedstocks. Harvesting residues (e.g. leaves and roots) were
not included because the logistics for collecting these by-products management is still poor at the
Colombian conditions. Additionally during harvesting stages the crop firing as preparation to cut
the canes, seriously affects the quality of these residues. At the same time the growers consider
these residues on the field as nutrients or fertilizers for the soil.
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In contrast to the current Colombian base case, which produces simultaneously sugar, fuel ethanol
and electricity, two configurations were selected. This selection includes two different alternatives
in terms of raw materials distribution, products and technologies. For these new alternatives, six
products were chosen considering the existing base case and a family of products actually being

imported in Colombia (biomolecules and biomaterials).

The selected products consist in sugar that represents food security, fuel ethanol representing
biofuels, electricity as bioenergy (biofuels refer to liquid fuels as indirect energy), PHB for the
biomaterials family and anthocyanins from cell cultures representing the biomolecules family. The
inclusion of PHB as a new product is promising because this biopolymer is produced from sugars.
In this case glucose can be used for PHB synthesis as the carbon source. However, the selection of
the PHB as a product in the Colombian context is based on the necessity to include biopolymers in
the market due to its increasing consumption and a fast increment on oil prices. Therefore, the
biopolymer (PHB) represents an alternative to the current oil based plastics. Nevertheless, the
production cost of PHB is very high compared with that for oil based polymers. Considering this,
some authors reported that the total production cost for PHB depends mainly on the carbon source
price, that is generally responsible for a large percentage of the production cost [39]. In this way,
the evaluation of PHB production as a line integrated into a biorefinery could lead to the reduction
of production costs. Last, because some streams are coupled in the same facility or different
processes could share the material flows between each other. Therefore, transportation cost and
other costs associated to the supply chain will be avoided if the production is done in the same

facility.

Anthocyanin production represents the antioxidants platform derived from plant cells as Fragaria
ananassa cv. Shikinari (found in strawberries). These cells can uptake sucrose as the carbon
source for growing [85]. Anthocyanin are pigments with a wide use as food and beverage's
additives for health and wellness contributing not only to food security, but also to biomolecules
and natural chemicals family. Nevertheless, including anthocyanin production as a part of a
biorefinery represents a big challenge in order to transfer technology in a future scenario at the
Colombian conditions. Nevertheless, anthocyanin was included in this study with the main purpose

to consider the most high added value products for the sugarcane value chain.
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Process production routes

Sugarcane biorefinery can be described as a five processes system. A concise description is shown

as follows.

Sugar milling process

Sugar production process is developed using a conventional technology from Sugar milling
factories. In this biorefinery section a first stage is considered for sugarcane milling where juice is
extracted and bagasse is separated. A second stage includes a clarification and a filtration
processes. This procedure is done because sugar cane juice is an extremely complex liquid
medium, containing many organic and inorganic constituents. Clarification is therefore an essential
step to obtain high yields and high quality of the sugar. The clarification process needs to remove
components other than sucrose and, at the same time, minimize loss of sucrose and color
formation. In this work, the cane juice is sent to a clarification process, sterilization and pH
adjustment. The impurities are removed, and the cachaza is generated. This material is the filter
cake obtained during the removal of suspended solids in the rotary drum filter utilized for juice
clarification. The cachaza is commercialized as a component of animal feed or for composting.
The cane juice is sterilized and can be sent to sugar, anthocyanin or if necessary to in fuel ethanol

production.

After this pretreatment stage, sugar concentration is carried out in an evaporation train as the well-
known technology for concentrating the juice approximately to 80% by weight to obtain the syrup.
Finally sugar rich syrup is passed through a section of crystallizers at vacuum pressure where sugar

crystals are formed and molasses are obtained as a residue.

Fuel ethanol process

Fuel ethanol production process can be described in four stages according to reports made in
previous works [107]. The first stage is pretreatment; the second one corresponds to hydrolysis, the
third one to fermentation and a fourth one to separation and ethanol dehydration. In some cases,
there is a fifth stage, which describes the processes for water and waste treatment (effluents
treatment). Nevertheless in an integrated biorefinery, waste treatment is analyzed for whole

biorefinery structure. In the same way, the pretreatment stage is contained in sugar production
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process, which corresponds essentially to the grinding rod to obtain juice and bagasse. Both juice
and bagasse, are suitable feedstocks for bioethanol production, therefore two technological
schemes could be derived. The first technological scheme represents fuel ethanol production from
sugarcane juice and molasses. The second technological scheme represents ethanol production
from sugarcane bagasse which is rich in lignocellulosic materials denominated as a second

feedstock generation.

In the case where the raw material for ethanol production is sugarcane juice and molasses, the juice
is diluted to a concentration of approximately 30% by weight of sucrose. Once the juice is
concentrated is sent to a section of hydrolysis in which the sucrose present in the juice is converted
into reducing sugars, especially glucose, in order to ensure availability of these fermentable sugars
important for the microorganism Z. Mobilis (when the juice or molasses are enriched in glucose,
this bacteria increase productvity) [80, 108]. This hydrolysis is performed with sulfuric acid at a
concentration of 4% by weight, using the well known technology with dilute acid hydrolysis [82,
109]. This process is carried out in a single reactor. When S. Cerevisiae is used as microorganism

no hydrolysis stage is considered (see scenario description).

On the other hand, when the raw material is lignocellulosic biomass as sugarcane bagasse two
hydrolysis steps should be taken into account. This scheme represents a second generation
production for biofuels. In this work it is considered a first stage of hydrolysis of the hemicellulose
fraction which is carried out with a sulfuric acid concentration of 4% by weight at a temperature of
100 °C. The result of this hydrolysis is liquor with a high concentration of xylose. At the same
time, the cellulosic fraction is exposed to be subsequently hydrolyzed. Cellulose hydrolysis step is
carried out with sulfuric acid at a concentration of 4% by weight and150 °C. As a result of
cellulose hydrolysis, it is obtained mainly hexose hydrolysate rich in glucose. After the two

hydrolysis steps, lignin results as a residue that is sent to the cogeneration unit.

A disadvantage of using acids as precursor for hydrolysis is that it can facilitate decomposition
reactions of sugars to undesired compounds such as furfural and hydroxymethyl furfural (HMF).
Then, detoxification technology is applied and it is based on overliming [83]. Therefore, the
operation variables such as residence time for the hydrolysis are very important with the sole
objective to maximize the productivity of fermentable sugars. The detoxification procedure is done

in order to avoid poisoning and inhibition by the acids, furfural and HMF in the fermentation stage.
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For the two proposed schemes, the hydrolysate undergo sterilization in order to prevent
contamination and production of other metabolites in fermentation stage due to presence of other

microbial agents.

The fermentation step is carried out with Saccharomyces cerevisiae when sugarcane molasses are
considered as feedstock (Colombian base case). On the other hand, as an alternative to the current
base case, Zymomonas mobilis are used as fermentation microorganism for ethanol production
using juice and molasses as feedstocks as well as bagasse (two proposed schemes). This
recombinant bacteria, has the ability to uptake hexose as carbon source or a combination of a
hexose-pentose mixture [80]. This last, represents an interesting technological possibility than the
conventional processes where yeast is used as microorganism. Nevertheless the S. Cerevisiae strain
could have a higher productivity than Z. Mobilis when only hexoses are considered as carbon
source. After, the separation of the cell biomass from the culture broth is carried out by a simple
gravitational sedimentation technology, additional separation is done to consider the possibility of
recycling cells, but it is not possible to recycle all the cell content and only a little fraction can be

recovered. No treatment of the cells was included.

After the fermentation stage, the culture broth containing approximately 7-10% (w/w) of ethanol is
taken to the separation zone which consists of two distillation columns. In the first column, ethanol
is concentrated nearly to 50-55% by weight. In the second column subsequently the liquor is
concentrated until the azeotropic point (96% wt) to be led to the dehydration zone with molecular
sieves for obtaining an ethanol concentration of 99. 7% by weight [110]. One of the most
important advantages of using Zymomonas mobilis as fermentation microorganism is the reduction
of the organic charge present in stillage, because the amount of biomass produced during
fermentation is not as high compared with the conventional process using Yeast (e.g.
Saccharomyces cerevisiae). In this way, the main liquid effluent from the fuel ethanol process, the
stillage, is evaporated up to a 30% concentration of solids. This procedure is done because there
can be many problems in soil content when all stillage volume is directly sprayed into the fields
due to super saturation of phosphorus and other elements in soil as reported previously for
Colombia [111]. Thus the stillage is included in the waste treatment of the entire biorefinery

configurations.
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One important aspect to consider when using Zymomonas mobilis is that this technology currently
is under research. But including bacteria strains, several problems can be solved, specifically
stillage problems. Nevertheless including this technology as a newly commercial available
technology will be a mistake and it must be considered just as a future available commercial

technology.

PHB production

PHB production is carried out using part of the same detoxified hydrolysate rich in glucose
obtained in the hydrolysis stage at the ethanol production process from cane juice, molasses or
bagasse, depending on the configuration (scenarios) .The hydrolysis step mentioned above
corresponds to the top of the conditioning pretreatment of the carbon source for producing the
biopolymer. This means that the raw material fed to the PHB production process corresponds to
the result of the treatment of materials in other processes. This represents the integration of the
different process making up the entire biorefinery process taking into account, the influence of the
flow from one process on the feed of another. In this way, some type of sequence is included and
represents a logical step by step for designing the biorefinery. The technology used for the PHB
production corresponds to a first sterilization stage of the culture broth also involving a nitrogen
source ((NH,),SQy), at a temperature of 122 ° C and a pressure of 10 bar. Once the culture with an
appropriate glucose concentration (approximately 20% by weight) undergoes the fermentation step
with the microorganism Cupriavidus Necator (Ralstonia eutropha) which is able to assimilate
different carbon sources (in this case glucose). The fermentation conditions are based on previous
studies [84]. Once the fermentation is done, the process follows a digestion which consists of cell
lysis with chemical agents such as sodium hypochlorite assisted by temperature [112]. Once the
biopolymer is extracted, residual biomass is separated by centrifugation and shipped as a solid
residue for cogeneration systems. The resulting solution after centrifugation is washed in order to
remove impurities to finally remove water by evaporation and spray drying to obtain PHB

approximately at 98% (w/w). The ratio of the nitrogen source to the carbon source is 0.16 g/g.

Anthocyanin production

The production of anthocyanins by plant cell cultures Fragaria ananassa cv. Shikinari from

strawberries [85] uses both disaccharide and monosaccharide sugars. This becomes a interesting
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object of study for the integration of multi-product biorefineries [39]. As well as the ethanol and

PHB processes, the anthocyanin production is related to the cane juice from milling.

The steps for anthocyanin production are three: a stage for cell growth and cell pigmentation, very
similar to a fermentation process, a second stage of cell disruption and recovery of the metabolite
and a last stage of the concentration and purification of the metabolite. For the cell growth stage
and downstream the conditions and technologies reported by Zhang et al. were used [85]. In this
case, the recovery system uses a technology based on cell disruption by solvent extraction
(ethanol) and pressure. However, it is important to note at this point that the beneficial features of
antioxidant compounds are sensitive to temperature changes and then the process operates at 30 °C
and 10 bar. In this way, it becomes necessary to include a new processing stage where metabolites
are separated and concentrated by ultrafiltration [113]. The biomass produced in the cell growth
process and subsequently separated in the extraction process is considered as a raw material to be

fed to the cogeneration sector.

Energy cogeneration

Cogeneration can be defined as a thermodynamically efficient way of use energy, able to cover
complete or partially both heat and electricity requirements of a factory. Combined production of
mechanical and thermal energy using a simple energy source, such as oil, coal, natural gas or
biomass, has remarkable cost and energy savings, achieving operating also with a greater
efficiency compared with systems which produce heat and electricity separately [114]. If a
cogeneration system is based on biomass or its residues, this system is known as biomass fired
cogeneration [114]. Most of biomass fired cogeneration plants are allocated at industrial sites
guaranteeing a continuous supply of feedstock. Common examples are sugar and/or ethanol plants
and paper mills. Additionally, the electricity surplus generated by biomass fired cogeneration
projects, could be used in rural areas close to production site, increasing the economic viability of
the project [115]. For this study the technology used for cogeneration is the biomass integrated
gasification combined cycle (BIGCC) [116]. Basic elements of BIGCC system includes: biomass
dryer, gasification chamber, gas turbine, heat steam recovery generator (HRSG) [117]. Above

elements will be explained below.
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Gasification is a thermo-chemical conversion technology of carbonaceous materials (coal,
petroleum coke and biomass), to produce a mixture of gaseous products (CO, CO,, H,O, H,, CHy)
known as syngas added to small amounts of char and ash. Gasification temperatures range between
875-1275 K [118]. The Gas properties and composition of syngas changes according to the
gasifying agent used (air, steam, steam-oxygen, oxygen-enriched air), gasification process and
biomass properties [118]. Syngas is useful for a broader range of applications, including: direct
burning to produce heat and power or high quality fuels production or chemical products such
methanol [119]. A gas turbine is a rotator engine that extracts energy from a flow combustion gas.
It is able to produce power with an acceptable electrical efficiency, low emission and high
reliability. The gas turbine is composed by three main sections: compression (air pressure is
increased, aimed to improve combustion efficiency), combustion (adiabatic reaction of air and fuel
to convert chemical energy to heat) and expansion (obtained pressurized hot gas at high speed

passing through a turbine generating mechanical work) [120].

Heat recovery steam generator, is a high efficiency steam boiler that uses hot gases from a gas
turbine o reciprocating engine to generate steam, in a thermodynamic Rankine Cycle. This system
is able to generate steam at different pressure levels. According to process requirements a HSRG
system can use single, double or even triple pressure levels. Each HSRG section is integrated by:
Economizer, where cold water exit as saturated liquid. Evaporator where saturated steam is
produced and Superheater, where saturated steam is dried, overheating it beyond its saturation
point. In order to show a better description of the cogeneration system, Figure 4-1 shows the

processing steps for the BIGCC technology.
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Figure 4-1: Biomass integrated gasification combined cycle system. 1. heat exchanger, 2. Splitter,

3. Splitter, 4. Compressor, 5. Gas turbine, 6. Dryer, 7. Gasification chamber, 8. Combustion
Chamber, 9. Cyclone, 10. Super-heater, 11. Evaporator, 12. HP drum,13. Economizer, 14.
Economizer, 15. HP pump, 16. Super-heater, 17. Evaporator, 18. MP drum, 19. Economizer, 20.
Economizer, 21. MP pump, 22. Super-heater, 23. Evaporator, 24. LP drum, 25. Steam Turbine.

Considering this, two schemes were taken into account for this study. The first one using all
sugarcane bagasse and biomass from anthocyanin and PHB production. A second scheme using the
lignin fraction from hydrolysis in ethanol production and biomass from anthocyanin and PHB
sections, taking into account the process steps shown above. A sensitive analysis was done in order
to relate air flow rate with temperature after the gasification stage. Using this approach it is
possible to understand the advantages of maximum temperature at the reactor outlet that ensures
high-heat capacity of the burned syngas [120]. An important aspect to consider in the generation of
specific energy as the case of steam is that the demand for water is also significant. Therefore
waste waters from other previous processes (sugar, ethanol, PHB and anthocyanins) are pretreated
in a water recovery system, which removes impurities by filtration and membranes systems as
reverse osmosis . Nevertheless, supply of water to use heat capacity from gases for steam
generation is completed with fresh water. Also the net calorific values used are: C. Necator
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biomass: 5.17 MJ/kg, Fragaria Anassa biomass: 5.28 MJ/kg, Cane bagasse: 8.16 MJ/kg, Residual
Lignin: 6.33 MJ/kg.

Sugarcane Biorefinery Scenarios

For the evaluation of the sugarcane based biorefinery eight scenarios were included. The first
scenario describes the current Colombian base case where integrated production of sugar, fuel
ethanol and electricity is carried out. The others seven scenarios consider the integrated production
of sugar, fuel ethanol, anthocyanins, PHB and electricity as the products with high added value and
by-products as animal feed, ash and fertilizer with low or no added value. For the eight scenarios,
the feedstock was 200 tonnes/hr of fresh sugarcane (equivalent to 1,752,000 tons/year). This
feedstock value is a reasonable amount that represents approximately 3.4 % of sugarcane milling
in the country for 2010 (also considered as a smallholder milling) [92]. The sugarcane
composition was 71% of water and about 14% of sucrose, 2% of reducing sugars and around 13%

in lignocellulosic material [121] (all values in wet basis).

The scenarios are based on distributions and technologies for the same amount of sugarcane as
feedstock. In this way, a description of sugarcane based biorefinery included in this study is shown
in Table 4-1This description shows the distribution of materials across the entire biorefinery and
also technologies for each product. The aim of the evaluation of the eight scenarios is basically
done for the further comparison of each other in terms of performance from the technical,
environmental and social point of view. This comparison is the basis for the decision making in
order to evaluate which could be the best alternative for the entire biorefinery configuration. Also
the creation of different scenarios allows evaluating the integration of technologies which in many
cases are not sustainable when these ones are considered as separated technologies (e.g. fuel

ethanol production with Zymomonas mobilis).

For the alternate scenarios, economic evaluation takes into account an arbitrary location for
sugarcane biorefinery. This location is in Caldas, department near to Cauca Valleys region
(Viterbo) including taxes and increments in feedstock price due to transport and trips. This region
was considered because is very near to the Cauca Valley region which is the most productive zone
for sugarcane in Colombia. Moreover, this region contributes to the possible expansion zone of the

sugarcane sector. These kinds of projects are developed now to improve social aspects in regions
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which need important economic opportunities, especially in rural areas. Economic evaluation takes
into account labor cost for qualified and non-qualified workers in the Colombian context. Prices
for the process utilities are fixed at the same sale price of the steam, and electricity generated in
cogeneration system to ensure self-biorefinery consumption and account the decrease in production
costs from utilities. The location for the current base case is Cauca Valley river region. For all the
scenarios heat and mass integration were considered. Figure 4-2 shows two technological schemes
corresponding to the distribution where cane bagasse is completely used for cogeneration feed and

another one that involves the transformation of cane bagasse into sugars (scenario 7-8).

Process Simulation

Simulations of the eight studied scenarios were used to generate their respective mass and energy
balance sheets, which are the basic input for the techno-economic analysis. The simulation was
validated by comparing yields of each product with data reported in literature for actual
commercial processes including the base case. Table 4-2 and Table 4-3 shows production
capacities and yields taking into account the distribution for raw materials mentioned in the

description of the scenarios (see Table 4-1).

As shown in Table 4-3 sugar yield agrees very well with those reported in the commercial sugar
production processes in Colombia which for 2010 represents 0.11 tonne of sugar/tonne cane [92].
For the first and second scenarios the yield for sugar per tonne of cane is 0.11, corresponding to the
current Colombian base case [92]. For the third to sixth scenarios the sugar yield is 0.05 giving the
fact that only 50% of cane juice is used for sugar production. For the seven and eight scenarios the
sugar yield is 0.10, taking into account that 97.5% of cane juice is used for sugar process. Fuel
ethanol yield (L ethanol/tonne cane) for commercial cases is approximately 70-85 using cane juice
[122].
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Table 4-1: Scenario description in sugarcane based biorefinery.

Scenario Products Technolo Distribution Location ®
Name Comment Top Secondary 9y Caldas C. Valley
Sugar Production: Cane Juice.
Ethanol Production: Batch Bioreactor. Ethanol Production: Molasses from sugar
Sc 2. Sugar Animal feed Saccharomyces Cerevisiae.16 units process.
Sc.1  Current g Cogeneration: Combined Cycle. Cogeneration: Cane bagasse from milling.
. Fuel Ethanol Ash T . ; . Sc. 1 Sc. 2
Sc.2  Colombian . - Sugar Production: Concentration and Animal feed: by-product sugar process.
Electricity Fertilizer N g ! :
base case Crystallization. Ash: Solid fraction cogeneration process.
Fertilizer: Stillage concentration. Fertilizer: Stillage concentration from ethanol
production.
Sucrose Hydrolysis: Sulfuric Acid 4 % Sugar Production: 50 % of Cane Juice.
v/v. Enzymatic Glucosidases. Ethanol Production: 70 % of glucose from
Ethanol Production: Continuous hydrolysis of molasses and 47.5 % of cane
Combined Bioreactor. juice.
first and Sugar Zymomonas Mobilis. PHB Production: 30 % of glucose from
second g . PHB Production: batch bioreactor. hydrolysis of molasses and 47.5 % of cane
Sc. 3 . Fuel Ethanol Animal feed . . L2
Sc. 4 ggnera}tlon Electricity Ash Cuprlawdus_, Necator.10 un!ts juice. _ _ o sc. 3 Sc. 4
' biorefinery. - Anthocyanin Production: batch Anthocyanin Production: 2.5 % of cane juice. ' '
PHB Fertilizer . s .
Ethanol Anthocvanins bioreactor. Cogeneration: Cane bagasse from milling and
prod. Z y Fragaria Anassa. 2 units cell biomass from C. Necator and F. Anassa.
Mobilis. Cogeneration: Combined Cycle. Animal feed: by-product sugar process.

Sugar Production: Concentration and
Crystallization.
Fertilizer: Stillage concentration.

Ash: Solid fraction cogeneration process.
Fertilizer: Stillage concentration from ethanol
production.

& Caldas: middle productive region. C. Valley: large productive region.
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Table 4-1: (continued)
Scenario Products Technolo Distribution Location ®
Name Comment Top Secondary 9y Caldas C. Valley
Sucrose Hydrolysis: Sulfuric Acid 4 % Sugar Production: 50 % of Cane Juice.
Combined v/v. Enzymatic Glucosidases. Ethanol Production: 70 % of glucose from
first and Ethanol Production: Continuous hydrolysis of molasses and 47.5 % of cane
second Bioreactor. juice.
eneration  Sugar Sacharomyces Cerevisiae PHB Production: 30 % of glucose from
genera 9 . PHB Production:  batch bioreactor. hydrolysis of molasses and 47.5 % of cane
Sc.5  biorefinery. Fuel Ethanol Animal feed Cupriavid 0 uni L2
Sc.6 Electricity Ash upriavidus Necator.10 units Juice. . . - Sc.5 Sc. 6
PHB Fertilizer Anthocyanin Production: batch Anthocyanin Production: 2.5 % of cane juice.
Ethanol Anthocvanins bioreactor. Cogeneration: Cane bagasse from milling and
rod y Fragaria Anassa. 2 units cell biomass from C. Necator and F. Anassa.
g ' Cogeneration: Combined Cycle. Animal feed: by-product sugar process.
Cerevisiae Sugar Production: Concentration and Ash: Solid fraction cogeneration process.
' Crystallization. Fertilizer: Stillage concentration from ethanol
Fertilizer: Stillage concentration. production.
— : —
\S/x/crose Hydrolysis: Sulfuric Acid 4 % Sugar Production: 97.5 % of Cane Juice.
: S 0
Cellulose Hydrolysis: Sulfuric Acid 4 % EtITanOI Productu_)n. 70 % of glucose from
Y cellulose hydrolysis from cane bagasse and
. L . . molasses and 100% of xylose from
Combined Hemicellulose  Hydrolysis:  Sulfuric . .
. . hemicellulose hydrolysis from bagasse.
first and Acid 4 % v/v. LA
Sugar . . PHB Production: 30 % of glucose from
second . Ethanol Production: Continuous .
. Fuel Ethanol Animal feed . - cellulose hydrolysis and molasses.
Sc. 7 generation S Bioreactor. Zymomonas Moabilis. - . -
s Electricity Ash - . Anthocyanin Production: 2.5 % of cane juice. Sc.7 Sc. 8
Sc.8  biorefinery. . PHB Production: batch bioreactor. . . S -
PHB Fertilizer o Cogeneration: Residual lignin from hydrolysis
Cane . Cupriavidus Necator. :
Anthocyanins . Lo and cell biomass from C. Necator and F.
bagasse to Anthocyanin Production: batch
. . Anassa.
sugars bioreactor. Fragaria Anassa.

Cogeneration: Combined Cycle.

Sugar Production: Concentration and
Crystallization.

Fertilizer: Stillage concentration.

Animal feed: by-product sugar process.

Ash: Solid fraction cogeneration process.
Fertilizer: Stillage concentration from ethanol
production.
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Figure 4-2: Sugarcane based biorefinery technological schemes for the different distribution

showed in the scenario description.
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For the first and second scenarios the bioethanol yield is 26.19 because ethanol is produced from
cane molasses. For the third to sixth scenario the yield is in average 41 but it is important to
consider that fuel ethanol is produced from 70% of the glucose rich hydrolysate resulting from the
combination of the molasses leaving the sugar production process with the 47.5% of cane juice
produced in sugar milling. This is included because it is important to consider the influence of the
distribution rate of raw materials and also technologies. Additional discussion is provided in
further sections. For the seven and eight scenarios, the yield is higher because sugarcane bagasse
and molasses are used as the raw materials for the production of fuel ethanol and PHB, but 70% of
glucose rich hydrolysate from the combination of molasses and sugarcane bagasse are destined to
ethanol production and the remaining 30% to PHB production. Also all the xylose rich hydrolysate
are destined to fuel ethanol production. Once the yields reported for sugar, and ethanol agree with
data reported in literature at industrial level, PHB and anthocyanin production can be validated

showing that assumptions and simulation procedure was well done.

Also an important aspect to account in a sugarcane biorefinery is the electricity production that is
in agreement with reported data for industrial scale (>5 MW). Same, yields were also in previous
work for cane bagasse (current base case) [111]. On the other hand, the yields for the third to sixth
scenarios are higher due to the usage of cane bagasse and cell biomass as the feedstock for the
cogeneration system. Also this yield is higher due to the set up of combustion conditions after the
gasification stage, for instance the air ratio. For the case of the seven and eight scenarios, electric
power generation is lower because biomass flow is lower, mainly composed by lignin and cell

biomass, which in terms of quantity are significantly lower than sugarcane bagasse.

Table 4-2: Sugarcane based Biorefinery top products production capacities per scenario.

Sectors Sugar Ethanol PHB Anthocyanin Electricity
Production Tonne/day L/day Tonne/day Tonne/day MW
Sc1l-Sc2 538.39 125734.00 0.00 0.00 30.60
Sc3-Sc4 240.72 193523.00 44.64 11.78 51.23
Sc5-Sc6 240.72 202910.00 44.64 11.78 51.23

Sc7-Sc8 469.41 316654.00 44.35 11.78 21.75
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Table 4-3:Sugarcane based biorefinery top products yields per scenario.

Sectors Sugar Ethanol PHB Anthocyanin Electricity

Yield/cane 0 r 0 g kg/T MI/T
tonne

Scl-Sc2 011 2610 0.0 0.00 550.76

Sc3-Sc4 005 4032 9.30 2.45 922.16

Sc5-Sc6 005 4227  9.30 2.45 922.16

Sc7-Sc8 010 6597  9.24 2.45 391.43

Other important aspect is the generation of steam and it characteristics to supply own biorefinery
energy needs, considering that most of the water fed into cogeneration system is recovered from

other processes. Table 4-4 shows steam generated capacities for each scenario.

Table 4-4: Steam characteristics generated in cogeneration systems.

Sectors LP Steam@3bar MP Steam@30bar HP Steam@80bar

Production Tonne/day Tonne/day Tonne/day
Scl-Sc2 909.84 1822.41 1370.23
Sc3-Sc4 1409.43 2823.09 2122.61
Sc5-Sc6 1409.43 2823.09 2122.61
Sc7-Sc8 702.74 1407.59 1058.33

Another significant aspect to include in the biorefinery analysis is the equivalent carbon dioxide as
a measure of GHG emissions. The GHG emissions are calculated using equivalent factors of 14 for
CHy,, 4.5 for CO, 196 for NOy based on the IPP guidelines [103]. The GHG emissions represented
as equivalent carbon dioxide in kilograms per kilogram of processed cane were 0.84, 1.30 and 0.78
for the first and second, the third to sixth and the seven and eight scenario respectively. For all the
eights scenarios it is very important to note that the GHG calculations only include the emissions
from the mass balance of the cogeneration unit and the fermentations stages for fuel ethanol
production and PHB. The emissions due to energy consumption are not considered because the
energy requirements of the biorefinery are covered by the steam generated in the cogeneration unit.
Given this, there is no GHG emissions associated to the anthocyanin synthesis. The energy
requirements (electricity and heat) for the sugar, and the fuel ethanol processes are covered by the
steam generated in the cogeneration unit and no GHG emissions are considered due to energy
consumption. It is very important to mention that GHG emissions were only calculated for the
processing stage. The GHG emissions value represents a great challenge to integrate the first, the
second and the third generation biorefineries. This could be done because the carbon dioxide may
represent an important secondary feedstock when microalgae growth is included in a biorefinery
design. Consequently several products can be obtained, for instance microalgae oils to produce

biodiesel together with high added value biorefineries from glycerol [6]. Another important
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effluent considered in this study is the stillage production. The stillage is measured before
concentration in evaporation trains as mentioned in the process description section. The stillage
data corresponds to 26.47, 17.75 and 16.36 liters of stillage per liter of ethanol. This data is in good
agreement with the data range for stillage reported by Quintero et al.[111].

Energy performance assessment

One of the best alternatives for reducing production costs is to decrease the energy consumption
during the production process by implementing more energy-efficient and better performing
technologies. The energy consumption resulted from the simulations were used to assess the
implication of the biorefinery distribution choices and technologies according to energy
consumption and the effect of energy savings on production cost. Energy consumption is
calculated for the entire biorefinery configuration. The global energy consumption corresponds to
8805.93, 7035.66, 7241.22 and 7321.83 MJ per tonne of cane for the scenarios one and two, three
and four, five and six, seven and eight respectively. For the entire biorefinery, energy consumption
represents a big challenge in energy integration especially for cogeneration systems.

Nevertheless for all the scenarios the energy generated in cogeneration systems is capable to cover
all energy consumption in the plant with the generated steam characteristics (see Table 4-4). On
the other hand extra steam generated in first and second scenario can be used to generate more
electricity with steam turbines but in this study this step was not considered. Energy consumption
for the five to eight scenarios is larger especially because of the existence of additional processing
steps when sugarcane bagasse is used as raw material for fuel ethanol production. For all scenarios
the process that represents the larger energy consumption is fuel ethanol production. This could be
explained because this is one of the processes of the biorefinery which has more processing units
and materials conditioning operations. On the other hand, an important issue to take into account in
the cogeneration systems is that steam generation is fully integrated in order to save energy
consumption and take advantage of self process energy. Therefore energy consumption in
cogeneration system is relatively low compared with the total consumption in the fuel ethanol
process. Sugar production process accounts higher energy consumption for the first, second, seven
and eight scenarios due to higher sugar productivity, with main representation of evaporator trains

and crystallizers. Anthocyanin production represents small contributions in entire biorefinery,
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especially due to smaller production capacities. PHB process summarizes energy consumption

especially in recovery process (extraction and spray drying).

Economic Evaluation

Distribution and technologies included in the chosen products directly affect yields and the
production costs. The operating cost includes various aspects inherent to the production process
such as raw materials, utilities, labor and maintenance, general plant costs and general
administrative costs. Annualized capital costs are also included. The comprehensive evaluation of
each of these aspects leads to the plant's operating costs. This evaluation was based on the results
obtained from simulation and the Aspen Economic Evaluator package, adapted to Colombian
parameters. For most industrial processes the raw material represents approximately more than

50% of total production cost.

To estimate the raw material costs in the biorefinery process, it was considered the distribution
shown in Table 4-1. For instance, the acid necessary for the hydrolysis process is included only in
the ethanol process calculations, as well as the water needed for each operation. However, the cost
of sugarcane is distributed according to the amount of juice that is destined to every process, for
instance the 50% of the cost of sugarcane is considered in the sugar process in scenarios that
include sugar juice as a feedstock for ethanol and PHB production for the scenario that includes
lignocellulosic ethanol and PHB production the 97.5%. Last counts as the effect of the distribution
on raw material cost assignments. The cost of sugarcane represents the largest fraction of the cost
of all raw materials in the biorefinery. An important aspect in the design of biorefineries is that
production costs decrease when process streams are integrated, such as bagasse for ethanol and
PHB production in the third to eight scenarios. For instance, one of the greatest challenges in the
production of second-generation biofuels is the cost associated with transportation and availability
of raw materials. This could represent an important increment in the production costs, but
problems of this type are solved building many production processes integrated into one

biorefinery.

Generally processing plants includes high levels of automation and import of technologies which
include external support. Considering this, the new number of employments counts with

supervisors for technical support in the new processes, including specialists for PHB and
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anthocyanin production. All of the calculations only counts for employments when the project is
all finished. Also no employments are considered in the administrative departments, which is one
of those that represent the larger employment opportunities. Nevertheless, a general and
administrative cost counts for administrative employees indirectly. On the other hand employees
generated in the start-up period of the process are considered in the depreciation of capital, for
instance the related jobs in the civil works, pipelines, isolation, electric works and instrumentation
among many others. Given this, Table 4-5 show the production cost per product for each of the

social settings mentioned.

For all the scenarios, in the sugar process, the cost of raw materials is greater than 69 %, because
the higher cost of sugarcane. This can be reflected in the production of fuel ethanol and PHB from
cane juice where the cost of raw materials is much greater than when using bagasse. Table 5 show
that there is an evident reduction in the production cost of ethanol and PHB when bagasse is used,
as a significant reduction of production cost of sugar when greater juice proportion is considered,
as the case of scenario one, two, seven and eight. However, the cost of producing sugar is high and
only is feasible for the base case (first scenario). This can be explained because the biorefinery
location is different to that for the current base case, and it is evident the influence of the
transportation price for the scenarios with location in Caldas. Given this Caldas region is not
suitable for sugar production, but may represent an interesting location for obtaining other products
such as ethanol, PHB and anthocyanin in an integrated biorefinery, it could be expected that the
incomes of the other products can "subsidy” the sugar production.

Table 4-5:Cost estimation of biorefinery products.

Item Sc1l Sc 2 Sc3 Sc4 Sc 5 Sc 6 Sc7 Sc 8
Sugar US$/kg
Total Cost 0.5509 0.3169 0.7628 0.5011 0.7628 0.5011 0.6717 0.4100

Sale price/Total

production cost 0.7624  1.3255  0.5506 0.8381 0.5506 0.8381 0.6253 1.0244

Ethanol US$/L

Total Cost 16029 12691 10501 06857 10020 06542 04155  0.3250

Saleprice/Total 2236 9771 11808  1.8084 12375  1.8953 29841  3.8149

production cost ' ) ) ) ) ' ) )
PHB US$/kg

Total Cost 26673  1.9898  2.6673 19898 21228  1.8458

Sale price/Total

production cost 1.1697 1.5680 1.1697 1.5680 1.4698 1.6903

Anthocyanin US$/kg

Total Cost 5.6052 5.2487 5.6052 5.2487 6.5194 6.1629

roduction oot 124883 133366 124883 13.3366 107371 113582
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The production cost of anthocyanins is equivalent for the second to eight scenarios, since both are
produced from the same amount of cane juice. Anthocyanin production cost is higher, but lower
compared with the sales prices listed in the Table 3-1, with the highest sale price to total
production cost ratio (see Table 4-5). On the other hand, the sale to price to production cost ratio
for PHB is higher in the eight scenarios. However, for both scenarios this ratio is above to the
unity, representing the feasibility of the production of PHB. But given the distribution shown in
Table 4-1, and assuming the transportation cost of the raw materials it is marked that the
production cost is lower in the third scenario due to the usage of cane bagasse as feedstock for
PHB and Fuel ethanol processes.

This notorious decrease in the raw materials cost is related to the second generation transformation
into sugars. In this way, the influence on the production cost is higher, because the production cost
associated to energy supply is supported in part by cogeneration systems and a fraction by external
supply (cooling needing). It is very important to show that the energy production cost is not
included in the analysis, since these are distributed in the production cost for each section,
especially taking into account the depreciation of capital and savings in energy consumption.
However, the remaining power is harnessed for commercial sale. To illustrate the contribution to
sales of each product, Figure 4-3 shows percentage of contribution to sales of each product in the
biorefinery for both scenarios. As shown in Figure 4-3, the products with major contribution to
sales are the anthocyanins and fuel ethanol. Anthocyanins with low production volume and high
sale prices account for most of the biorefinery sales, and ethanol production at high volume and
low prices also represent a high contribution to sales of products in a biorefinery. Sugar reflects an
increase in the contribution to sales for the seven and eight scenario due to increased productivity

as well as the ethanol.

Last is achieved because production volumes are higher as can be seen in Table 4-1. In addition, a
higher contribution of sugar due to a higher productivity demonstrates a positive way to the food
security, which also plays an important role from the social point of view. PHB contributes with a
very similar fractions for the three to eight scenario, because it similarity on productivity.
Electricity represents a small fraction for the seven and eight scenario, because the electricity
capacity production is lower due to the usage of lignin fraction and cell biomass. However for the
current base case and the second scenario the contribution of electricity on sales is higher because

the cogeneration capacity is higher due to the usage of cane bagasse instead of lignin fraction.
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Figure 4-3: Percentage of product sales in biorefinery scenarios.

After analyzing the production costs and sales contribution from products, a calculation of the
profit margin for each scenario is done based on its possibility to generate jobs. Scenarios number
four, six and eight represents a greater profit margin than others scenarios considered (sc. 1: -14.01
%, sC. 2: 24.43 %, sc. 3: 59.32 %, sc. 4: 71.27 %, sc. 5: 59.65 %, sc. 6: 71.50 %, sc. 7: 60.98 %, sc.
8: 71.59 %) given production costs of each sector of the plant when using cane juice to produce
ethanol and PHB. Another important social aspect to consider is the land requirements to ensure
the needed feedstock for production. In the case of Colombia, the average crop yield per hectare is
93 tonnes (but in the main producing regions is about 120-140). Therefore the sugarcane needed to
cover the biorefinery capacity is 1,725,000 tonnes/year, with a land area requirement of 18,839
hectares. This land requirement represents the 8.6% of the total planted area reported for 2010
[92]. Another important aspect to consider is the fact that many jobs can be created in the crop

fields, which impacts positively the agronomic stage.

Results obtained for the biorefinery configurations showed that most of all configurations were
profitable. In exception to base case located in Caldas which reflects a negative profit margin due
to transportation. Given the comprehensive analysis developed, the recommended configuration
for a sugarcane biorefinery in Colombia is the eight one (location in Cauca Valley region). It
ensures greater capacity of sugar production to keep food security, larger ethanol production for
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the oxygenation programme, acceptable GHG emissions, low stillage effluent and positive social
aspects through job generation. PHB production would open new markets to consider second-
generation feedstocks and anthocyanin production would innovate in the national market. The term
sequence can be easily used for analyzing other combinations of technologies, feedstocks
distribution and inclusion of other products.
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4.1.2. Selection of Process pathways using optimization tools.
Selection of the best technological sequence in a bagasse
based biorefinery

Overview

In this chapter a techno-economic analysis for sugarcane bagasse biorefinery in Colombia case is
made, and an optimization procedure for different conversion pathways as function of feedstock
distribution for fuel ethanol, PHB, and electricity production is presented. In order to evaluate
biorefinery schemes for the two scenarios that include productivity analysis and energy
requirements for each process configuration, a simulation procedure, using Aspen Plus software,
was performed. Also an economical evaluation of each product for each scenario and a comparison
and discussions for technological level for sugarcane bagasse biorefinery in Colombia are
presented. These results served as the basis to draw recommendations on technological and
economic feasibility aspects for the implementation of a biorefinery in Colombia. The study
permitted to identify the best technological configuration to assure a sustainable biorefinery design.
The second generation of biorefineries represents an interesting subject for evaluation because
different uses can be achieved: biofuel production, biopolymer production, bioenergy and some
metabolites that can be extracted from solid matrices [32]. Specifically for the sugarcane case,
some evaluations based on the Heuristic approach have been done using commercial packages as
Aspen Plus, from Aspentech Company.

However, the need of optimizing process pathways that include distributions of feedstocks and
technologies, leads to the formulation of optimization problems in order to determine best
technological pathway, calculating best distributions for feedstock's according to market
constraints, selecting the best technological schemes considering energy and raw materials costs
and also including environmental and energetic constraints [123, 124]. To evaluate the best
technological scheme and raw materials distribution for sugarcane Biorefinery, optimization
formulations were used. Once the best pathway is selected, a comparison is made with current use
of cane bagasse and an arbitrary distribution of a biorefinery to produce fuel ethanol, PHB and
Electricity in the Colombian context. The goal of the all evaluations is to assess technically,

economically and environmentally the proposed scenarios.
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Pathway Selection

The methodology to assess the best technological scheme of sugarcane bagasse biorefinery
consists in different routes that raw materials have to a desire productivity and lessen production
cost according to Colombian conditions. The selection begins with the formulation of the
optimization problem. In this way, an arbitrary selection of three products from cane bagasse was
introduced in order to have different possibilities in an integrated biorefinery, not only electricity
from cane bagasse combustion in current sugarcane milling factories. The selected products are
fuel ethanol that can be produced from fermentable sugars from cellulose and hemicellulose

hydrolysis (glucose-xylose).

Poly-3-hydroxybutyrate (PHB) was included to evaluate biomaterial production in the Colombian
context with special care due to the opportunities to use fermentable sugars as carbon source from
different agro industrial wastes. Also different technologies can be used to produce the named
products from cane bagasse. In order to evaluate the best technological pathway to produce PHB,
Ethanol and Electricity a pathway scheme is shown in Figure 4-4. Also Figure 4-4 includes main
components in sugarcane and processing pathways for intermediate products that are raw materials

for other processes. Technologies are described with numbers with the corresponding explanation.

( Sugarcane Bagasse

Technology
(1) Dilute Acid Hydrolysis.
v (2) Enzymatic Hydrolysis.
(Hemicellulose ) ( Lignin ) (3) Dilute Acid Hydrolysis.
] (4) Combined Cycle-biomass gasification.
(5) Combined Cycle-biomass gasification.

Cellulose

k)
©) ) )

Cerevisiae.
Zymomonas Mobilis.

Zymomonas Mobilis.

Figure 4-4: Sugarcane biorefinery structure for PHB, fuel Ethanol and Electricity production.

Calculation of technological routes yields are based on kinetic models [80, 81, 84, 120, 125, 126]

and simulations performed in Aspen Plus software (see annex I).

(6) PHB production. Glucose Fermentation by Cupriavidus Necatur.
(7) Ethanol Production. Glucose Fermentation by Saccharomyces

(8) Ethanol Production. Glucose-Xylose mixtures by recombinant

(9) Ethanol Production. Glucose-Xylose mixtures by recombinant
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With kinetic models, the yields are calculated in order to use them for material balances in the
formulation of the optimization problem. Table 4-6 summarizes calculated yields for each
technology:

Table 4-6: Technology yields to desired products

Technology Yield Units
1 0.89 g glucose/g cellulose
2 0.75 g glucose/g cellulose
3 0.74 g Xylose/g hemicellulose
4 5108.78 MJ/tonne dry lignin
5 5696.94 MJ/tonne dry bagasse
6 0.31 g PHB/g glucose
7 0.49 g EtOH/g glucose
8 0.47 g EtOH/g glucose
9 0.48 g EtOH/g xylose

Considering that each technological pathway has its own energy requirements a cost is related with
each route. Table 4-7 shows energy requirements per unit of product or intermediate product. Also

energy costs are included in order to account for the formulation of biorefinery optimization

problem.
Table 4-7: Technology energy needs and energy costs
Energy Costs
Technology Energy needs Units (US$/MJ)
Warming Cooling Warming Cooling

4389.06  2936.25 MJ/tonne glucose  6.30*10™*  7.85*10*
219453  587.25 MJ/tonne glucose  6.30*10*  7.85*10%°
8537.12 0.00 MJ/tonne xylose ~ 6.30*10*  7.85*10%°
44010.42 2718493 MJ/Tonne PHB  6.30%10% 7.85%10%
69012.74 27610.29 MJ/Tonne Ethanol 7.68*10* 7.85*10®
71949.45 28785.20 MJ/Tonne Ethanol 7.68*10% 7.85*10%
143238.45 57306.17 MJ/Tonne Ethanol 7.68*10% 7.85%10°%

OO ~NOoO WN K-

Another important aspect to consider is the utility prices per mass unit, as well as, raw materials

costs. Table 4-8 shows the prices used for the formulation of the objective function.
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Table 4-8: Prices used in the economic analysis

Item Unit Price Reference
Sugarcane US$/tonne  35° [127]
Fuel Ethanol US$/L 1.24 [128]
PHB US$lkg  3.12 [93]

Electricity US$/kwh 0.1 [76, 129]

High P'kf;f)am (105 Usstonne  9.86  [130]
Mid P. steam (30 bar) US$/tonne  8.18 [130]
Low P. steam (3 bar) US$/tonne  1.57 [130]

Water UsS$/m®  1.252 [130]

#Price include transportation to Caldas location (35 US$/tonne)
Table 4-9 includes sugarcane bagasse characterization for main components.

Table 4-9: Sugarcane bagasse main composition.

Component  Percentage by weight (%)

Lignin 3291
Cellulose 37.65
Hemicellulose 29.44

Considering the aspects mentioned before, the optimization problem consists in the identification
of the best technological pathway that lessen energy consumption, looking forward to a profit
maximization, which is defined as the difference between product sales and production cost from
raw materials and energy requirements. Accounting this, the formulation of the optimization

problem is shown as follows:

max Z = Z mi pi - [Z mj pj + mbagasse pbagassej (1)

st m,m;, My >0 )
Where m, is the mass and generated work for the products shown in Figure 4-4 and p; is the sale
price for each one; m;is the mass of components that are the basis for energy cost calculation as
shown in Table 4-7 for each technology, and p; is the cost associated with energy consumption for

the proposed sequence as shown in Table 4-8; m corresponds to bagasse mass to be processed

bagasse

expressed in tonne/h and p,,., its corresponding price. Then, Z corresponds to the objective

function to be maximized. In this case, the economical benefit or a well known profit.
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Also the global mass balance is considered in the optimization problem. The other equations to

take into account in the model, with its respective explanation, are:

Myagasse = Mpagasse1-4 T Mpagasse 5 3)
Meettutose = Mpagasse 14 -0.3765 4)
Myemiceliutose = Mhagasse1 4 - 0-2944 (5)
m -0.3291 (6)

Lignin = mbagasse,1—4

Equation (3) indicates the mass of bagasse that is going to hydrolysis treatment to extract its sugar
composition indicated with subscript 1-4. Mass of bagasse indicated with subscript 5 goes directly
to cogeneration system to produce electricity. Equations 4-6 indicate the mass balance
corresponding to bagasse global composition shown in Table 4-9. In order to propose the correct
disjunction to select the appropriate technology, the formulation of a mixed integer programming

(MIP) problem is necessary [131-136]. To do this development, binary variables (X;)and big-M

constraints are used. The problem corresponds to a big-M MIP formulation.

Meenuoser < My - Xy (7
Meetiutose 2 < M, - X, (8)
X, +X,=1 9)
Meetutose = Meettutose1 T Meeltutose,2 (10)

In this model, M; are the ‘big-M’ parameters that render the inequalities (7) and (8) redundant
when X;=0. In the same way, mass balance always has to be satisfied, in this case for cellulose
composition as shown in equation 10. Equations (11)-(13) show the mass balance for glucose
produced in technologies 1 and 2. The method is capable to select whatever of the two
technologies with the formulation for cellulose. The script y corresponds to technology yields and
subscript number the technology shown clearly in Figure 4-4 and Table 4-6. The same procedure is

considered for hemicellulose and electricity treatment (egs. (14) and (15)).

mglucose,l = Y1 Meenuiose (11)
mglucose,z =¥, Megiuiose (12)
mglucose = mglucose,l + mglucose,z (13)
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(14)

mxylose,z = Y3  Myemiceltulose

mEIectricity =Y, mLignin +VYs- mc,5 (15)

Because ethanol and PHB can be produced by the same carbon source (glucose), they are
considered into the optimization problem, which is the best distribution (percentage) of glucose
that has to be sent to ethanol production and PHB production. To account these products in the
formulation, a mass balance is also considered, but no disjunction on distribution is done. In this
way, the PHB and Ethanol production is always assured, and depends exclusively on which is the
desired productivity or variable limits, that depend on the context. Equation (16) considers mass of
glucose going to PHB production (subscript 6) and mass of glucose going to ethanol production

(subscript 7 and 8, because two possibilities exist):

mglucose = mglucose,S + mglucose,?—s (16)
And PHB production, with yield for technology 6:
Mpyg = mglucose,ﬁ Y (17)

As it is done for technologies 1 and 2, for ethanol production two possibilities were considered

(different fermentative microorganism). Then, the formulation is similar and it is shown as follows:

mglucose,7 < IVI7 ' X7 (18)
mglucose,s < MS . XS (19)
X, + X, =1 (20)
mglucose,7—8 = mglucose,7 + mglucose,8 (21)

Equations (22) to (25) show the mass balance for ethanol produced in technologies 7 to 9 (also
considering xylose fermentation). Finally equations (26) to (28) consider the limits for each the
optimization problem, accounting which are the limits to be competitive in the market and
including the needs for the bioenergy and biofuel sector, to contribute directly in the gasoline
oxygenation program by second generation biorefinery in the Colombian context. Here is
important to do emphasis that raw material is an optimization variable that is calculated depending

on the goals of the biorefinery productivity.

m m (22)

Ethanol,7 = glucose,7 ' y7
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Methanol 8= mglucose,s “Ys (23)
mEthanoI,Q = mxylose,g Y (24)
mEthanoI = mEthanoI,7 + mEthanoI,S + mEthanoI,g (25)

Productivity restrictions:

PHB production: lower 25 tonne/day, upper 40 tonne/day. In the model, for unit consistency, the
data are expressed in tonne/hr.

1.04 <m,,; (tonne/h) <1.67 (26)

Ethanol production: lower 160000 L/day, upper 300000 L/day. In the model, for unit consistency,
the data are expressed in tonne/hr.

5.36 < Mgy, (tonne/h) <10.05 (27)

Electricity production: lower 40 MW, upper 55 MW. In the model, for unit consistency, the data
are expressed in MJ/hr.

144,000 < Weoeyier, (M3 /h) <198,000 (28)

lectricity

Once the model of the optimization problem is obtained, the commercial package GAMS
platform [137], with baron solver [137], that is capable to solve MIP and MINLP problems, was
used. After solving the model with distribution and best technologies and analysis of the
Colombian case, an arbitrary distribution (without optimization), and its optimized structure, were
evaluated with Aspen Plus software. This contributes to a validation of the model of the
optimization problem. Besides of this, an economic analysis was made in order to validate that the
method, with relative low information, assures the correct technology and materials distribution

that finally depend on the evaluation context.

Solution of the Optimization model

One of the most important things to consider is the retrofit and the direct relation of the
optimization approach with the conceptual design approach. As mentioned before, the results
obtained from the optimization problem are the basis of the conceptual analysis. To do more
illustrative the results of the optimization problem, Figure 4-5 considers the best pathway. In the

same mood, Table 4-10 shows results of the optimization variables.
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Figure 4-5: Best technological pathway from optimization model in a sugarcane bagasse

biorefinery

As can be seen in Table 4-10 when binary variable are zero, the variable that corresponds to that
pathway is zero as well (technologies 2 and 8). The results show that it is profitable to obtain
ethanol by fermentation of xylose and glucose separately, which leads an interesting design. Also
the results show that the productivity for fuel ethanol, PHB and electricity corresponds to the upper
bound in equations (26) to (28), calculating which is the fraction or the amount of cane bagasse to

be processed. In this way, objective function is always positive and profits can be assured.

Process Simulation

Three processes were evaluated in the Colombian base case, which consist on bagasse
cogeneration that was compared with future scenarios. One of those, with an arbitrary distribution
of materials and xylose-glucose fermentation in the same bioreactor and only energy generation by
lignin and no bagasse fraction. The other scenario is the optimized configuration resulting from
optimization problem described above, with the main difference, that this one considers a further
assessment with the inclusion of the entire raw materials and all technical assessment, including
downstream processes and pretreatments, and waste treatment in order to reduce environmental

impact.

Table 4-10: Solution to the optimization problem model.
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Variable Value Units
Mpagasse 68.0364  Tonne/h
Myagasse1-4 47.2152  Tonne/h
Myagasse,5 20.8212  Tonne/h
Xy 1 -
X, 0 -
Meeitutose » Meelutose 1 17.7765  Tonne/h
Meeitutose, 2 0 Tonne/h
My cose» Malucose,, 15.8211  Tonne/h
My1ucose.6 5.3871 Tonne/h
X7 1 -
Xs 0 -
Myiucose,7-8 Mgiucose,7 10.4340  Tonne/h
M1y cose,8 0 Tonne/h
Methanot 7 5.1127 Tonne/h
Methanot 0 4.9373 Tonne/h
Mehanol 10.05 Tonne/h
Meectricity 198000 MJ/h
Mg 1.67 Tonne/h
Z 22448.1438 USD/h

Also, energy and mass integration were considered in some level to achieve better performance of
each configuration. Table 4-11 summarizes the production capacity for ethanol, PHB and
electricity according to the simulation procedure mentioned before. A description on each scenario

is shown in Table 4-12.

Table 4-11: Simulation productivity for each configuration

Products Ethanol PHB Electricity
Scenario L/day  Tonne/day MW
Cogeneration 0.00 0.00 123.28
Arbitrary  438041.00 51.65 50.08
Optimized 302881.00  39.92 75.77

" bagasse flow rate = 68.0364 tonne/h
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Table 4-12: Scenarios descriptions shown for the process evaluation in a SCB based biorefinery.

Scenario

Products

Name

Comment Top

Secondary

Technology

Distribution

Cogeneration

Second
generation.
Cogeneration

Electricity

Ash

Cogeneration: Combined Cycle.

Cogeneration: Dry cane bagasse
Ash: Solid fraction cogeneration process.

Cellulose Hydrolysis: Sulfuric Acid
4% viv.
Hemicellulose Hydrolysis: Sulfuric

Ethanol Production: 70 % of glucose from
cellulose hydrolysis from cane bagasse and
100% of xylose from hemicellulose hydrolysis

Second Acid 4 % viv from bagasse.
generation Fuel Animal oIy . . PHB Production: 30% of glucose from
. P Ethanol Production: Continuous .
Arbitrary biorefinery. Ethanol  feed . cellulose hydrolysis.
R . - Bioreactor. S . I .
distribution ~ Based in Electricity Ash . Cogeneration: Residual lignin from hydrolysis
- Zymomonas Mobilis. .
Cane PHB Fertilizer S . and cell biomass from C. Necator
PHB Production: batch bioreactor. . . e L
bagasse. . Animal feed: By-product of water purification
Cupriavidus Necator. g " .
oo . Ash: Solid fraction cogeneration process.
Cogeneration: Combined Cycle. A .
S s ; Fertilizer: Stillage concentration from ethanol
Fertilizer: Stillage concentration. .
production.
Ethanol Production: 66.58 % of glucose from
Cellulose Hydrolysis: Sulfuric Acid cellulose hydrolysis and 100% of xylose from
4 % viv. hemicellulose hydrolysis from the 69.4 % of
Second . . .
eneration Hemicellulose Hydrolysis: Sulfuric cane bagasse.
giorefiner Fuel Animal Acid 4 % viv. PHB Production: 33.42 % of glucose from
. Y. Ethanol Production: Continuous cellulose hydrolysis of the 69.4 % of cane
Optimized Based in Ethanol  feed .
A - Bioreactor. bagasse.
distribution  Cane Electricity Ash . . . - .
bacasse PHB Fertilizer Zymomonas Mobilis. Cogeneration: Residual lignin from hydrolysis
gasse. PHB Production: batch bioreactor. and 30.6% of cane bagasse
Optimized . . . A
distribution Cupriavidus Necator. Animal feed: By-product of water purification

Cogeneration: Combined Cycle.
Fertilizer: Stillage concentration.

Ash: Solid fraction cogeneration process.
Fertilizer: Stillage concentration from ethanol
production.
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As shown in Table 4-11 when no optimization is done, productivity is higher for ethanol and PHB,
but is lower for electricity supply. For the optimized scenario, the production is very near to that
calculated in the optimization problem. For example, the upper limit of fuel ethanol in the problem
solution was 300000 liters per day (10.05 tonne/h) and for the optimized configuration 302881
liters per day which is very close. Also for PHB is kindly minor but also very close. Electricity
yield is low because in the simulation procedure biomass generated by Cupriavidus Necator in

PHB fermentation was also included for cogeneration and the yield increase is significantly.

Economic Evaluation

A goal of the economic assessment is to evaluate the total production cost and the income by
product sales. In this way, the total production cost of electricity is calculated per MJ generated for
the Colombian base case (sugarcane bagasse cogeneration), and ethanol and PHB production costs

were calculated for the other schemes.

Is important to take into account that energy generated by biomass fired systems, for the arbitrary
and the optimized scenarios, was considered as a saving in utilities supply in total production cost
for both PHB and fuel ethanol. Indeed Table 4-13 to Table 4-15 shows the production cost of

electricity, fuel ethanol and PHB respectively.

Table 4-13: Total production cost of one MJ by sugarcane bagasse cogeneration

Costand  Electricity

tem Share (%) US$/MJ

Raw Materials Schzsrte 05?90786

Operating Labor S(ﬁ;srte 000(1)30

Utilities SCthrte 060.880

Operating Charges, Plant Overhead, Maintenance Schzsrte 0202g6
General and Administrative Cost S(il(;ite 052.19281
Depreciation of Capital Schzsrte 01-293276

Cost 0.0229

Total Share 100.00
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As can be seen, for all scenarios PHB production cost is higher than sale price. The most impact on
total production cost is utilities, especially in the downstream processes which generally require a
large amount of energy. Nevertheless, the minor production cost of fuel ethanol and the important
contribution of electricity on sales can subsidy completely the other products and also feasibility
can be achieved. Figure 4-6 shows the sale production cost to sale price ratio for each product in
order to make clarity on profitability of the project. On the other hand, Figure 4-6 shows the share
on sales of each product for each scenario.
Table 4-14:Total production cost of one ethanol liter

ltern Cost and Ethanol US$/L
Share (%)  Arbitrary  Optimized

Raw Materials Cost 0.1322 0.1931

Share 23.75 34.01

Overatina Labor Cost 0.0005 0.0008
perating Share 0.09 0.13

Utilities Cost 0.2834 0.1351

Share 50.92 23.78

. . Cost 0.0078 0.0122
Operating Charges, Plant Overhead, Maintenance Share 1.40 5 15

. . Cost 0.1015 0.1781

General and Administrative Cost Share 18.04 31.36

. . Cost 0.0312 0.0486
Depreciation of Capital Share 5 60 8.56

Total Cost 0.5565 0.5679

Share 100.00 100.00

Table 4-15: Total production cost of one PHB kilogram

ltem Cost and PHB US$/kg
Share (%) Arbitrary Optimized
Raw Materials Cost 0.3611 0.4837
Share 9.12 14.53
. Cost 0.0045 0.0058
Operating Labor Share 0.11 0.17
Utilities Cost 2.4044 1.0251
Share 60.69 30.80
. . Cost 0.0661 0.0928
Operating Charges, Plant Overhead, Maintenance Share 167 579
. . Cost 0.8613 1.3518
General and Administrative Cost Share 2174 40 62
. . Cost 0.2644 0.3690
Depreciation of Capital Share 6.67 11.09
Cost 3.9618 3.3281

Total Share 100.00 100.00
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Figure 4-6: Sale price-total production cost ratio for each product in the different scenarios.

As can be seen in Figure 4-6, when the optimized scheme was consider the ratio of sale price-total
production cost is lower. This depends on the energy cost and the total production volume. On the
other hand, when electricity production is higher, more is the benefit for the entire biorefinery, but
only coupled with other products (not as a single product). Last is due to more sales on electricity
can be assured as shown in Figure 4-7. Nevertheless, a self sale of electricity is not capable to
achieved the same profit margin when a multiproduct biorefinery is considered, because a
multiproduct portfolio enhance raw material prospective and contributes to different sectors with
different market values and restrictions. Also the criteria using cellular biomass (Cupriavidus
Necator) is the increase of electricity yield. As a result economic incomes increase the
profitability.

120

100

80

60

Share %

40

20

Ethanol Electricity PHB

Cogeneration M Arbitrary ®Optimized

Figure 4-7: Share on sales of each product for the different scenarios on a sugarcane bagasse
based biorefinery.
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Another criteria to calculate the feasibility of the entire biorefinery, is the combination of the total
production cost of all products directly related with the sales of all of them. Thus a profit margin
can be included as the relation of sales and total production cost, in contrast with the term benefit
used in the formulation of the optimization problem. In this way, Figure 4-8 shows the profit
margin for all biorefinery for each scenario. As can be seen the scenario with the larger profit
margin is the third one, because the distribution decision and technology selection was the
appropriate one, and optimization problem is validated by a better economical income and a very

prediction agreement with large simulations.
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Figure 4-8: Profit margin for all scenarios in a sugarcane bagasse based biorefinery.

On the other hand, one of the most important aspects to consider in a biorefinery design is the
global environmental impact combined with the economics and social point of view. Nevertheless,
because an integration of waste materials is considered, for example (C. Necator), and in the
stillage concentration for fertilizer production a lessening on the environmental impact is expected,

a further environmental analysis is considered.

Environmental Evaluation

The environmental evaluation is based on the criteria of the impacts named in the methodology
item. The three scenarios were evaluated. The results of the environmental impact per kilogram of
products are expressed in Figure 4-9. The results show that the most friendly configuration is when
only cogeneration is considered, and followed by the optimized configuration and the arbitrary
one. For the scenario which only cogeneration is included, the impacts that most contribute to the
environmental impact are the acidified and the photochemical oxidation potentials. This because

the mainly emissions are gases and low environmental impact is obtained. For the scenarios which
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acid hydrolysis is included (arbitrary and optimized), more potential impact is generated. This
impact is due to the different intermediate products formed in the reactions steps and so the
detoxification effluents contain different undesired components that significantly affect the total
environmental impact, such as furfural and hydroxymethylfurfural. For these reasons the
environmental impact is higher in these processing routes and the human toxicity by ingestion and
dermal exposition has the highest impacts. So, these categories lead a higher environmental impact
than the base case (cogeneration). Although the environmental impact is no included in the
optimization formulation, the objective function includes the energy cost of each processing route
and the maximization of the benefit includes the routes that lessen the energy consumption. So, in
terms of the optimization problems, the optimized solution presents a minor environmental impact
than the arbitrary distribution (see Figure 4-9). To enhance sustainability, a relation between the
economic impact and the economics should show a profitable description. This relation is
presented in Figure 4-10 and clearly indicates that the best technological scheme, in economical
terms, is the optimized one, but in environmental is the second one. Indeed, the optimized solution
presents a minor environmental impact where an arbitrary distribution is used, confirming and
validating the optimization model. On the other the GHG missions are lower in optimized scenario
as can be seen in Figure 4-11. Last validates a minimum environmental impact and a satisfactory

result.
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Figure 4-9: Environmental impact in a sugarcane bagasse biorefinery.
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Figure 4-11: GHG emissions per scenario in a sugarcane bagasse biorefinery.

The formulation of optimization problems in biorefinery design plays an important role, because it
serves as support in decision making concerning within distribution and selection of the best
technology. In this chapter a study case was presented, where the optimization is a start point in
the design of a sugarcane bagasse biorefinery. In this case a comparison of three different
configurations was considered: a) the bagasse cogeneration, b) an arbitrary distribution and
technology, and c) the optimized scenario. In the last case, the optimized scheme leads to minor
energy consumption, a better profitability and a low environmental impact. This is a consequence

of using the optimization as starting point in decision making for distribution and technology in
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order to maximize economic income by considering energy cost. This procedure confirms that the
relation of the optimization approach must not be far to the conceptual design approach in a

biorefinery calculation.
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4.2. Citrus based biorefinery

4.2.1.Design and evaluation of a citrus based biorefinery:
Influence of process integration strategies on global
biorefinery performance

Overview

Citrus is the most widely produced fruit in the world and it is grown in more than 80 countries
[138]. Brazil leads in citrus production, with more than 18.90 million metric tons of fruit produced
during 2004-05, followed by the United States and China. Brazilian citrus production is oriented
toward processing, while USA citrus production is focused toward processing and the fresh fruit
market [138]. Nowadays Colombia is a smallholder producer compared to Brazil and USA,
nevertheless many expansion possibilities appear in the west zones of the country. Current citrus
production in Colombia is around 187383 tonnes for 2010 [139]. Currently citrus agroindustry in
Colombia is not a well established chain and many opportunities appear. On the other hand, citrus
is one of the most exceptional feedstock to the designing and assessing biorefineries due to its
varied and wide chemical composition as a consequence of its nature. From citrus are obtained a
wide spectrum of products which nowadays are extracted and purified such as essential oils,
antioxidants and other compounds with added value as pectin. On the other hand, it is important
the production of products for human consumption to guarantee food security, such as of the
concentrated juices factories which has the major producers in Brazil and USA. Given this the aim
of this section is to evaluated a citrus based biorefinery for the integrated production of essential
oil, concentrated juice, antioxidant, citrus seed oil, pectin, xylitol, PHB, ethanol, citric acid, lactic
acid and electricity. The evaluation consist in the influence of energy integration and mass
integration on the economical viability, environmental impact and possible social aspects that

contribute in some way in rural development and food security preservation.

Process description.

In this chapter a proposal of a technological sequence for obtaining 11 products with high added
value from orange and mandarin is shown. The main objective is to purchase the raw material from
the viewpoint on the techno-economic and environmental for the integrated production of

concentrated juice, essential oil, antioxidants, seed oil and pectin as products extracted from dry
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fruit. In the same way, the last products are integrated with products based in a platform of sugars
obtained from hydrolysis of the solid wastes; these are the cases of xylitol, ethanol, PHB, citric

acid and lactic acid.

The solid wastes are evaluated in the integration of the cogeneration process in the production of
electricity and heating energy of the plant. With the objective to show the difference between
orange and mandarin as feedstock, Table 4-16 shows the average chemical composition of each

one and Table 4-17 shows the percentage of seed, pulp and peel for both.

Table 4-16: Citrus fruits composition. Adapted as an average from different studies [35, 47, 49,

140-147]
Compound Orange Mandarin
Water 80.70 79.60
Sucrose 0.67 0.72
Glucose 1.48 1.73
Cellulose 4.23 4.40
Hemicellulose 1.84 1.88
Lignin 1.22 1.24
Pectin 3.70 3.92
Ash 0.77 0.79
Palmitic Acid 0.10 0.11
Stearic Acid 0.52 0.56
Oleic Acid 0.36 0.39
Linoleic Acid 0.05 0.07
Protein 1.76 1.88
D-limonene 0.37 0.40
Ascorbic Acid 0.30 0.32
Cryptoxhanthin 0.20 0.22
B-Carotene 0.64 0.68
Hesperidins 0.60 0.58
Naringin 0.25 0.27
Lactic Acid 0.04 0.04
Acetic Acid 0.05 0.05
Citric Acid 0.12 0.13
Propionic Acid 0.03 0.03
P-Coumaric Acid 0.00 0.00
Caffeic Acid 0.01 0.01
Ferulic Acid 0.00 0.00
Total 100.00 100.00

Note: composition includes normalized values for components present in pulp, peel and seeds.
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Table 4-17: Pulp, peel and seed percentages in citrus global composition

Fraction  Orange Mandarin?
Pulp 70.44 68.98

Peel 27.58 28.57

Seed 1.97 2.45

Total 100.00 100.00

 Determined by experimental procedure.

To understand the selected distribution of the process, this sequence in the transformation stages is
explained as follow. The first step is the reception of feedstock in which the entire fruit is received.
After that is carry out a process of pulping in which is separated the fraction of seeds, pulp and
peel. Once these three fractions are obtained, the pulp is used in the concentrated juice plant.
Resulting streams consists in fiber and concentrated juice. The juice stream is commercialized

while the finer stream is used as raw material of pectins plant.

On the other hand, the peel from pulping is sent to the plant for essential oil extraction in which the
volatile fraction present in the peel is extracted. Until now, is evident that the sequence showed
preserves the characteristics and the importance of these products, moreover the applications of
these products in food and pharmaceutics industries require high grade purity. On the other hand,

the solid material remaining of the extraction of essential oil is rich in flavonoids and antioxidants.

Therefore, the solids remaining of the peel are mixed with the solid material from seeds for
obtaining antioxidants and oil from the seeds. The solid material resulting from last processes are
still rich in polysaccharides such as pectin and lignocellulosic complex. Therefore, these
characteristics are exploited in the extraction of pectins. Once the pectin is extracted, a solid
material, liquor rich in polysaccharides and soluble sugars is obtained. This stream is treated in the
sugar extraction plant using acid hydrolysis to produce xylose and glucose as principal products.

From here, five products are derived based on the platform of pentoses and hexoses.

The xylose obtained in the acid hydrolysis is sent to the xylitol production process. This represents
a technological challenge because the incorporation of products derived from xylose obtained in
pretreatment processes of lignocellulosic material has been little studied. On the other hand, from
glucose can be obtained a great variety of products derived from the Kreps cycle, therefore, the
liquor rich in glucose is divided, 20% of the glucose is used in the production of ethanol.
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Nevertheless, great volumes of alcohol for the oxygenation programs are required and this is not
the aim of this biorefinery. However, it satisfies the requirements of ethanol in other plants of the
biorefinery such as extraction of pectins, xylitol crystallization and lactic acid production.

However, an important fraction of ethanol can be recovered and commercialized.

Another 20% of the glucose is used for the PHB production to supply the demand of biopolymers
in Colombia according to the same case of sugar cane. The remaining 60% of the glucose is
separated in equal fractions (mass fraction) for the production of lactic acid and citric acid as
products derived from sugars with a high added value and industrial applications. Citric acid is
produced with the main purpose to guaranteed the needing this acid in the same plant. Therefore, a
fraction produced is integrated to the extraction of pectin. However, considering an internal mass
integration, an interaction between streams is observed. In this way, an important fraction of citric
acid is commercialized. Finally, the liquor remaining is sent toward the process of lactic acid

production which is completely used to sales.

An important aspect to take into account in the development of the biorefinery is the treatment of
wastewater to evaluate further the scenarios resulting from the recovery of water and recycle it
toward other plants. On the other hand, it is important to consider the energy requirements for this
scheme in which, an scenario with integration of all solid waste obtaining in different processes
(lignin and cellular biomass from fermentations) in the cogeneration system are evaluated. Finally,
in the description of scenarios it is considered the effects of mass and energy integration. Figure
4-12 shows the simplified process block diagram for a citrus based biorefinery. Hereinafter, just

for understanding the processing sections are named as plants.
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Figure 4-12: Simplified block process diagram for a citrus based biorefinery. Dot lines describe

integrated streams. Yellow blocks represent products.

Essential oil Plant

Essential oil extraction from citrus peel is carried out using a supercritical fluid extraction (SFE)
process. Extraction with supercritical fluids using dioxide of carbon is very attractive because the
solvent is not toxic and a green concept can be included. The process is carried out at low
temperatures that decrease the thermal degradation of the compounds [148]. The dry and mill peel
is feed to an extraction column in countercurrent flow with supercritical CO2 (SC-CQO2). The
process is carried out at 125 bar and 40 °C. The efficiency of the (SFE) process strongly depends
on system pressure and temperature [148]. At low densities (< 230 kg/m3) the selectivity between
monoterpenes and oxygenated compounds is quite high but the oil solubility is low. Therefore, a
high oxygenated concentration and recovery can be obtained, but high values of the solvent to feed
ratio are required resulting in disadvantageous process economics. The depressurization process is
carried out in three separator column in order to minimize the essential oil looser due to quickly

separation. The recovered CO; is recycled to the process and mixed with fresh CO..
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Antioxidant Plant

Antioxidants are obtained using supercritical fluid extraction (SFE). Both the peel citrus waste
from essential oil plant and citrus seed are used as feedstock. First, the seed is dried and then
mixed with citrus peel waste. Secondly, the mixed stream is packed into an extractor unit with an
85% aqueous ethanol solution as co-solvent (CS). The supercritical CO, (SC-CO,) is admitted into
the system keeping the relation between the solvent mass (S) and the solid mass (F) constant and
equal to 50. The process is carried out at 40°C (a reasonable value to preserve thermolabile
compounds) and 350 bar. During the simulation of the SFE process the fresh fed CO, stream is
taken to supercritical conditions at 350 bar and 40 C. Then, the CO, stream at the operation
temperature is fed to the extractor at a solid ratio of 40:1 (COy/mass solid) [75]. The
depressurization process is carried out at 20 °C and 1 bar in a separator column thus allowing the
separation of CO, from the product-co solvent mixture. The recovered CO, is recycled to the
process and mixed with fresh CO,. The extract obtained from the depressurization process is
concentrated using ultrafiltration membrane and is obtained in retentate stream rich in protein. The
permeate stream is feed to nanofiltration membrane to obtain an antioxidant rich fraction in

retentate stream and oil seed in permeate stream [149].

Pectin Plant

The pectin process extraction is carried out by heating the feedstock of dry powdered both from
seed waste and fiber pulp of citrus in a reactor with acidified water (citric acid) at 80 °C. The pH of
the process is adjusted at 2.5 [150]. The stream from the reactor is filtered to remove impurities and
concentrated by evaporation to one fifth of the initial volume with a vacuum column. The pectin is
precipitated from the dispersion by the addition of the equal reduced volume of 96% w/w ethanol.
The coagulated pectin obtained is washed with ethanol 70% w/w to remove mono- and
disaccharides. The resultant pectin is dried in a vacuum oven at 40 °C and it is milled. Finally, the

ethanol resulted in evaporation step is recycled to the process and mixed with fresh ethanol [151].

Xylitol Plant

Xylitol is produced using the stream of xylose from sugar plant which is preheated at 121 °C. After
that and is carried out a inoculation and, then oxygen is added to the fermentation process and the

temperature is decreased. The xylitol is produced together with CO, which is separated in the top
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of the fermentor. Fermentation conditions are based on the work reported by Mussato, et al. [86].
After fermentation, Candida guilliermondii is filtered and the temperature is increased at 40 °C and
a flash operation is used to concentrate the xylitol obtained. After evaporation, ethanol is added to
increase the insolubility of xylitol and carry out crystallization at 5 °C [152]. Finally, the xylitol is
centrifugated and is obtained with 1 in mass fraction. The ethanol remaining is separated of the

polyol molasses and it is recycled to the process after a purge.

Citric Acid Plant

Citric acid is produced using 30% of the glucose obtained in the sugars plant in which a hydrolysis
process is carried out. The glucose rich hydrolysate is mixed with water and preheated at 121 °C
and is autoclaved and mixed with oxygen, then the temperature is decrease at 30 °C. Fermentation
yields are based on the work shown by Ikram-ul, et al. [111]. The fermentation is carry out using
Aspergillus niger which produced citric acid CO, and hydrogen is small amount, these last two
components are separated from the fermentor while the remaining stream is preheated at 70 °C and
the microorganism is filtered and separated. Proteins are precipitated from the stream containing
citric acid at 70 °C and the remaining stream is mixed with calcium hydroxide to carrying out the
follow reaction an obtain calcium citrate at 95 °C.

3Ca(OH), + 2C,H,0, — Ca,(C,H.0,), + 6H,0

Calcium citrate is filtered and is sent to a reactor to obtain citric acid again at 70 °C using sulfuric
acid according to the following reaction:

3H,S0, +Ca,(C,H.0,), — 2C,H,0, +3CaS0,

After that, calcium sulphate is filtered and carrying out to at 15 °C and the remaining stream is sent
at 40 °C and is separated from sulfuric acid and glucose remaining. Water is evaporated from the
citric acid stream and is recycled to the process while the stream of citric acid is sent to a
crystallization process at 38 °C, here calcium citrate is obtained in solid form and it is separate
from citric acid by mean of filtration. Finally, citric acid is dried and obtained with 1 in mass

fraction. Downstream processing is base on description shown by Gluszcs and Ledakowicz [153].
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Lactic Acid Plant

Lactic acid is obtained from 30% of the glucose obtained in sugars plant. Glucose is preheated at
121 °C and autoclaved at this temperature. Fermentation process is carried out using Lactobacillus
delbrueckeii at 37 °C. The products from this fermentation are preheated at 50 °C and the
Lactobacillus delbrueckeii is filtered and separated. Fermentation conditions were adapted from
the work presented by Mussato, et al. [87]. Calcium hydroxide is used to obtain calcium lactate by

mean of the following reaction:

Ca(OH), +2C,H,0, —> CaC,H,,0, + 2H,0

Production of calcium lactate is carried out at 50 °C and water is separated by mean of filtration.
Calcium lactate is mixed with ethanol from ethanol plant to decrease the solubility in water and

obtain lactic acid using sulfuric acid by mean of the following reaction:
CaC,H,,0, + H,50, - CaSO, +2C,H O,

After that, the calcium hydroxide is filtered and separated from lactic acid stream. Then, majority
of water and impurities are removed from lactic acid in ethanol solution in a ion exchange resin
column. After this, the liquor is passed through an adsorption column packed with activated
charcoal. This step helps in almost a total removal of water and impurities. Lactic acid rich liquor
in ethanol is directed to a distillation tower obtaining lactic acid from bottoms at 0.998 in mass
fraction and ethanol at 0.997 in mass fraction from the top of the tower. Downstream processing

involves a combination of procedures reported by Joglekar, et al [154] and Pal, et al [155].

Ethanol Plant

Fuel ethanol production process can be described in four stages according to reports made in
previous work [74]. The first stage is pretreatment; the second one corresponds to hydrolysis, the
third one to fermentation and a fourth one to separation and ethanol dehydration. Ethanol is
obtained from 20% of the glucose from sugars plant. The stream of glucose and water is preheated
at 121 °C to autoclaved and then fermentation is carrying out at 35 °C using Saccharomyces
cerevisiae. After the fermentation stage, the culture broth containing approximately 7-10% (w/w)

of ethanol is taken to the separation zone which consists of two distillation columns. From the
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fermentation, CO, is separated as well as the microorganism using a filter. In the first distillation
column ethanol is concentrated nearly to 50-55% by weight. In the second column, subsequently
the liquor is concentrated until the azeotropic point (96% wt) to be led to the dehydration zone with
molecular sieves for obtaining an ethanol concentration of 99. 7% by weight [156]. The main
liquid effluent from the fuel ethanol process, the stillage, is evaporated up to a 30% concentration
of solids. This procedure is done because there can be many problems in soil content when all
stillage volume is directly sprayed into the fields due to super saturation of phosphorus and other
elements in soil as reported previously for Colombia [157]. The remaining water from molecular
sieve is mixed with the bottoms of the rectification column and with the water from stillage
flashed. The bottoms from flashed stillage are mixed with Saccharomyces cerevisiae separated

after the fermentation .

PHB Plant

PHB is produced using 20% of the glucose from sugar plant. Glucose is diluted and preheated at
121 °C and it is autoclaved at this temperature. Then, oxygen is mixed and sent to a fermentation
process at 37 °C using Cupriavidus necator (Ralstonia eutropha) which is able to assimilate
different carbon sources (in this case glucose) producing CO, and PHB, the fermentation
conditions are based on previous studies [84]. Once the fermentation is done, the process follows a
digestion which consists of cell lysis with chemical agents such as sodium hypochlorite assisted by
temperature [112]. Once the biopolymer is extracted, residual biomass is separated by
centrifugation and shipped as a solid residue for cogeneration systems. The resulting solution after
centrifugation is washed in order to remove impurities to finally remove water by evaporation and

spray drying to obtain PHB approximately at 1 in mass fraction.

Cogeneration System

Cogeneration can be defined as a thermodynamically efficient way of use energy, able to cover
complete or partially both heat and electricity requirements of a factory [158], [114]. Combined
production of mechanical and thermal energy using a simple energy source, such as oil, coal,
natural gas or biomass, has remarkable cost and energy savings, achieving operating also with a
greater efficiency compared with systems which produce heat and electricity separately. If a
cogeneration system is based on biomass or its residues, this system is known as biomass fired

cogeneration. Most of biomass fired cogeneration plants are allocated at industrial sites
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guaranteeing a continuous supply of feedstock. Common examples are sugar and/or ethanol plants
and paper mills. Additionally, the electricity surplus generated by biomass fired cogeneration
projects, could be used in rural areas close to production site, increasing the economic viability of
the project [158].

For this study the technology used for cogeneration is the biomass integrated gasification
combined cycle (BIGCC) [159] Basic elements of BIGCC system includes: biomass dryer,
gasification chamber, gas turbine, heat steam recovery generator (HRSG) [160]. Gasification is a
thermo-chemical conversion technology of carbonaceous materials (Coal, petroleum coke and
biomass), to produce a mixture of gaseous products (CO, CO,, H,O, H,, CH,) known as syngas

added to small amounts of char and ash.

Gasification temperatures range between 875-1275 K [118]. The Gas properties and composition
of syngas changes according to the gasifying agent used (air, steam, steam-oxygen, oxygen-
enriched air), gasification process and biomass Properties. Syngas is useful for a broader range of
applications, including: direct burning to produce heat and power or high quality fuels production

or chemical products such methanol [119].

Heat recovery steam generator, is a high efficiency steam boiler that uses hot gases from a gas
turbine o reciprocating engine to generate steam, in a thermodynamic Rankine Cycle. This system
is able to generate steam at different pressure levels. According to process requirements a HSRG
system can use single, double or even triple pressure levels. Each HSRG section is integrated by:
Economizer, where cold water exit as saturated liquid. Evaporator where saturated steam is
produced and Superheater, where saturated steam is dried, overheating it beyond its saturation
point. Citric bagasse and biomass from citric acid, ethanol, PHB, lactic acid and xylitol plants were

used in cogeneration system.

Citrus based biorefinery scenario description

For the evaluation of citrus based biorefinery twelve scenarios were included (Six scenarios for
orange and other six for mandarin as feedstocks). Scenarios follow the technological description on
distribution shown above. The evaluation of the scenarios consist on the impact of energy

integration, mass integration and energy integration plus cogeneration systems. Each of the
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technological proposals are evaluated from the technical, economical and environmental point of
view. For all scenarios feedstock consist in 100 tonnes/h of fresh citrus fruit (for orange and
mandarin) (equivalent to 800000 tonnes/year for a working year of 8000 hours). Feedstock
quantity is very large in proportion to the current Colombian plantations, representing around the
430% of Colombian productivity, which is very low and not competitive in the World market.
Nevertheless, this is an interesting opportunity to show that potential citrus crops can be expanded
and job generation through crop plantations leads to an interesting social benefit. On the other
hand, for well established citrus agroindustry chains in countries as Brasil (Sao Paulo) and USA
(Florida), the biorefinery configuration described previously may help in integral residue uses and
different processing sequences in contrast to the current ones. In this way, feedstock flowrate
represents the 4.42% of total production in Brazil and 10.69% of total citrus production in USA.
Therefore the results shown in this chapter can be extended to Brazil and USA as the most

important worldwide referents.

Considering the mentioned above, scenario description takes into account three levels of energy
integration, and two levels of mass integration. The combination of these levels makes the six
scenarios per feedstock (orange and mandarin) obtaining 12 scenarios. The energy integration
levels consist in a first level were no energy integration in the biorefinery is considered, a second
level includes full energy integration based on the composite curves which relates hot and cold
stream in the process, but in this level no cogeneration system is coupled with the biorefinery
system. A third level consist in full energy integration plus cogeneration from solid residues as
lignin and cell biomass from fermentation processes. Last is based on process flowsheet where cell
biomass from fermentations is used as feedstocks in cogeneration plants as shown by Moncada, et
al [11].

Mass integration levels consist in a first level where no mass integration is done for water. The
second level includes a water treatment section where water from different processing plants are
recovered and recycled. To a better understanding of scenario description Table 4-18 shows the

combination of the different levels to build up the scenarios for both feedstocks.
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Table 4-18:Scenarios generated through the combination of energy and mass integration

possibilities

Energy Integration Level Mass integration Level Feedstock

No Full Full No Full

integration integration lntegratlo_n integration Integration
cogeneration

Orange  Mandarin

X X Sc-1 Sc-7
X X Sc-2 Sc-8

X X Sc-3 Sc-9

X X Sc-4 Sc-10
X X Sc-5 Sc-11

X X Sc-6 Sc-12

Technical evaluation

Simulations of both feedstock distributions were used to generate their respective mass and energy
balances sheets, which are the basic input for the technical, economical and environmental
analysis. Table 4-19 shows the production of each principal product and it respective yields per ton
of fruit (Orange and mandarin). This table presents clearly the volumes of production and yields
which not change between the different scenarios to each fruit. The last fact is due to the fixed
distribution showed above. However, to the scenarios that consider cogeneration of energy,
electricity appears as a new product. From the viewpoint of production volume, the difference
between orange (sc 1 to sc 6) and mandarin (sc 7 to sc 12) is important because the subtle changes

are due to the little variations over global composition.

On the other hand, the analysis of the biorefineries is centered in the influence of the energy
integration and mass integration. In this way, one of the priorities in the evaluation is the
determination of the energy requirement according to the description of the scenarios. Considering
this, the Figure 4-13 shows the energy requirements of the three levels of integration with their
respective raw materials. This figure presents clearly the gradual decrease of total consumption of
energy, this situation represents a decrease of costs and environmental impact due to the external
fuel used. The data showed in Figure 4-13 corresponds to the required energy for the heating and
cooling fluids, however, doing the corresponding energetic integration, the targets are determine
over the reductions on heating and cooling utilities. For the orange case, when a scenario with full
energy integration without cogeneration appears, the total saving in energy needs is 96.72% for

cooling fluids and 41.76% for heating fluids. For the mandarin case, the saving consists in 94.72%
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for the cooling fluids and 43.73% for the heating fluids when full energy integration is present
without cogeneration. Due to these greater savings an important decrease is observe in the total

energy requirements.

Table 4-19:Biorefinery production volume by product. Yield per tonne of fruit.

Productivity

Sectors E.Oil Ant S.Oil Pect. Elect. C.Acid PHB L.Acid Eth. Xyl.  C. Juice
Production T/day T/day T/day T/day MW T/day T/day T/day L/day T/day T/day

Scl-Sc4 791 865 2113 7504 0.00 13.34 1056 37.56 14074.39 24.95 245.77
Sc2-Sch5 791 865 2113 7504 0.00 13.34 1056 37.56 14074.39 24.95 245.77
Sc 3-Sc6 791 865 2113 7504 748 1334 1056 37.56 1407439 24.95 245.77
Sc7-Sc10 711 8.03 19.13 7404 000 1321 1056 37.56 13974.39 24.68 252.18
Sc8-Sc11 791 865 21.13 7504 0.00 1321 1056 37.56 13974.39 24.68 252.18
Sc9-Sc12 791 8.65 2113 7504 778 1321 1056 37.56 13974.39 24.68 252.18

Yield

Sectors E.Oil Ant  S.Oil Pect. Elect. C.Acid PHB L. Acid Eth. Xyl.  C.Juice
Unit/citrus T kg/T  kg/T  kg/T kg/T MJIT kg/T kg/T  kg/T L/T kg/T kg/T

Sc1l-Sc4 330 3.60 8.80 3127 0.00 556 4.40 15.65 586 10.40 102.40
Sc2-Sch 330 3.60 8.80 3127 0.00 556 440 15.65 586 10.40 102.40
Sc 3-Sc 6 330 3.60 8.80 31.27 269.45 556 440 15.65 586 10.40 102.40
Sc7-Sc10 296 334 797 3085 0.00 551 440 15.65 582 10.28 105.08
Sc8-Sc1l 330 360 880 3127 0.00 551 440 1565 582 10.28 105.08
Sc9-Scl2 330 360 880 31.27 280.08 551 440 15.65 5.82 10.28 105.08
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Figure 4-13: Energy requirements based on the different biorefinery heat integration levels for
orange and mandarin.

The percentages of savings were determined finding the optimum pinch point which permits to do
the integrations between different process streams and take advantage of the generated energy in
the process. The Figure 4-14 presents the composite curves for the heating and cooling fluids for
the configuration based on orange. The mandarin scheme is not present because the integration
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levels are very similar to the orange case. Finally, this result is due to the similar processing

conditions for both fruits, because its distribution and technologies are the same.
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Figure 4-14: Composite curves for heating and cooling streams of the configuration based in

orange.

The influence of the energy cogeneration savings is reflected directly over the heating fluids. In
addition of the electricity generated, also high, mid and low pressure steam is produced according
to the requirements of the plant. Once the systems are integrated energetically, the remaining
energy needed is cover by the steam generated in the cogeneration system. This helps to
demonstrate the important influence on process integrations in term of energy in sustainable
biorefineries design. Therefore, the decrease of energy requirements is justified as is showed in

Figure 4-13 with full energy integration coupled with the cogeneration system.

These scenarios have impact over the environmental and economic evaluations which will be
explained later. On the other hand, the mass integration is reflected over the decrease of both,
consume of fresh sources and environmental impact due to the treatment of the organic charge in
the leaving waters of the process. The focus of the mass integration permits the inclusion of the

recovery of the water present in the fruits.

As observed in Table 4-16, the percentage of water in these fruits is approximately 80% which is
very high. In the same manner, one of the discussions over the biotechnological process is the great
volumes of water resources used to the conditioning of the substrates to reach the best conditions

in the fermentations and/or reaction processes. This is the reason why the stillage are concentrated
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and the residual water from the processes of separation of each biotechnological product are

recovered at a high possible level.

Economic Evaluation

To determine the influence of the mass and energy integration on the economic evaluation, the
ratio sale price to total production costs is shown for each of the biorefinery products (Figure
4-15). The impact on the production cost because of energy integration occurs in the utility cost
reduction, whereas the influence of mass integration applies in a drop of the raw material costs.
The influence of capital cost on the total production cost is not significant because the increase in
the mass and energy integration is distributed over all plants in the process. In Figure 4-15, for
each product, a significant increase in the sale price to production cost ratio is observed as the level
of integration increases. For all products the scenario that most increases the ratio is the one with

mass integration and energy integration plus cogeneration.

Elsewhere on the Figure 4-15 it is clear that the relationship of sales on product cost is much lower
for Mandarin based scenarios. This is due to increases in the prices of mandarin in Colombia due
to the low level of domestic production. Similarly Figure 4-15 shows that there are products that
have a sale to cost ratio less than unity (Concentrated juice, citrus seed oil, ethanol for some
scenarios, lactic acid for some scenarios, mandarin essential oil for the scenarios, among many
others), meaning that as single products are not profitable. But other high value-added products
such as the case of antioxidants, xylitol, pectin and others help to subsidize other processes and

products. For all scenarios the product with more value added is antioxidants.
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Figure 4-15: Sale Price to total production cost ratio per product for all scenarios.
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Considering the above, the direct relationship between each of the processes is essential in the
design of biomass based refineries. So to show the overall economic performance of each of the
scenarios, Figure 4-17 shows the profit margin for each. Last is calculated as the ratio between the
sales of all products and the total production for all of them in the biorefinery. As expected, the
behavior is very similar to that for individual products shown in Figure 4-15. The higher profit
margins are obtained in scenarios with the highest level of integration. However it is a notable
decrease in the profit margin when using mandarin as feedstock compared to orange. Last is due to
the high cost of mandarin as explained above. In order to show the contribution on sales of each
product Figure 4-18 shows the percentages for scenarios based on orange and mandarin with and

without cogeneration.
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Figure 4-16: Profit Margin per scenario for the different biorefinery configurations.
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Figure 4-17: Percentage on sales per product for the different citrus based biorefineries configuration.

Environmental evaluation

Another important aspect to consider in the design of sustainable processes is the potential
environmental impact. As mentioned before, the energy influence is reflected in the generation of
greenhouse gases, which holds interests in the potential environmental impact. At this point it is
very important to consider that the energy source to generate steam when no heating or coupling of
energy integration with the cogeneration system is coal. The emission factor presented in kg CO2-e
per TJ of coal is 94600 as the reported in the IPCC guidelines [103].

On the other hand, in many cases, the potential environmental impact generated by the effluent
water is due to the high organic content effluents may have. Considering this, for each scenario the
GHG emissions and the total potential environmental impact per kilogram of products is presented
as the environmental evaluation results. In this way, Figure 4-18 shows kg CO2-e per kg of fruit.
This analysis also considered emissions from the material balance as the case fermentations that
release carbon dioxide. At this point it is important to note that scenarios coupled with
cogeneration systems, the GHG emissions corresponds to the exhausted gas composition leaving
the process. Emission factors for other compounds such as methane, carbon monoxide and nitrogen

compounds are made based on what is reported in the IPCC guidelines [103].
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Figure 4-18: GHG emissions per scenario represented as kgCO2-e/kg citrus.

As it was expected, the scenarios that do not count with energy integration are those which require
a higher consumption. Also the outside selected source for energy (coal) the CO2 equivalents was
increased in comparison to the use of biomass. Last can be reflected in the integration patterns with
high energy level coupling with cogeneration schemes.

Furthermore, the potential environmental impact is affected by both energy levels and by the
disposal of process waste streams. This is why it is observed in Figure 4-19 that as the level of
global integration increases the potential environmental impact decreases, with major contributions

from energy integration and mass integration.
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Figure 4-19: PEI per kilogram of products for all scenarios in a citrus based biorefinery

In this chapter, it is evident that the use of strategies such as mass and energy integration in
hierarchical levels can increase significantly the economic viability when a multiproduct portfolio
is presented. In the same manner, the inclusion of these types of strategies in the design of a
sustainable biorefineries permits to show a significant reduction in the potential environmental
impact. Moreover, the inconvenient presented in processes for obtaining new products is due to the
energy consumption, the low integration and low used of the energy from process streams and
important logistic problems when separated technologies and processes are no integrated into one

biorefinery.

Considering the described above, the best scheme of the process corresponds to the scenarios 6 and
12 for orange and mandarin respectively. On the other hand, it is important to highlight the
possible social impact that can have the generation of these projects which involved an extension
and development of the rural sector such as the case in recommendations in expansion for the

development of this type of biorefineries. In the same way, the food security preservation is
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highlighted as social preoccupation inside the design of the sustainable biorefineries such is the

case of the juice, antioxidant, oils and pectin production among others.
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4.2.2.Experimental setup for a mandarin based biorefinery.
Corroboration of possible processing pathways

Overview

The aim of this chapter is to corroborate different possibilities in processing routes for a mandarin
base biorefinery in an experimental way. At this point it is very important to note that experiments
were not an objective of the Thesis. Nevertheless an important effort to show that Mandarin could
be a potential raw material allows understanding best the second step in de design procedure of a
biorefinery which leads to pilot lab scale demonstrations. The route includes de separation of Juice
considered as an important product, than the integration of the resulting material of citrus (peel,
seeds and pulp fibers) were integrating in different processes as the case of Ethanol production by
fermentation of the hydrolyzed liquor of pulp fibers. On the other hand peels were used as raw
material for phenolic compound extraction using supercritical fluid technology and conventional
solvent extraction. Also peels were used as substrate for hydrolysis and then show that is possible

to build a sugar platform from lignocellulosic material.

Experimental setup

The objective of the experimental setup was to show different possibilities on integration of
streams resulting from different processing routes of mandarin. The experiment consists in
different steps. The first one was in the selection of mandarin fruits. Then a manually de-pulping
was done in order to separate peel from pulp. The resulting pulp (without treatment) was weighted
to consider the joint weight of pulp and seed. After that a procedure by pressing the pulp allows to
extract the mandarin juice from pulp fibers and seeds. After this, seeds were weighted and by
difference the fresh pulp content with fibers was calculated. After, the fibers resulting from
pressing was also weighted. Once the pulp plus pulp fibers weight was determined , by difference
the juice content was calculated. These results served as the basis to determine the percentage of
pulp, seeds and peel. Also the results were important to determine the fiber pulp content and

determine the extracted juice amount (Table 4-20). Sample consist in 2100g of mandarin.
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Table 4-20: Mandarin basic composition determined by experimental procedure (percentages by

weight).

Mandarin basic composition

Peel 28.57%

Seed 2.45%

Pulp 68.98%

Total 100.00%
Mandarin basic composition + pulp fibers
Peel 28.57%

Seed 2.45%

Pulp fibers 23.80%

Juice 45.17%

Total 100.00%

Percentages by weight

Once the fractions of peel seeds pulp and juice were determined, different processing routes were

proposed in order to use all the mandarin fractions. Figure 4-20 shows the schematic representation

of the sequence established for the processing of the fruit.

Mandarin

Filter
i Pulp i
Separation of seed, Juice Extraction Cake Enzymatl_c Fibers
peel and pulp Hydrolysis
I I I Glucose
Seeds Peel Juice rich
l | | Liquor
A
Drvin Ethanol Production Product
ying by Fermentation
Seeds Dry
1 peel  |Supercritical Fluid| roduct =
Extraction P
[—Exhausted peel Enzymatl_c > Fibers
Hydrolysis
Dry
peel | Solve_nt Extraction| product — Glﬁggse
With ethanol .
Liquor
Dry
peel Solvent Extraction| roduct =
with Hexane P

Figure 4-20: Schematic representation of the selected sequence for the processing of mandarin.
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As mentioned above the first step in the sequence is the fruit preparation. After that the juice
extraction is achieved. In order to follow the description and the restriction on food security juice
was recovered as a final product. Approximately 498 g of juice were obtained. After the juice
extraction process, the filter cake with fibers was used as substrate for an enzymatic hydrolysis.
This procedure was done in a bioengineering bioreactor with a volume capacity of 15 liter. This
bioreactor has the ability of temperature control which allows to keep the temperature constant at
60 °C for 18 hours. The enzymes cocktail consists in a mixture of cellulases, hemicellulases and
endo-glucanases prepared in the institute of biotechnology and agroindustry at the National
University of Colombia. The total volume for ethanol fermentation was 13.8 L at a concentration
of 24.63 g of fiber per liter. The global yield on reducing sugars after the hydrolysis stage was 0.88
g reducing sugar per g of fiber. Figure 4-21 shows the profile on reducing sugars during the
hydrolysis stage.
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Figure 4-21: Reducing sugars profile during the hydrolysis stage of fibers from mandarin pulp.

In order to use the hydrolyzed liquor the broth was used to make an ethanol fermentation using
Saccharomyces Cerevisiae as strain. Previously to that the inoculum was prepared with fraction of
the hydrolyzed liquor for 24 hours using malt extract as nutrient source for yeast growth. One of

the most important aspects in the ethanol fermentation is that the bioreactor allows an sterilization
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process in the same equipment. Once the inoculum was added to the broth no nutrient supply was
added to the 13.8 L hydrolyzed liquor. Last is explained because the intention was to use nutrient
supply from water fed into the bioreactor. Water from the municipal supplier has content in
minerals. For this stage no distillate water was used to prepare the broth. Fermentation temperature
was kept at 35 C. The fermentation time was approximately 26 h. Global yield on fermentation
was 0.42 g of ethanol/g reducing sugar (Yps). Also biomass yield was 0.11 of biomass/g reducing
sugars (Yxs). This results are in good agreement with yields reported in literature for S. Cerevisiae
as strain for ethanol production [81]. Fermentation profile is shown in Figure 4-22.
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Figure 4-22: Ethanol fermentation profiles for ethanol production from hydrolyzed liquor of pulp
fibers.

Following the sequence shown in Figure 4-20, the resulting seed and peel where sent to an oven
where water and volatile compounds were separated. Total wet peel consist in 600 g. Wet seed
consist in 51.47 g. After the drying process 148.02 g (75.33 % of moisture) of dried peel and
46.14 g (10.35 % of moisture) of dried seed were obtained.
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After the drying process seeds were stored at -4 °C . Also, the dried peels were ground and stored
at -4 °C until used. Dried peel was used as raw material for phenolic compound extraction using
three different technologies. The first one consists in solvent extraction using ethanol as solvent.
The second one with hexane as solvent and the third consist in carbon dioxide supercritical fluid
extraction with ethanol as co-solvent. However, the dried peel was separated in different fractions
to proof the different technology yields. The extraction method follows the sequence shown in the

methods section.

The mass of dried peel for the extraction of each technology consists in 18.35 g, 67.17 g and 62.50
g for supercritical, hexane, ethanol respectively. Results of each configuration are explained as

follows.

Conventional solvent extraction was performed at 50 °C and atmospheric pressure for ethanol and
hexane. Both were kept isolated flasks from light for 24 h. The solvent volume for both consists in
250 mL each. The global yield of phenolic compounds was 8.67 mg GAE/100 g of dried peel for
hexane, and 238.8 mg GAE/100 g of dried peel for ethanol as solvent. On the other hand the
supercritical extraction process was performed by 3 hours at 40 °C. The global yield for this
technology was 322.89 mg GAE/100 g of dried peel was for supercritical fluid extraction
technology. The best technology is supercritical fluid extraction assisted with ethanol as solvent.
The process increased approximately 37.24 fold the extraction with hexane, and approximately
1.35 fold the process with ethanol. The advantages shown by the SFE method generate greater
productivities and lesser levels of compound degradation. One possible explanation for this
phenomenon could be that the extract is exposed to the solvent for shorter periods of time
compared to the CSE procedure.

On the other hand the extraction processes generated residues as the lignocellulosic material. From
the supercritical fluid extraction, exhausted peels were used as a substrate for enzymatic hydrolysis
using the same enzyme cocktail prepared for citrus fiber hydrolysis. The hydrolysis was performed
at 60 °C in a 1 L flask. The total volume was 700 mL at a peel concentration of 26.21 g/L. One
important aspect to consider is that the peel weighted does not represent significant changes after
the extraction (maybe because of the small sample amount). The total yield for peel hydrolysis was

0.35 g of reducing sugars/g of dried peel. Last can be explained because no pretreatment was done
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to expose the hemicelluloses and lignin fractions. Nevertheless is evident that fraction of peels
were hydrolyzed. Figure 4-23 shows the profile for the peel hydrolysis.
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Figure 4-23: Mandarin peel hydrolysis after phenolic extraction in supercritical fluid equipment.

Finally Table 4-21 shows the global yields of the proposed sequence shown in Figure 4-20. Global
yields are based on the mass balance per each processing unit.

Table 4-21: Global yields obtained for the proposed biorefinery sequence based on mandarin as

raw material.
Product Yields Unit
Juice 451.74  g/kg fresh mand.
Dried seeds 2197  g/kg fresh mand.
Ethanol 4.33 g/kg fresh mand.

Phenolic compounds® 102.06 mg/kg fresh mand.

Sugars from peels 3.06 g/kg fresh mand.
aRepresented as the sum of the three technologies shown.
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4.3. Avocado based biorefinery

4.3.1.Design and Evaluation for an Avocado based
biorefinery in the Colombian context

Overview

Avocado (Persea Americana Mill.) is an evergreen subtropical fruit with an exquisite taste and
aroma, originated in the western hemisphere, most likely in the region ranging from southern
Mexico through Central America to northern South America [161]. Nowadays it is cultivated and
harvested in different countries as Chile, Dominican Republic, Indonesia, and Colombia as the
most important ones after Mexico (Figure 4-24).
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Figure 4-24: Avocado world production 2010. Source: FAOSTAT

Currently Mexico is the largest Avocado producer with 1107140 tonnes for 2010, supplying over
one third of the world’s total production and over 40 percent of the world’s exports [162].
Colombia is the fifth world producer with 201869 tonnes in 2010 [163].
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Priority departments

Municipalities with higher crop areas

Figure 4-25: Avocado in Colombia. Source: FINAGRO

In Colombia there are approximately 17.353 cultivated hectares, with an average yield of 12 tonnes
per hectare, 4 above the world average [164]. Production of avocado is distributed in the national
territory with a 29% participation of Bolivar, 19% Tolima and 18 % Antioquia as the most

important producers [165] (Figure 4-25).

Currently avocado in Colombia is used as a food product, commercialized as fruit with small
production of derived products from the fruit (sauces, oil, among many others). Nevertheless, part
of avocado is lost during the distribution stage in the supply chain, especially due to logistics
problems. In this way, lots of avocado cannot be destined to final human consumption and
therefore its nutritional value is missed in the chain and food security could be threaded and

important social problems appear.

One alternative to this problem is to use the rejected avocado to extract it most important
compounds and integrate the generated residues in different uses. Last can be justified through the
biorefinery concept which helps to preserve the most important avocado components and keep the
majority of its nutritional value, as the case of oil (with very high nutritional value) [166], and
integrates different processing routes from residues as the case of seed and peel. Considering this,
the aim of this chapter is to compare two processing alternatives (scenarios) for an avocado based

biorefinery in the Colombian context.

The first scenario describes the integrated production of avocado oil extracted from pulp, seed oil,
PHB and ethanol from cellulose and hemicellulose fractions and electricity from solid residue. The
second scenario includes an alternative biorefining scheme which includes the addition of xylitol

production from hemicellulose hydrolysis integrated with the production of avocado oil, seed oil,
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PHB, ethanol and electricity. Each of the proposed scenarios has its own technological
configuration based on materials distribution and products. In this way the aim of this paper is to
determine which of the two configurations has the best performance from the economic,

environmental and social point of view.

Avocado based biorefinery

As mentioned in previous chapters, the relation between feedstocks and products leads to many
different possibilities on biorefinery configurations. In the case of an avocado based biorefinery,
the first and second generation of feedstocks, can be included. In this case the avocado based
biorefinery configurations include the use of first and second generation of feedstocks, integrating
fresh avocado harvested and seed and peel generated in the first processing stages of fresh
avocado, being this a new feedstocks. The selection of the flowsheet includes two different

alternatives in terms of raw materials distribution, products and technologies.

For these new alternatives, six products were chosen considering the importance of the high
nutritional value of avocado oil and products that actually are being imported in Colombia, as the
PHB case. The selected products consist in avocado oil that represents food security (as an
important social indicator), fuel ethanol representing biofuels, electricity as bioenergy, PHB as a
biomaterial family and seed oil and xylitol as biomolecules, because of their wide application in
the pharmaceutical industry, cosmetics and food sector. As explained previously in other chapters,
for biopolymers and high added value products, economic feasibility can be reached because some
streams are coupled in the same facility or different processes could share the material flows

between each other, also energy can be account for integration.

Process description

For the avocado based biorefinery different processing stages are considered. In order to achieve

clarity a concise description on each process is shown as follows.
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Pulp oil extraction

Firstly is important to consider that the initial process stage consisted on the reception of the
feedstock. Rejected avocado was received and submitted to a pulping process in order to isolate the
pulp from the peel and the seed. Once the pulp was obtained, a mechanical extraction process to
pull apart fibers, carbohydrates, proteins and other compounds from the fraction rich in unsaturated
acids characteristics of avocado oil was performed. The first step consisted on maceration in an
endless screw rotating mill, next the rich oil fraction was recovered and the resulting cake was then

filtered in a press to separate the retained oil from the cake.

After obtaining the crude oil a refinement process was realized, for the purpose of eliminating oil
defects such as unsuitable color, turbidity, acidity and free fatty acid level. Last should be removed
because they promote a rapid degradation of the oil as end product. Principal refinement stages
consist on the filtration in order to remove the suspended solids, the neutralization of free fatty
acids into alkali, the bleaching and color removal and ultimately the deodorization. Refinement

procedure was carried out based on the report by Orgunnivi [167].

Refinement process did not consider flavor removal, because food industry one of the most
important applications of avocado oil. Likewise press process remaining cake was treated with
ethanol for precipitating the proteins. Carbohydrates were solubilized into the alcohol and the
proteins were obtained as solid material. Proteins are considered as a secondary product of the
biorefinery since it has a low added value but impact the food animal sector. Dissolved sugar was

sent to an extraction sugar plant which will be explained later.

Oil seed extraction

After obtaining the seeds from the mentioned pulping process, an oil mechanical extraction was
carried out. This procedure was realized in order to take advantage of seed oil characteristics for
being applied in pharmaceutical, cosmetic and food industry [168]. First step to extract the oil seed
consist on reducing the size by crushing, exposing the oil fractions which are easily removable
from the cake by a press process. One of oil seed property is the low content of phenolic
compounds, which gives the characteristic coloration of pulps, peels and unrefined oils [169], what

allows that oil seed refinement be simpler than oil pulp refinement. Implemented technology for



Design and Evaluation of Sustainable Biorefineries from Feedstocks in Tropical Regions. 119

pressing was realized based on what Khan and Hanna reported [107]. The resultant cake is rich in

cellulose, hemicellulose, lignin and soluble sugar.

Those together with the peel were destined to the sugar process extraction. In this point, it was
possible to infer clearly that biorefinery design sequence include, as first products, those which
restricted by its use, e.g. oils should be extracted when the raw material is received because of the
specific characteristics required by pharmaceutical, cosmetic and food industry. Likewise these
two oils represent an interesting alternative to preserve the food security as one of the critical
products in the design of a sustainable biorefinery, including social aspects by the integral

exploitation of fruits which can get lost in the supply chain.

Sugar extraction

Sugar extraction process consists of two hydrolysis steps [11, 107]. In first step rich hemicellulose
fraction was hydrolyzed with the diluted acid technology [11, 124], obtaining a liquor rich in
pentoses and not-converted solid material, which is separated by filtration. Resultant cake, rich in
cellulose and lignin, was hydrolyzed by second time with diluted sulfuric acid converting cellulose
into hexoses. Afterwards the resulting liquor was isolated from the solid fraction, which is rich in
lignin. Is important to highlight that resultant liquors content low concentrations of furfural and
HMF, being necessary to implement a detoxification technology with lime [13, 83, 170]. This

process for obtaining sugar has been explained in detail in previous chapters.

Ethanol production

Depending on the substrate there are two technology levels based on the fermentation technology.
The first scheme used pentoses and hexoses mixtures from hemicellulose and cellulose hydrolysis,
respectively. The microorganism used in this level is Z. mobilis, because its capacity to consume
xylose and glucose [13, 170]. The second scheme which uses the microorganism S. Cerevisiae for
fermenting sugar into ethanol, just consumes the liquor fraction rich in hexoses from cellulose
hydrolysis in the sugar extraction plant. S. Cerevisiae presents higher productivity than Z. mobilis
since just hexoses are using as substrate, although stillage formation is much greater [11]. Ethanol
production is markedly affected by distribution and technology. In the section scenarios

description glucose and xylose fractions from the sugar extraction plant destined to ethanol
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production will be shown. On the other hand, is important to consider that the detail description for

ethanol production has been done in previous chapters.

PHB production

The scheme for PHB production is based on the process described in the sugar cane refinery
chapter. The principal difference is the liquor source rich in glucose, which in this case came from
the hydrolysis of the cellulose fraction present in fiber peels, seed and sugar from avocado pulp.
The applied technology is glucose fermentation with C. Necator as microorganisms [108] and cell

lysis assisted by sodium hypochlorite and temperature [11].

Energy cogeneration

For this section the technology used for cogeneration is the biomass integrated gasification
combined cycle (BIGCC) [112, 116]. Basic elements of BIGCC system includes: biomass dryer,
gasification chamber, gas turbine, heat steam recovery generator (HRSG). These stages have been
described in detail in previous chapters. In this biorefinery both, residual lignin resulting from
hydrolysis process and cell biomass from PHB extraction, were used for energy cogeneration. A
sensitive analysis was done in order to relate air flow rate with temperature after the gasification
stage. Using this approach it is possible to understand the advantages of maximum temperature at

the reactor outlet that ensures high-heat capacity of the burned syngas [120].

An important aspect to consider in the generation of specific energy as the case of steam is that the
demand for water is also significant. Therefore waste water from other previous processes (sugar,
ethanol, PHB and anthocyanins) were pretreated in a water recovery system, which removes
impurities by filtration and membranes systems as reverse osmosis. Nevertheless, supply of water
to use heat capacity from gases for steam generation is completed with fresh water. Also the net

calorific values used are: C. Necator biomass: 5.17 MJ/kg and residual lignin: 6.33 MJ/kg

Xylitol production

Instead of being used as substrate for ethanol fermentation, other products can be synthesized
from xylose, such as xylitol by using the microorganism Candida guilliermondii [86, 171]. Xylitol

process production consists of three principal stages: The substrate pretreatment, the fermentation,
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and the separation process to recovery the polyol. Pretreatment process comprises a sterilization
process in which the biologic activity is neutralized. Once the culture media is sterilized the
fermentation with Candida gquilliermondii was performed. One of the key conditions in
fermentation from xylose to xylitol is the rate of oxygen transfer, because it is necessary to
establish an oxygenation level to induce the accurate metabolism. Fermentation conditions were
based on Mussato, et al. work [171]. The first step for isolating the metabolite from the
fermentation broth consists on an evaporation to eliminate the excess of water for facilitating the

concentration by crystallization.

Nevertheless, since sugar solubility in the media depends on the quantity of water, a high
concentration of water difficult the crystallization process. For this reason, it is necessary to add
ethanol to the concentrated stream in order to decrease drastically the xylitol solubility and
supersaturate the solution to carry out the crystallization at 5°C [172]. The limiting of the
crystallization process is that just allows recovering 75-85% of polyol. After the crystals have been

formed xylitol molasses are separated and commercialized as energy source for animal food.

Avocado Biorefinery Scenarios

For the evaluation of the avocado based biorefinery two scenarios were included. The first scenario
describes the integrated production of pulp and seed oil, PHB, ethanol and electricity as the main
products. The second scenario includes the integrated production of pulp and seed oil, PHB,
ethanol, xylitol and electricity as the main products. For both scenarios, the feedstock was 10
tonnes/hr of fresh avocado (equivalent to 87.600 tonnes/year). This feedstock value is a high
amount that represents approximately 43.3 % of avocado production in the country for 2010 and
about the 7.91% of avocado production in Mexico. The composition of the avocado used in the

simulation procedure is shown in Table 4-22.
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Table 4-22: Avocado composition used for simulation procedure [86, 152, 173, 174]

Compound Pulp Seed Peel

Water 70.04 56.04 71.75
Palmitic acid 520 0.44 0.10
Palmitoleic acid 250 021 0.05
Stearic acid 0.08 0.01 0.00
Oleic acid 1052 0.89 0.21
Linoleic acid 359 030 0.07
Linolenic acid 0.10 0.01 0.00
Arachidic acid 0.22 0.02 0.00
Glucose 049 3.32 1.92
Cellulose 2.67 18.24 10.58
Hemicellulose 1.70 1161 6.73
Lignin 156 510 1.14
Protein 0.62 1.95 7.00
Ash 0.72 187 0.44
Anthocyanins 0.01 0.00 0.00
Total 100 100 100

Pulp percentage: 82.24%. Peel percentage: 9.83. Seed percentage: 7.93.

The scenarios are based on distributions and technologies for the same amount of avocado as
feedstock. In this way, a description of avocado based biorefinery included in this chapter is shown
in Table 4-23. This description shows the distribution of materials across the entire biorefinery and
also technologies for each product. The aim of the evaluation of the two scenarios is basically done
for the further comparison of each other in terms of performance from the technical, environmental

and social point of view.

This comparison is the basis for the decision making in order to evaluate which could be the best
alternative for the entire biorefinery configuration. Also the creation of different scenarios allows
the evaluation in the integration of technologies which in many cases are not sustainable when
these ones are considered as separated technologies. Biorefinery location was selected in the most
productive zone for Colombia (Bolivar). For all the scenarios heat and mass integration were

considered.
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Table 4-23:Description of the scenarios for the avocado based biorefinery

Scenario Top PrOdU(g[zcondary Technology Distribution
Cellulose Hydrolysis: Sulfuric Acid 4 % vi/v. Seed QOil: Extracted from 100% of seeds.
Hemicellulose Hydrolysis: Sulfuric Acid 4 % v/v. Avocado Oil: Extracted from 100% of pulp.
Ethanol Production: Batch Bioreactor. 16 units. Ethanol Production: 70% of glucose from cellulose
Avocado Oil Zymomonas Mobilis. hydrolysis from fibers and 100% of xylose from
Seed Qil Animal feed PHB Production: batch bioreactor. 10 units. hemicellulose hydrolysis from fibers.
Sc. 1 Fuel Ethanol Ash Cupriavidus Necator. PHB Production: 30 % of glucose from hydrolysis of fibers
Electricity - Avocado Oil: Mechanical extraction and refining with Cogeneration: Residual lignin and cell biomass from C.
Fertilizer : T
PHB alkali and vacuum distillation. Necator

Anthocyanins

Cogeneration: Combined Cycle.
Seed Oil: Mechanical Extraction
Fertilizer: Stillage concentration.
Animal feed: Polyol Molasses and proteins

Animal feed: by-product of pulp oil extraction and Polyol
molasses

Ash: Solid fraction cogeneration process.

Fertilizer: Stillage concentration from ethanol production.

Sc. 2

Avocado Oil
Seed Qil

Fuel Ethanol
Electricity
PHB
Anthocyanins
Xylitol

Animal feed
Ash
Fertilizer

Cellulose Hydrolysis: Sulfuric Acid 4 % vi/v.
Hemicellulose Hydrolysis: Sulfuric Acid 4 % v/v.

Ethanol Production: Batch Bioreactor. 16 units.
Zymomonas Mobilis.

PHB Production: batch bioreactor. 10 units.

Cupriavidus Necator.

Avocado Oil: Mechanical extraction and refining with
alkali and vacuum distillation.

Cogeneration: Combined Cycle.

Seed Oil: Mechanical Extraction.

Xylitol Production: batch bioreactor. 10 units. Candida
guilliermondii.

Fertilizer: Stillage concentration.

Animal feed: Polyol Molasses and proteins

Seed Oil: Extracted from 100% of seeds.

Avocado Oil: Extracted from 100% of pulp.

Ethanol Production: 80 % of glucose from cellulose
hydrolysis from fibers

PHB Production: 20 % of glucose from hydrolysis of fibers
Cogeneration: Residual lignin and cell biomass from C.
Necator

Animal feed: by-product of pulp oil extraction and Polyol
molasses.

Xylitol Production: 100% of xylose from hemicellulose
hydrolysis from fibers.

Ash: Solid fraction cogeneration process.

Fertilizer: Stillage concentration from ethanol production.
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Process Simulation

Simulations of the two studied scenarios were used to generate their respective mass and energy
balance sheets, which are the basic input for the techno-economic analysis. Table 3 shows
production capacities and yields taking into account the distribution for raw materials mentioned in
the description of the scenarios (Table 4-23). For both scenarios the yield for L of oil/ton of
avocado is 151.6. Fuel ethanol yield (Kg ethanol/ton avocado) for the first scenario is 38.54
because ethanol is produced from 70% of glucose and 100% of xylose from cellulose hydrolysis
and hemicellulose hydrolysis from fibers, respectively. For the second scenario the yield is 25.65
giving the fact that only 80% of glucose from cellulose hydrolysis from fibers is used for
bioethanol production. This is included because it is important to consider the influence of the
distribution rate of raw materials and also technologies. Distribution also affects the production of
PHB with a decrease on yield for scenario two (Table 4-23). Nevertheless, xylitol production is
projected for second scenario as a promising product derived from xylose as discussed previously.
Another important aspect is the production of Avocado Oil which is a very important product with
multiple applications in food and pharmaceutical industry. Production volume of both avocado oil
and seed oil is constant because the sequence is varied in terms of the sugar based platform

established from lignocellulose complex hydrolysis.

Table 4-24: Productivity and yields per product in Avocado based biorefinery

Productivity

Sector  Avocado Oil F. Ethanol  Seed Oil PHB Electricity Xylitol
Production Tonne/day L/day Tonne/day Tonne/day MW Tonne/day
Scl 36,38 9249,74 2,96 1,20 0,35 0,00
Sc2 36,38 6157,18 2,96 0,80 0,33 5,47

Table 4-24:(Continued)

Yield
Sector  Avocado Oil F. Ethanol Seed Qil PHB Electricity Xylitol
Yield L/T kg/T kg/T kg/T MJ/T kg/T
Scl 151,60 38,54 12,33 5,01 127,48 0,00

Sc 2 151,60 25,65 12,33 3,34 119,78 22,78
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On the other hand, electricity production is not reflected as an important product because the low
content of residual solids generated during hydrolysis section and PHB production is low

compared to the entire biorefinery volume.

In this way a portion of the heating energy requirement must be supplied by an external source,
such as coal. Considering this, Figure 4-26 shows the energetic consumption per ton of avocado
per scenario. For the second scenario energetic consumption is subtly higher, because of the
distribution in which additional processing stages are required for producing xylitol from xylose.
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Figure 4-26: Energy consumption per scenario is the avocado based biorefinery.

Economic Evaluation

For the evaluation of the economic viability of an avocado based biorefinery, the ratio sale price to
total production costs is shown as an economic indicator in the evaluation of separated products
[6]. In this way Figure 4-27 shows the sale price to total production cost ratio for the selected
products. As can be seen ethanol has a ratio lower than the unity for both scenarios. Basically last
happens because the production volume is not as high enough to contribute to an oxygenation
program. Likewise it is important to highlight that the ethanol produced can be commercialized as
solvent and for the second scenario can be used as crystallization media for obtaining the polyol.
In the other hand, the sale price to total production cost ratio is higher for the other products,

exhibiting an important increase when xylitol is integrated to the biorefinery as an alternative
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product. Figure 4-28 shows that pulp oil and xylitol (For the second scenario) are the major
contributors in sales. This contribution is own as much to the production volumes as to the added
values of each one. Something important in the second configuration is that the major product
contributors are those widely applied in food industry, and hence those with a significant

contribution to preserve the food security.

Last form the social point of view reflects an interesting alternative for those products which get
lost along the supply chain but that can be recovered and commercialized in a different way in
order to preserve the nutritional value and specifically for avocado to preserve the high content of
unsaturated agents. On the other hand, xylitol contributes significantly to the construction of

alternatives in a platform based on xylose.
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Figure 4-27: Sale price to total production cost ratio for each product in the biorefinery.
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Figure 4-28: Percentage on sales per product in an avocado based biorefinery.

As mentioned along the thesis, it is important to highlight the overall viability of the process. In

this context, profit margin allows evaluating the viability of the process. Profit margin for both

scenarios (see Figure 4-29) shows that the first one (Without xylitol as product) is lower. Last

because the important added values and applications of this polyol. For both configurations a

positive economic viability was obtained. Although a deeper analysis and different alternatives for

refinement are recommended.
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Figure 4-29: Profit margin per scenario in an avocado based biorefinery.
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Environmental evaluation

Environmental evaluation is carrying out taking into account the overall potential environmental
impact and the greenhouse gases generation. Accordingly , the GHG emissions are calculated
using equivalent factors reported in the IPCC guidelines [175]. The GHG emissions represented as
equivalent carbon dioxide in kilograms per kilogram of processed avocado were 0.92 and 1.27 for

the first and the second respectively.

For the second scenario the GHG emissions are higher because xylitol fermentations released an
important amount of carbon dioxide. The emissions due to energy consumption are considered
because the energy requirements of the biorefinery could not be covered by the steam generated in
the cogeneration unit. This is why for second scenario emissions increase by energy and mass
balances (see Figure 4-31). Charcoal was used as energy source for heating fluids. It is very

important to mention that GHG emissions were only calculated for the processing stage.
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Figure 4-30: Potential environmental impact per scenario.
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Figure 4-31: GHG emissions for the avocado based biorefinery configurations.

Given the energy consumption, the overall potential impact is mostly affected by the acidification
one. Last reflects how important is to include cogeneration schemes as can be seen in previous
chapters, because not only improve the environmental but also economic aspects. One of the
negative aspects in this biorefinery is environmental impact due to the high energy consumption.
For the second scenario this potential is higher since xylitol is obtained as product and then more

process units are required.

As can be seen in spite of mentioned configurations are economically viable, energy cogeneration
capacities are limited because of the low lignin and cell biomass contents resulting from other
processes. Last do not allow obtaining electricity and heat high generation potentials for the same
plant. In the same time this affect the environmental potential, since a portion of the required
energy must be supplied by an external fossil sources such as coal. It allows concluding that
cogeneration schemes should be integrated to the biotechnological processes. Therefore the
performance of this biorefinery follows the standards of many processes in which the higher profit
margin the higher environmental impact and vice versa, the lower profit margin the higher

environmental impact.
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4.4. Other case study

4.4.1.Design and analysis for a coffee cut-stems based
biorefinery in Colombia

Overview

Coffee (Coffea sp.) is one of the most important agricultural products in the world. The two main
cropped varieties around the world for commercial applications are Coffee arabica and Coffee
robusta. Traditionally, coffee has been cropped under the shadow of big trees in the tropical
rainforest or between fruit trees such as banana and citrus trees. However, from 1970’s coffee
plantations have been highly changed, related to profiles and required practices for reaching high
coffee demand and fighting the pests that affect the cultivar. Currently, more than 9 million tones
of green coffee are annually produced in more than 50 countries [176]. Brazil is the first coffee
producer in the world with a production of 48.1 million bags, while Colombia occupied the third
place in 2010 with a production of 9.2 million bags. Different residues such as pulp, husk, leaves,
and coffee grounds are annually generated in more than 2 million tonnes during the coffee
harvesting, processing and final consumption [177].

Industrial processing is accomplished with the aim of recovering the coffee powder and to remove
the husk and the mucilage. There exist two processing methods: dry and wet; depending on the
chosen method the solid residue known as pulp or husk, respectively. In Brazil, coffee cherries are
processed by the dry method obtaining husk, which are rich in nutrients and organic compounds. In

Colombia, the wet method is commonly used.

On the other hand, coffee grounds are obtained in high proportions during the raw coffee
processing for producing instantaneous coffee. This residue contains caffeine, tannins and phenolic
compounds but in lesser proportion. Due to the presence of this organic compounds this residues
exhibit toxicity. This compositions causes problems in the appropriate disposal of these residues
[178, 179]. Other residues which are obtained in high volumes are coffee leaves and coffee cut-
stems (CCS). The last are obtained when coffee trees are cutted with the aim of obtaining a
younger tree with high coffee productivity. These wastes are seasonally produced and stockpiled
for their burning or, in most of the cases, for their autodegradation. Currently, the CCS does not
have a well established use. The use of the coffee wastes is determined by different factor such as:

availability, seasonal and regional distribution, moisture, storage, preservation, commercial
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importance and competitively ability with other materials. In this way, the aim of this chapter is to
evaluate a CCS based biorefinery for the production of ethanol, PHB, anthocyanins and electricity.
Two scenarios are shown based on the influence of mass integration. The scenarios were evaluated

from the technical, economic and environmental point of view.

Process description

The CCS based biorefinery consist in an integrated flowsheet for the joint production of Ethanol,
PHB, Anthocyanins and Electricity. The biorefinery distributions consist first in the receiving of
CCS which is directed first to the anthocyanin extraction process using supercritical fluids as
technology (see citrus chapter). Once the antioxidant compounds are extracted residual
lignocellulosic biomass is directed to fuel ethanol process where the hemicellulose and cellulose

fractions are hydrolyzed into xylose and glucose respectively.

Entire xylose rich hydrolyzed is used in the production of fuel ethanol, while the 70% of glucose
rich hydrolyzed is used to be combined with the pentose liquor (xylose rich hydrolyzed), which
leads to a pentose-hexose mixture directed to fuel ethanol production by fermentation with Z.
Mobilis. The remaining 30% of glucose rich hydrolyzed liquor is sent to PHB production process.

The resulting solid fraction from hydrolysis stage (mainly lignin) is used as feedstock for the
cogeneration system, as well as residual biomass from C. Necator from PHB production. At this
point it is important to note that deeper process descriptions were done in previous chapters. Also
technological description is based on the work reported by Moncada et. al. [11]. Simplified

technological scheme can be seen in Figure 4-32.
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Figure 4-32: Simplified flowsheet for a CCS based biorefinery in the Colombian context.

Biorefinery scenarios

Two scenarios were selected in order to show the influence of mass integration on the total
performance of the biorefinery configuration. Mass integration contributes with cost savings and
lessen in total environmental impact. In this way the first scenario is the described configuration
without mass integration of water and CO2 in supercritical process. The second scenario consists
in the base case flowsheet with the recovery of water and CO2 recovery with additional

recirculation from the supercritical fluid extraction process.

Process simulation

From the mass and energy balances generated during the simulation procedure Table 4-25 shows
the global mass yields per tonne of CCS. This counts for all products in the biorefinery

configuration.
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Table 4-25:Global mass yields in biorefinery a CCS based biorefinery.

Product Yield Unit
Antioxidants 231 kg/ton
Ethanol 103.01 L/ton
PHB 86.59 kg/ton
Electricity 4128.27 MJ/ton

Calculations done in dry basis.

On the other hand, the global energy consumption was estimated in function of the energy required
by heaters, pumps, crushers, distillation columns and other equipment. Figure 4-33 shows the

energy consumption per tonne of CCS for the scenario one and two.
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Figure 4-33: Global energy consumption for a CCS based biorefinery.

As can be seen the total energy consumption leads to a significant increase when mass integration
is considered (see Figure 4-33). This can be explained because energy need to condition recovered
CO2 into the extraction parameters represent a need of including more equipment and therefore
higher consumption rate. Nevertheless, when steam generated in the cogeneration system is
counted as part of the utilities needs global consumption decreases (see Figure 4-35). For both

biorefinery scenarios electricity covers the own consumption.
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Figure 4-34: Energy consumption after integration with steam generated in cogeneration.

In order to achieve clarity on global energy consumption. Figure 4-35 shows the percentage of

energy consumption per plant.
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Figure 4-35: Percentage on total energy consumption per scenario.

Economic evaluation

A criteria shown in previous chapters to calculate the feasibility of the entire biorefinery, is the

combination of the total production cost of all products direct related with the sales of all of them.

Thus a profit margin can be included as the relation of sales and total production cost. Last gives a

better idea on the global income when all products are included. This is done because a biorefinery

cannot be seen as a separated product flowsheet and must be seen as an integrated facility [6, 11,
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16]. In this way, Figure 4-36 shows the profit margin for all biorefinery for each scenario. As can
be seen the scenario with the largest profit margin is the second one. Last is obtained because the
mass integration strategy contributes notoriously in the fresh raw materials needing. Also the
contribution on reduction in energy consumption enhance even more the profit margin for scenario

number two, which leads to a more feasible biorefinery in terms on the economic point of view.
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Figure 4-36: Profit margin per scenario for a CCS based biorefinery.

Environmental assessment

The environmental evaluation is based on the criteria of the impacts named in the methods chapter.
The result of the environmental impact per kilogram of products is expressed in Figure 4-37. The
results show that the most friendly configuration is that which includes mass integration. For both
scenarios which acid hydrolysis is included as a precursor in hydrolysis stage, the potential
environmental impact is generated because different intermediate products are formed in the
reaction step and the detoxification of effluents contain different undesired components that
significantly affect the total environmental impact, for instance furfural and hydroxymethylfurfural
[83]. For these reasons the environmental impact is high in this processing route, and the human
toxicity by ingestion and dermal exposition are the higher impacts. Nevertheless, when no water
treatment is included more organic compounds are emitted to the atmosphere. On the other hand in
terms of GHG emissions environmental impact counts with a higher rate in the first scenario than
the second one (scl: 3.60 kg CO2-e/ kg CCS, sc2: 2.41 kg CO2-e/ kg CCS). Last is justified in the

higher energy consumption than the second configuration.
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Figure 4-37: Potential Environmental impact per kilograms of products (PEI/kg product)

The type of residue used as raw material in a second generation biorefinery, has a high impact on
technical and economic aspects such as global mass yields, energy consumption, profit margins
and environmental aspects. The mass integration shown in the second scenario that was evaluated
in this chapter, was able to reduce raw material costs and improve the global profit margins. Last
validates the hierarchy description shown in the proposed strategy, which leads to enhance

profitability, PEI reduction and GHG emissions.
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4.4.2. Techno-economic and environmental assessment for an
Oil palm based biorefinery

Overview

Palm is one of the most important oleochemical feedstock in Colombia. In current days palm is the
feedstock used for biodiesel production, with eight biodiesel plants working. Although biofuels
such as biodiesel and bioethanol represent a renewable, convenient, and environmental friendly
alternative for fossil fuels substitution, they cause concerns in relation to their economic viability.
Implementation of biorefineries as an additional process to the biofuels production is an interesting
alternative to both overcome the limited profitability of these technologies and use the generated
sub-products. Therefore, the concept of biorefinery could be especially advantageous if the
conversion of by-products or wastes to added-value products [6, 11]. Glycerol as the main by-
product on biodiesel production is obtained at high concentration in a weight ratio of 1/10
(glycerol/biodiesel). Moreover, the growing market of biodiesel has generated a glycerol
oversupply, where its production increased 400% in a two years period and consequently the
glycerol commercial price fell down near to 10 fold during the same period of time [6]. As a result
of the low prices of glycerol, traditional producers such as Dow Chemical, and Procter and Gamble

Chemicals, stopped its production.

Since glycerol sales have represented an important profitability for biodiesel industry, it is
reasonable that low prices of glycerol could impact the economy of biodiesel producers negatively.
For that reason, the correct exploitation of glycerol as raw material should be focused on its
transformation to added-value products [6]. In this sense, the establishment of glycerol’s
biorefineries able to co-generate added-value products is an excellent opportunity not only to raise

the profitability but also to produce other chemicals from a biobased raw material.

On the other hand, the processing of palm for oil extraction leads to the formation of several by-
products and residues that have an economical potential. The empty fruit bunches (EFB) are the
solid residue that is produced in the highest amount. Due to its high moisture content, this material
is not appropriate as a solid fuel. For this reason, it is mostly used as manure. Composting has been
suggested as an option for producing high quality manure from EFB. This microbial process allows

the reduction of the volume of the obtained manure in 50% as well as its transport costs [69]. The
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fiber resulting from separation of press cake (palm press fiber, PPF) has an important content of
the lignocellulosic complex and a lower content of moisture. The oil retained in the fiber makes
this material to be a good solid fuel. When palm processing facilities produce both process steam
and electricity, the total amount of PPF undergoes combustion. However, if only steam is going to

be produced, 70% of PPF remains without utilization and becomes a waste.

All solid palm residues containing lignocellulosics (EFB, PPF) can be potentially converted into
different biofuels. Ethanol can be produced from lignocellulosic biomass as well. It is considered
that lignocellulosic biomass is the most promising feedstock at mid term for ethanol production

due to its availability and low cost.

Considering this, biodiesel production from oil palm, can have significant wastes that can be
transform into added value products. In this way, the aim of this study case is to include different
added value products from fiber obtained from oil extraction (fuel ethanol) and the transformation
of glycerol into PHB, integrated in the biodiesel processing plant. The influence of process
integration (mass) is taking into account to consider different levels of technology. Also the

influence of the inclusion of PHB and fuel Ethanol from residues is considered.

Process description

Biodiesel Production

As most of chemical processes, the biodiesel production can be described, in a general way, by
three main sequential stages: i) Pretreatment, where elements content in feedstock oil, which can
have a undesired effect over the transformation reactions are withdraw [180]. To avoid this is
necessary dry the oil first, proceeding then to free fatty acid elimination, using: Presterification or
neutralization of FFA. ii) Reaction, in this stage is used a transesterification reaction, which is the
sequential substitution of OH groups from an acid or triglyceride by another alkyl group of an
alcohol in a process similar to hydrolysis, in presence of a catalyst [181]. iii) Separation and
Purification stage, is employed to bring produced biodiesel to meet quality requirements of
EN14214 for European standard or ASTM D6751 for U.S.A [182].
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Obtained biodiesel is purified to remove excess of alcohol, catalyst, neutralization salts and
possible soaps formed. This process is performed first washing with water, after drying this stream
using distillation or vacuum flash. Glycerin by product can be purified, using a similar procedure,

according its final end [6]

Fuel ethanol Production

When the raw material is lignocellulosic biomass two hydrolysis steps should be taken into
account [8]. Technological description for fuel ethanol was presented in previous chapters. The

microorganism use recombinant bacteria strain Zymomonas mobilis [80].

PHB production

PHB production is carried out using purified glycerol from biodiesel plant as the carbon source for
both technological schemes. The purification step mentioned above corresponds to the top of the
conditioning pretreatment carbon source for producing the biopolymer, which means that the raw
material fed to the PHB production process corresponds to the result of the treatment of other
processes, in this case USP grade glycerol from purification process and thus represents the
integration of the different process streams making up the entire biorefinery process. The different

processing stages were described previously in other chapters

In order to evaluate the oil palm based biorefinery, two technological schemes are included. The
first one does not include full mass integration. The second one includes a high level of mass
integration on water and alcohol (methanol in the biodiesel plant). This is done with the main
purpose to evaluate the influence of production cost when no mass integration is included and its
effect in total production cost. Also, there are included two scenarios. The first scenario includes
the current base case for Colombian conditions where no integration of residues and by-products
with other processes is done. In order to achieve more clarity on the proposed biorefinery in the

Figure 4-38 illustrates the technological scheme for the proposed biorefinery.
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Figure 4-38: Oil palm based biorefinery simplified flowsheet.

Table 4-26 shows the mass balance for both scenarios and each technological level. As its
expected, when mass integration is included the discharge of waste water is minor and the need of
fresh feed is also minor. Also when methanol is recovered the need of fresh methanol is lower and
therefore the cost by raw materials decrease for both contribution of water, and methanol. Also, the
lessen in raw materials will decrease discharge of chemicals that contribute to a negative
environmental impact, in this way the mass integration approach contributes to the decrease of
total production cost and the negative environmental impact. Economic evaluation includes the
effect of mass integration, and also the effect when fuel ethanol and Poly-3-hydroxibutirate is
produced. As shown in Table 4-27 the contribution of glycerol sale and mass integration reduces
the total production cost of biodiesel production. Last is chosen as the most important product of
the biorefinery because it oleochemical nature and well established agroindustry. Total cost for

biodiesel production at the Colombian condition is profitable for Scenario 1 for each level of



Design and Evaluation of Sustainable Biorefineries from Feedstocks in Tropical Regions.

141

technology. This is considered because biodiesel price at the Colombian conditions is about 1.46

USD per liter, and total operating cost is about 0.49 and 0.39 USD per liter for level of technology

1 and 2 respectively. When Glycerol is included as a product to contribute on sales total operating

cost decrease to 0.43 and 0.33 respectively for level of technology 1 and 2 for scenario 1.

Table 4-26: Main process streams for scenario 1 and 2 for each level of technology.

Scenario 1 Scenario 2
Level of Level of Level of Level of
technology 1 technology 2 technology 1 technology 2
Materials (Kg/h)
Crude Qil 1,000.00 1,000.00 Crude Qil 1,000.00 1,000.00
FFA content FFA content
(% wi) 6% 6% (% wi) 6% 6%
Methanol 160.00 111.50 Methanol 160.00 111.50
H20 1400.00 443.00 H20 1400.00 443.00
H2S04 21.00 7.00 H2S04 65.00 15.00
Products (Kg/h)
Biodiesel Biodiesel
@>99% wt 1,007.46 1,007.46 @>99% wt 1,007.46 1,007.46
Glycerol Glycerol
@>99% wt 84.66 84.66 @>99% wt 99.86 99.86
Waste
980.15 5.00 Waste Water 980.15 5.00
Water
Na2504 10.64 10.64 Na2504 10.64 10.64
Fuel ethanol 150.25 150.25
PHB
@>98% wt 26.24 26.24

Table 4-27: Total operating cost for biodiesel production when no production of fuel ethanol and

PHB is included (Scenario 1) for each level of technology.

Scenario 1

ltem Level of technology 1 Level of technology 2

USD/L SHARE USD/L SHARE
Raw material Cost 0.41 84.05% 0.31 80.22%
Total utilities Cost 0.02 4.41% 0.02 5.46%
Operating Labor 0.01 1.58% 0.01 1.96%
Maintenance 0.004 0.91% 0.004 1.13%
Operating Charges 0.002 0.40% 0.002 0.49%
Plant Overhead 0.01 1.25% 0.01 1.55%
General and Administrative Cost  0.04 7.41% 0.04 9.19%
Subtotal Operating Cost 0.49 100.00% ]0.39 100.00%
Credit by Glycerol Sale 0.06 0.06
Total Operating Cost 0.43 USD/L 0.33 USD/L
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On the other hand when a biorefinery is included, it is expected that the total operating cost for
biodiesel production decrease by sales of products with higher added value as PHB and fuel
ethanol production from empty fruit bunches. Also the contribution of mass integration decrease
significantly the total operating cost. j shows the total operating Table 4-28 cost for Scenario 2,
showing that the inclusion of higher added value products makes even more profitable the

biorefinery process and operating cost decrease in comparison with scenario 1.

The transform of glycerol into other product with higher add value couple in a biorefinery concept
avoids logistics problems, because increments by transportation of raw materials play an important
role in the design of sustainable biorefineries. Last demonstrates that the production "in situ”

contributes to the subsidy of other products [11].

Table 4-28: Total operating cost for biodiesel production when production of fuel ethanol and

PHB is included (Scenario 2) for each level of technology.

Scenario 2

Level of technology | Level of technology
Item 1 2

USD/L SHARE USD/L SHARE
Raw material Cost 0.43 71.73% 0.33 66.39%
Total utilities Cost 0.03 4.96% 0.03 5.90%
Operating Labor 0.01 2.36% 0.01 2.81%
Maintenance 0.01 1.55% 0.01 1.85%
Operating Charges 0.01 0.90% 0.01 1.07%
Plant Overhead 0.01 1.60% 0.01 1.90%
General and Administrative Cost  0.10 16.89% 0.10 20.08%
Subtotal Operating Cost 0.59 100.00% |0.50 100.00%
Credit by Ethanol Sell 0.22 0.22
Credit by PHB Sell 0.09 0.12
Total Operating Cost 0.28 USD/L 0.16 USD/L

Also another important aspect to consider is the environmental impact which is less when streams
that are leaving the process are integrated in a biorefinery as the case of the second scenario. In this
way Figure 4-39 shows the potential of environmental impact per kilogram of products. This figure
shows that the scenario which represents the less environmental impact is scenario 2 with level of
technology 2. Potential of environmental impact is shown in different categories, as human toxicity
by ingestion and inhalation, dermal exposure, aquatic toxicity and other categories with impacts to

environment as global warming, ozone depletion, photochemical oxidation and acidification.
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The categories with more impact are acidification and human toxicity by ingestion. Considering all
of this the best configuration is the integrated biorefinery including PHB, fuel ethanol and
biodiesel production with high level of mass integration demonstrating that a biorefinery lessen

production costs and increments profits.
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Figure 4-39: Potential of environmental impact for scenarios and levels of technology for an Oil

Palm based biorefinery.

Biorefineries represent interesting configuration to enhance the potential of biomass based
materials. In the case of biorefineries couple to the oleochemistry industry allows to obtain
different kind of products by the same raw material. This represent an interesting opportunity to
increment profits and lessen environmental impact with the main goal to assure sustainable design,
considering that the efficient use of biomass leads to positive impacts in different sector, as the
agronomic one that can fully contribute to important growth to increase the productivity of the
Colombian oleochemical chain through comprehensive biorefinery design.
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5. Conclusions

The results of this thesis revealed that it is possible to obtain a feasible biorefinery from the
technical, economic, environmental and social point of view for the production of phenolic
compounds, biopolymers and energy under the biorefinery concept. On the other hand, the
development of a design strategy is a key result for the evaluation of Sustainable biorefineries in
the Colombian context. In this way the hierarchy, sequencing and integration concepts induce to
the proposal of a set of rules for biorefinery design named the green biorefinery rules. These rules
serve as the basis for the design and evaluation of biorefineries considering an holistic view,
because these pay special attention to the principles of green chemistry and green engineering, but

also includes aspects of the three pillars of sustainability.

The application of the methodology allows assessing biorefineries from sugarcane, citrus fruits,
avocado, coffee cut-stems and Oil palm. For the case of sugarcane different scenarios were
evaluated obtaining that that most of all configurations were profitable. The exception to the
current base case (Ethanol, sugar and electricity) was found when a biorefinery was located in
Caldas which reflects a negative profit margin due to transportation. Finally the recommended
configuration for a sugarcane based biorefinery is the one that processes bagasse to build a hexose-
pentose platform, because, it ensures greater capacity of sugar (sucrose) production to keep food
security, larger ethanol production for the oxygenation programme, acceptable GHG emissions,
low stillage effluent and positive social aspects through job generation. Also, the inclusion of PHB
as biorefinery product, a potential in opening new markets to consider second-generation
feedstocks and anthocyanin production would innovate in the national market. On the other hand
the use of optimization models helps to take decisions on the best technological sequence to

enhance the profitability of the biorefinery, but also to decrease the environmental impact.
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In the case of citrus, it is evident that the use of strategies such as mass and energy integration in
hierarchical levels can increase significantly the economic viability when a multiproduct portfolio
is presented. In the same manner, the inclusion of these types of strategies in the design of a
sustainable biorefinery permits to show a significant reduction in the potential environmental
impact. The results for orange and mandarin showed that the best configurations were that ones
that include full integration level (mass and energy) coupled with cogeneration schemes. In the
same way, the food security preservation is highlighted as social preoccupation inside the design of
the sustainable biorefineries such is the case of the juice, antioxidant, oils and pectin production as
important actors in global biorefinery performance. Also the experimental setup for Mandarin
allows understanding the importance of the use of resources of one process to be used in others.

This enhance in a positive way the sequencing term applied.

Avocado can be a very interesting raw material to impact in the food, pharmaceutical and cosmetic
sector. Last is obtained because of the excellent properties of the fruit. Nevertheless, the
possibilities for building a chain is still being poor at the Colombian context. Last because several
logistic problems are generated are not yet solved at the field level. On the other hand, the
application of the proposed strategy for this fruit needs a deeper revision and research.
Nevertheless the obtained results shown that these biorefinery is profitable and also the products
with more contribution on sales are the ones with applications in the food industry. The bottle neck
of this project was the energy integration opportunities; therefore the environmental impact was
affected.

In the case of CCS and Oil Palm the results reflects properly the influence of different levels of the
Hierarchy in Technologies and the integration concept which allows to reduce raw material costs
and improve the global profit margins. Also the sequencing concept was applied properly to show

the different biorefining possibilities.
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6. Annex |

Table 6-1: Kinetic Models used in process pathway selection. Sugarcane bagasse based

biorefinery
" Configuration/
Technology Kinetic Model Parameters Con digtlions Ref.
. Reactor Type:
Cellulose to Glucose k,, =6.7-10* min CSTR
f=Kes Cocie™ -exp[— Fas j k,, =3.7-10" min
R-T E 2129800 3 . molt Temperature:
Q) Glucose to Hydroxymethylfurfural at 373.15K [125]
) E,, E,, =98400J -mol™
r,=k, ,-C," -exp| ——= ' .
2 0,2 acid Xp( R Tj n 215 ACId
Cacid= Acid concentration in weight percentage n,=05 concentration:
4 % wiw
Cellulose to Cellobiose:
_ klrcE1E RsCs
"4 % G Cx k,=223g-mg™-h*
KlIGZ KlIG KlIXy er _ 718 g . mg,l . h,l
Cellulose to glucose L
K, (Csm +CEZB)R5CS k,, =285.59-mg~-h
- _ _ _ -1
2 1. Co G Gy E,,=E,, =E,=-23190J -mol
262 Ko Koy Kye, =0.015g/L
Cellobiose to Glucose K,e =0.1g/L
= k3rCEZFCGz Kllxy = Olg/l‘
37 .
Reactor Type:
Kau [1+ G + ny ]+C(32 K,ie, =132.09/L CSTR yp
(2) 31G ) 31Xy KZIG — 004 g/L [126]
Enzyme adsorption K, =0.2g/L
axy =920 Temperature:
_ EimiaCe G Koe —3.90/L 328.15 K
Eg 1+ KiadCE 316 — V- g/ .
’ K,y =201g/L
Enzyme o o/
Koy =24.3g/L

CE\T = CElF + CElB

Substrate Reactivity
Ry = Cs /So
Temperature dependence

_Eai
Kie =Ky, €XP (ﬁj

C, [Cellobiose]|C,, [Glucose]C,, [ Xylose]C [Cellulose]

Eimax =0.069/9

E,.. =0.01g9/9

E,, =111600 J -mol™
K, =049/9

K, =0.19/9
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) Reactor Type:
Hemicellulose to Xylose k,, =1.4-10" min CSTR
=Koz Coca™ vexp[—ij k,, =3.3-10° min
R-T Temperature:
?3) Xylose to Furfural . 373.15K [125]
E E,, =95700 J -mol™
_ . n _ a2
r,= ko‘z Cacid exp[ R T] n =0.68 ACid
Cacid= Acid concentration in weight percentage n, =04 concentration:
4 % wiw
Combined Cycle gea(_:ftp:jType:
Gasification based on stoichiometric approach using free asihe
Gibbs energy minimization method. i ilibri -
@), (5) ay Chemical Equilibrium Fluidized bed [120]
approach Pressure:
Involved components. 60 b )
CH,,CO,C0,,H,0,NO,,S0,,N,0,0,,N,, Biomass ar
Biomass Growth
" 4, =0.78h™
s e
S, +K, S, K, =029
Carbon source uptake S, =03 Fermentor
rsc =—k,rx—k,C, n=0.24 Type:
Nitrogen source uptake k, =0.2604 Continuous
(6) rc= —EkJ rx P k, =0.0301 [84]
- 3 2 = U,
PHB production k, =0.6511 Temperature:
p= kirx + |(ZCx k4 =4.503 30°C
s =Ca k, = 0.0001
' CSC
C,, [Nitrogen source]C,, [Carbonsource]
_ -1
Himas =0.426 Fermentor
Cell growth K; =0.002 Type:
 leS x Y p Y P =86.072 Continuous
“TKots exp(_KiS)[leax] [kﬂj X X 54474 Stired Tank
Ethanol Production Y, =9.763 Bioreactor
=Y, X =
(7 T = Yol +m, _ ¥y =0.03831 Temperature: [81]
Substrate consumption K, =41 37°C
rs=£+mxx m, =01 _ .
X m —02 Microorganism:
X [biomass] ~ S[susbtrate] " L Saccharomyces
m= . .
he15 Cerevisiae
Fermentor
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Glucose consumption R Continuous
1 +C5 , — Plis, Ksx, =145 Ksx, —4.91 Bioreactor
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Ethanol Production

Pix, =28.9 Pix, = 26.6

Microorganism:
Zymomonas
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Rp=

a- qpmaxl[
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=
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