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Abstract

The aim of this thesis was the Greenhouse Gases (GHG) assessment associated to the lifecycle of
the major Colombian biofuels, i.e. sugarcane-based bioethanol and oil palm-based biodiesel, at the
current conditions. In addition, other feedstocks (first and second generation) were analyzed using
the same methodological framework. The methodological approach proposed in this work consisted
on the usage of process engineering to obtain material and energy balances. These streams are
applied for the Waste Reduction Algorithm (WAR) determining the Potential Environmental
Impacts (PEI) at industrial stage; GHG calculation through Life Cycle Assessment (LCA) and the
use of different allocation factors in the main stages. The integration of these data would allow
answering the question about the real relationship between the Colombian biofuels and climate

change.

Keywords: GHG, Colombian biofuels supply chain, LCA, environmental assessment approaches,

processes engineering, climate change, bioenergy systems.
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Resumen

El objetivo de esta tesis fue la evaluacion de los Gases de Efecto Invernado (GEI) asociados al ciclo
de vida de los principales biocombustibles colombianos, a saber: Bioetanol a partir de cafia de
azucar y biodiesel a partir de palma aceitera, a las condiciones actuales del pais. Adicionalmente, se
Ileva a cabo el mismo estudio para otras materias tanto de primera como de segunda generacion. A
lo largo de este documento se muestra una propuesta esquematica del estudio de la cadena de
suministro de los biocombustibles a partir de cualquier materia prima, que involucra el uso de
ingenieria de procesos para obtener los balances de materia y energia del proceso, los cuales son
empleados en la determinacion de Potenciales de Impacto Ambiental (PEI) por el Algoritmo de
Reduccion de Residuos (WAR) de la etapa industrial. Se propone, adicionalmente, el célculo de las
emisiones de GEI usando la metodologia de Andlisis de Ciclo de Vida (ACV) y el uso de
asignaciones dependiendo de las cargas asociadas a cada uno de los productos en la cadena de
suministro, y su momento de aparicién. La integracion de toda esta informacion puede responder a

la pregunta del impacto de los biocombustibles colombianos sobre el cambio climético.

Palabras clave: GE, cadena de suministro de biocombustibles colombianos, ACV, enfoques de

evaluacion ambiental, ingenieria de procesos, cambio climético, sistemas de bioenergia.
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Introduction

Social, economic, political and environmental crisis associated to fuels is a known-fact [1-4].
Conventional sources (fossil fuels) have generated important GHG amounts, which have been
related to climate change and global warming [1, 4-9]. Additionally, the development processes are
related to several energy sources availability.

During last decades, the studies have been addressed to find other fuels, including other fossil fuels
(carbon, natural gas), gasoline additives (MTBE, ETBE, TAME, DIPE) and other biomass-based
fuels (bioethanol, biodiesel, hydrogen, biobutanol, among others) [10-12]. The economic
(competitiveness) and environmental performance (potential environmental impacts) have been
analyzed [6, 13-18]. Recently, social impacts have been discussed (food security, land use, health
effects and employment) [19, 20].

In the Colombian context, bioethanol and biodiesel are being used as climate change mitigation
strategy, as well as bioenergy alternative systems.

Bioethanol from sugarcane is used as gasoline additive. The feedstocks which have been potential
in Colombia are: Sweet crops (e.g. sugarcane), starchy crops (e.g. cassava) and lignocellulosic
materials (e.g. agro industrial wastes). The design data can be available, but integral environmental
assessments have not carried out.

In the case of biodiesel, its production is based on oil-palm. In addition, Colombia has a high
agronomic potential for its production. The Federacion Nacional de Biocombustibles de Colombia
indicates the existence of six biodiesel production plants producing 560000 t/yr, which generate
16060 direct and 32120 indirect employments (using 0.1% of available arable land).

Although some studies show that the GHG emissions decrease during the biofuel production

process, the exact GHG amounts associated to biofuels supply chain are not completely clear [11,
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19, 21-26]. Big efforts have been made fby the scientific community, but approaches, assumptions
and results have not allowed the generalization of the methodologies [3, 27, 28].

In this thesis, the GHG quantification throughout bioethanol and biodiesel supply chain is proposed
as the route to determine the relationship between Colombian biofuels production, biofuels use and

climate change.
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Thesis Hypothesis

- Technical calculations based on energy and mass balance for all steps on Life Cycle will
allow obtaining more accurate data.

- Bioethanol and biodiesel production generate less GHG emissions compared to fossil fuels.
Therefore, bioethanol and biodiesel production could be a mitigation option for climate

change associated to the energetic sector.

Thesis Objectives

General Objective

To assess the GHG emissions associated to lifecycle of based-sugarcane, cassava and rice husk
bioethanol, as well as the oil-palm-based, jatropha and rapeseed biodiesel, with the purpose of

determining the influence of biofuels production on climate change and global warming.

Specific Objectives

e To design the biofuels plant production based on chosen feedstocks.

e To assess Potential Environmental impacts using WAR for industrial stage.

e To calculate inputs and outputs for agronomical stage.

e To calculate mass balance for combustion stage.

e To analyze GHG emissions for all stages involve in biofuels chain using LCA

methodological approach.
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e To compare GHG emissions from biofuels production and use with regard to baseline for

determining the relationship between biofuels production and use and climate change.
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1.Biofuels supply chain and greenhouse gas
emissions

1.1. Overview

Depletion of fossil fuel sources has addressed the efforts toward other fuel options and energy
sources [1]. In addition, global environmental goals have strengthened the scientific researches to
find viable energy sources [11]. Industrial development, as well as the current standard of living,
depends on the continuous energy provisions. To guarantee all conditions (energy availability,
environmental sustainability, standard of living, among other related to energy supplies) bioenergy
production and use have been proposed as the most likely option [22, 29]. Because the bioenergy
alternatives are associated to transport and industry sectors, the most important bioenergy types are
bioethanol and biodiesel (biofuels), which are blended with fossil fuels. Biofuels production and use
are regulated in the world, through national governments and international standards [30]. In
Colombia, the legal framework was laid down with the “Ley 693 de 2001” and “Ley 939 de 2004”
[31, 32].

Biofuels development has been based on techno-economical studies, which have tested their well-
performance [2, 14, 33-35]. These works have been used as a basis of energy policies (at national,
regional or global level), tax exemptions, global grants access and subventions [36, 37].
Nevertheless, the biofuel analysis has continued, since environmental and social impacts are not
completely clear [19, 38-40]. The biofuels effect on natural resources, policies and economics (e.g.
Land Use Change, Climate Change, food security, water depletion) have been exhaustively studied
[41-43].

In this chapter, general topics of energy, biofuels and environmental assessment are briefly revised.
In the first section, Colombian matrix energy is detailed. Next, global energy matrix and

environmental evolutions are presented, emphasizing on greenhouse gases emissions. After,
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international standards are briefly depicted. Then, internal Colombian environmental certification is

explained. Finally, comparison of global and national context is carried out.

1.2. Colombian energy matrix

Colombian energy supplies included a number of sources such as coal, petroleum and renewable
primary energy [44] . Besides, secondary energy sources are also varied. Energy consumption is

based on both energy sources. Follow, energy matrix is presented.

1.2.1 Energy production and energy consumption

Figure 1-1 and Figure 1-2 show the Colombian primary and secondary energy production during the
last decennial by fuel type [44]. The major primary energy sources are non-renewable sources, i.e.
coal, petroleum and natural gas (91-92% of the total primary production). The share of non-

renewable energy sources on total primary production has been stable over this period.
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Figure 1-1. Primary energy production in Colombia

Secondary energy production in the last decennial (figure 1-2) indicates that the share of non-
renewable energy sources is stable, in contradistinction with the renewable sources, which show a
variable behavior. Bioethanol becomes to be part of national matrix energy since 2005 and biodiesel

was included since 2008.
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Figure 1-2. Secondary energy production in Colombia
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Colombian energy consumption by type of energy sources is shown in figure 1-3[44]. The

consumption share changed since 2005, when bioethanol was incorporated in the energy matrix.

Nevertheless, the tendency of energy usage by fuel type is similar in the temporal baseline.
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Energy consumption is mostly due to residential, industrial and transport sectors; these represent
72-76% of the total share (figure 1-4) [44]. As can be seen, transport sector presents the most

important consumption, with a share percentage approximately constant during the last decennial.
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Figure 1-4. Energy consumption by sector in Colombia

1.2.2 Biofuels and Colombian energy matrix

Bioethanol and biodiesel production in 2005 and 2008, respectively changed the energy matrix, but
their share is still low (0,06-1,14% on the total energy consumption). Figure 1-5 presents the energy
production corresponding to biofuels usage. The increment tendency is notable.
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Figure 1- 5. Energy from biofuels in Colombia

The reason of biofuels production is the legislation, which indicates the obligatory use of bioethanol

and biodiesel, for blended purposes [31, 32]. Hence, it is expected the biofuels share in the energy

matrix increased in the next decennial.

1.2.3 Colombian Mandatory

Colombian legal framework regulates the biofuels blends, tax exemption, quality standards and

biofuels prices [31, 32, 45-47]. Biofuels production is focused on fuel blends to be used in the

transport sector. According to the “Unidad de Planeacién Minero-Energética” (UPME), biofuels

goals include the percentage increment of biofuels blends in the transport fuels [48]. To fulfill the

general biofuels aims, several exemption taxes and subsidies have been regulated [49]:

The exemption of Value-Added Tax for sugarcane.
Tax rent exemption for oil-palm.
Tax exemption for biodiesel and bioethanol sale.

Rent subsidies to investment projects higher than 75000 minimal wage.

1.3. Current Colombian biofuels supply chain

As it was exposed in the last section, energy in Colombian context includes primary and secondary

sources. Nevertheless, the most important change of the energy matrix is associated to biofuels
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(bioethanol and biodiesel) production. Both bioethanol and biodiesel supply chains have been
implemented inside important agroindustrial supply chains: Bioethanol is related to sugar chain;
biodiesel interacts with oleaginous chain. Following, the major features of biofuels supply chain are

explained.

1.3.1 Feedstocks

At industrial scale, bioethanol is produced from sugarcane; biodiesel is produced from oil-palm; a

new industrial plant uses cassava like feedstock [50].

1.3.1.1 Bioethanol

In Colombia there are several potential feedstocks for bioethanol production; for instance, wheat,
corn, barley, sweet sorghum, which are obtained in the country [51]; moreover, some studies have
been carried out using sugar beet as feedstock [52]. However, bioethanol is produced mostly from
sugarcane because this feedstock presents key advantages with regard to others:

- Itis the sugar-crop which has the most photosynthetic efficiency, meaning high crop yield.

- Sugar industry in Colombian context has been based on sugarcane, the infrastructure and
experience required start with this know-how.

- Sugar supply chain was adapted for sugar and bioethanol production, taking into account
the food security issues. Sugarcane lands were not expanded; instead of that, sugar for
exportation was destined to bioethanol production. Adittionaly, Land Use Change (LUC)
controversies, internal sugar supply assurance, among other critical facts, were covered

using sugarcane as feedstock.

1.3.1.2 Biodiesel

Oleagineous supply chain is major based on oil-palm [31] and isolated crops, with high-oil contents
that grow on Colombian lands, e.g. sesame, cotton, soy and peanut [51], as well as non-edible crops
(castor bean and jatropha) [53, 54]. These crops have been potentially used as biodiesel feedstocks.
In the case of castor bean, it is most promising for obtaining other products. On the other hand,
jatropha has been analyzed in the regional context, and the studies still continue [54]. Using palm
oil as Colombian biodiesel feedstock encloses the same reasons of sugarcane: High yields, with a
developed the supply chain and technology adaptation facilities. Nonetheless, oil-palm lands have

growth, implicating LUC impacts. In chapter five, the LUC associated to oil-palm is discussed.
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1.3.2 Processing technologies

Both bioethanol and biodiesel are produced using mature technologies:

Bioethanol [50]: Sugarcane is milled. Rich-sugar juice is obtained by mechanical
extraction. Juice is clarified, heated and exhaustively evaporated, in order to obtain sugar
crystals. Concentrated juice, obtained in intermediate stages of evaporation, is known as
molasses. Some fractions of molasses (molasses B) are destined to bioethanol production.
Molasses B are sent to a fermentation unit. The separation of bioethanol from fermentation
broth is carried out via decantation, distillation and hydration using molecular sieves.
Sugarcane bagasse is used in the cogeneration system. The leaves, ash (from cogeneration
system), concentrated vinases and field wastes are used in the biocompost process.
Remaining leaves and field wastes stay in the field as natural cover. The wastewaters are
treated via anaerobic digestion.

Biodiesel [50]: Fresh Fruit Bunches (FFB) are obtained from field operations. The FFB is
sterilized with low-pressure vapor to separate the kernel and the Empty Fruit Bunches
(EFB). Kernel undergoes a digestion process with the purpose of cellular lysis. Oil is
mechanically extracted. Crude oil is dried, clarified and deodorized. Refined oil reacts with
methanol to produce biodiesel, which is separated by distillation. EFB is either directly
used as organic fertilizer or as biocompost input. Kernel cake is treated to obtain palm
kernel cake and oil cake. Glycerol, from the biodiesel separation process, is purified. The

wastewaters are treated via anaerobic digestion.

1.3.3 Biofuels usage

Bioethanol and biodiesel are used in the transport sector. Bioethanol is blended with gasoline; the
current blend is E8 (8:92 Bioethanol: Gasoline) [55]. Biodiesel is blended with diesel at B7-B10

(7:93-10:90 Biodiesel: Diesel) [56]. Bioethanol must be incorporated to gasoline as close as

possible to the use point because biofuel physicochemical characterization. Instead, biodiesel can be

transported through polyducts blended with diesel until B4.
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1.4 Environmental concerns related to global energy matrix
and biofuels supply chain

The above-described context was originated because of the tendencies in global energy matrix
changes and environmental situations, particularly related to Greenhouse Gases (GHG) emissions.

In this section, these matters are presented.

1.4.1 Global GHG balance

GHG emissions have been one of the most important concerns associated to environmental
conservation in the last century [57]. The industrial revolution and the wide-world fossil fuel energy
usage increased the GHG emissions at worrying levels [2]. Due to the scientific evidence linked to
both the climate change and global warming with GHG emissions; climate change science has been
strongly studied [58]. For this reason, the developed-countries made a commitment of GHG
reductions, known as Kyoto protocol.

As a Kyoto protocol compromise, parties included in Annex | must report the GHG national
inventory, following the guidelines of Intergovernmental Panel on Climate Change (IPCC) [59].
World GHG emissions from 1990 to 2008 are shown in figure 1-6. The inventory is comprised by
five major sectors: Energy, agriculture, solvent, industry and waste sector [60]. The energy sector
has the most GHG share (79-81%) compared to the other sectors sum (19-21%). The GHG

emissions from energy sector were more than fivefold higher than other emissions sources.
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Figure 1-6. GHG international balances
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The energy sector is divided into five sub-sectors: Energy generation, manufacturing, transport,
others and non-specific. Largest GHG contribution was for energy generation subsector (40-43%),
followed by transport subsector (22-27%). Non-specified sub-sector presents the lowest GHG
emissions.

According to above-mentioned, energy sector (energy generation and transport subsector) is
associated to environmental depletion. The scientific community has agreed with that [11].

1.4.2 Global Energy matrix

Energy consumption during the last decennial is shown in figure 1-7 [61]. Non-renewable energy is
the most important energy source (85%). Renewable energy represents 2-3% of total energy

consumption. Biofuels (bioethanol and biodiesel) presented a share of 0,1-0,6%.
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Figure 1-7. Global energy consumption by source
Figure 1-8 summarizes the energy consumption by sector and fuel in 2009 [62]. According to this,

the highest GHG emission are supplied by oil products, coal and peat, crude oils, gas, electricity,

heat and geothermal energy sources (transport and industry sectors at international context).
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Figure 1-8. Global energy balance for 2009

Global energy matrix is based on the non-renewable energy source, especially related to the high-

GHG emissions sectors. The bioenergy has been encouraged as an alternative for energy supplies,

as well as the GHG reduction.

1.4.3 Biofuels production in the world

Biofuels production has evolved in the last decennial for biodiesel (figure 1-9) and since thirty years
for bioethanol (figure 1-10) [61]. In the case of biodiesel, Europe has been the most important
producer; nonetheless, Central & South America have begun to be the sharer at international
biodiesel market. On the other hand, bioethanol production was focused on Central & South

America, but North America becomes to be the most important producer in the last decennial.
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Figure 1-10. Bioethanol production by zone

Reason for stakeholders increment in biofuels production is based on energy independency, as well
as the access to international tax exemptions and grants. Because of the “flexibility mechanisms”
defined by the Kyoto protocol (emission trading, clean development mechanism and join
implementation) as the formal route to climate budgets availability, biofuel production (including

improves in massive transport) has become to be an important option for climate-change mitigation.
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Thus, the mega-diverse countries (e.g. Central & South American Countries) can produce biofuels

to sell Certified Emission Reduction, while they gain their energy independence.

1.5 Colombian GHG

Colombia is a non-Annex | country, since it is considered a developing-country; therefore,
Colombia does not require GHG emissions reductions, at particular temporal baseline.
Nevertheless, GHG inventories together with mitigation strategies are important in the sense of the
international market competitiveness, the environmental commitment and the global opportunities.

GHG inventories by fuel type are showed in figure 1-11 [44]. The results indicate that the GHG
emissions have increased for all energy types, excepting the fuel oil and industrial gas. In contrast,

renewable energy sources contributed in a non-quantifiable scale to GHG emission.
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Figure 1-11. GHG from energy sources at Colombian context

The last GHG inventory by sector is summarized in figure 1-12 [63]. The results indicated that
energy and agriculture are the most important GHG emission sectors. Hence, the mitigation options
must be focused in implementations of Good Agronomical Practices and energy matrix changes.

Both choices can be satisfied by environmental sustainable biofuels production.
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Figure 1-12. Colombian GHG inventory - 2004

It must be highlighted that Colombian biofuels were regulated as a climate-change mitigation
strategy. In the last decennial, biofuels supply chain development (as it was depicted in section 1.3)
obeyed to the global situation (depicted in section 1.4), being supported by legal regulations
(depicted in section 1.2.3). Consequently, Colombian biofuels supply chain analysis must involve

environmental concerns, legal framework and food security assurance.

1.6 GHG and international sustainable standards

Goal of biofuels production is energy security and environmental sustainability, as well as the
global market inclusion or access to grant from flexibility mechanism. In this sense, sustainability
should be certified by both national and international entities. Colombian certification is CES
(section 1.7). Table 1-1 summarizes some of the most important standards, initiatives and voluntary
alliances [64-66].

Table 1- 1. International standards applied to biofuels supply chain and GHG emissions

Name Remarks
ABNT Ecolabel Based on Lifecycle Assessment.
Bonsucro Better sugarcane initiative. It is related to sugarcane supply chain.

Certification awarded to Carbon Trust Footprint Certification

Carbon Reduction Company based on the standards PAS2050, 1SO14065:2007. GHG

Label emissions are calculated using Lifecycle Assessment approach.
CCBA - Climate
Community & Certification on Forestry and Agriculture.

Biodiversity Alliance
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CSBP - Council for

sustainable biomass Voluntary certification. It is applied to bioetanol, biodiesel and

bioelectricity from wastes and short-rotation woods.

production
GRI - Global Reporting  Voluntary certification. Consisting on the sustainable reports
initiative generation.
Certification on:
ISCC - International - GHG emissions.
sustainability and - Sustainable land use.
Carbon Certification - Natural biosphere protection.

- Social sustainability.
Guideline of principles and sustainable criteria associated to
biofuels supply chain. The first certification in RSB was obtained
for an Austrian’s bioethanol factory [67].

RSB - Roundtable on
sustainable biofuels

RSPO — Roundtable on
sustainable Palm Qil
Verified Carbon
Standard

GBEP - Global Voluntary indicator for bioenergy systems. It is addressed to
Bioenergy Partnership national governments.

RSPO standard covers the production, processing and palm oil use.

Voluntary certification. It is addressed to carbon market.

The “Federacion Nacional de Cultivadores de Palma de Aceite” is member of RSPO [68]. In the

case of bioethanol the GRI certification is in process.

1.7 Colombian Environmental Seal (CES)

The CES corresponds to a voluntary certification, which is regulated by the “Ministerio de
Ambiente, Vivienda y Desarrollo Territorial” through order 1550 of 2005 [69]. The CES is awarded
when the environmental benefits can be proven. The most important criteria for obtaining the CES
are [69]:
- National or local environmental importance of environmental savings related to any
lifecycle stage.
- Technical data basis.
- Market share significance.
- Appropriated infrastructure.
Since the CES must be assigned according to technical rule, the activities related to CES are
depicted following [70]:
a. Product selection category: In this stage, the product must be classified according to its
economic activity. If the product is new, the category application must be formulated and

after, the feasibility study must be carried out.
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b. Environmental criteria normalization: This stage comprises either technical rule writing or
actualization. In the first case, the procedure implicates the rule elaboration, the public
consultation, the treatment of public consultation results, and the technical rule application.
In the second case, the regulation is compared to standards or current conditions.

c. Enforcement: Voluntary CES obtaining.

1.7.1 CES and biofuels supply chain

Biofuels supply chain, which was described in section 1.3.3, fulfills all criteria to obtain the CES.
Thence, the strategic environmental assessment of Colombian biofuels [71], based on the Strategic
Environmental Assessment guidelines [72], allowed obtaining a technical rule [73, 74]. This [75]
would be used in the second stage of CES activities in order to certified biofuels at the national

level.

1.8 Analysis of Colombian Biofuels supply chain and GHG
emissions

Colombian biofuels have been developed according to the global and national detected
requirements. While some Latin-American countries are studying the biofuels blends
implementation, Colombian biofuels framework is structured. It means Colombian biofuels could
not only supply internal demand, but also fulfill the international standard for international market
exportation. In this sense, it becomes necessary the complete assessment of Colombian biofuels

supply chain, wusing the appropriated environmental methodology for this context.
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2. Environmental assessment methodologies and
biofuels assessment

2.1 Overview

Environmental assessment (EA) made for a good, service or process, involves a set of schematic
procedures, which can be either qualitative or quantitative. In EA process relationship between the
studied subject and the environmental resources depletion (or improvement) can be contrasted,
correlated, and measured. EA results are presented as matrix, recommendations, strategies or
indicators, ranging from simple answers or a complex framework involving simulation and analysis.
EA final report depends on the considered approach, general goal and evaluation features.

EA methodological approaches are divided into two general categories: Valorization methods and
assessment methods [1]. First methods are used when an economic value must be assigned for the
purpose to assess the environmental pollution related to a good, service or process [76]. Within the
valorization methods are highlighted: Cost-effectiveness analysis, benefit-cost analysis, household
production function, health production function, travel cost models, contingent valuation method
[77-81].

The second methods take into account the impacts on different environmental resource due to
goods, services or processes [77, 82]. The evaluation route can be comparison, analysis and
calculations. Since the core of this whole research is the Colombian biofuels assessment, in this
chapter the second methods are amplified as the starting point of biofuels EA.

In the first section, the Environmental Impact Assessment as EA global method, as well as the most
important policymaker tool, is shown. Next, the conceptual methodological approaches are
introduced (i.e. eco-design, industrial ecology, lifecycle assessment). After, the lifecycle assessment
is explained in each stage. In the last sections, the use of lifecycle assessment in biofuels supply
chain analysis was discussed, emphasizing on the particular conditions related to Colombian

biofuels.
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2.2 Environmental impact Assessment (EI1A)

EIA is used to analyze the effect of an investment project on the surrounding resources, as well as
the several options comparison [83]. The aim of EIA is being a planning and decision tool at local
and national levels [77, 83, 84]. The authorized entities are responsible for the project rejection or

acceptation [84].

2.2.1 EIA methods

EIA can be classified into five general methodology groups, which are summarized in figure 2.1. It
should be foreground that the methods in figure 2-1 show a conceptual tendency i.e. are global
approaches toward EIA.
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criteria.

Matrix Diagrams

Figure 2-1. General EIA methods

The particular EIA-methods are [85-87]:
a. Analogical methods by previous projects.
b. Check lists to identify both key issues and/or decision breakpoints.
c. Benefit-cost analysis.

d. Expert panels which are met without a guideline.
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e.

> @ =

Index and indicators analysis by simulations, balances, experimentation and multicriteria

approaches.
Landscape assessment.
Maps superposition.
Network analysis.
Risk assessment.
Scenarios assessment.

Tendency extrapolation.

2.2.2 EIA at Colombian context

In Colombia, the EIA framework is regulated as integral part to obtain environmental licenses [88].

The order 2280 (2005) implements the general procedure related to environmental licenses [89].

The rule indicates the EIA must be realized according to [90]. The general procedure is shown at

figure 2-2.

Step 1. S Step 2. Preliminar Step 3. Check list
Brackground. review. preparation.
|
\2
Step 5. -
Step 4. Assessment | Environmental Step 6. Field work
process. assessment. (visit)
|
\2
Steps 9y 10.
Step 7. Other !
concepts (external |—> Step 8|. Result Technical goncepts
entities). analysis. and
communications.

Figure 2-2. General EIA procedure according to Colombian orders

Colombian law designates the EIA methodologies [90]. The EIA must be carried out for a new

project. How can an existing project be assessed, such as a supply chain?
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2.2.3 EIA as environmental sustainability tool

EIA is a mandatory requirement to fulfill legal regulations. However, EIA is not environmental
sustainability assessment tool. EIA allows obtaining general indicators, which can be correlated
with restrictions or global particular impact categories. The environmental sustainability of any
product, services and process are based on quantitative indicators, comparing the process execution
to another process and/or absence thereof.

The environmental sustainability has been measured using different standards and certifications
(some of them were exposed in chapter 1). Which are the methods used for standards or

sustainability certifications?

2.3 Conceptual EA methodologies

The conceptual EA methodologies are referred to global approaches, which enable analyzing

complex technological schemes and/or multi-stages supply chains, as in the case of biofuels. In the

figure 2-3 are summarized the EA methodologies [84, 91-94].

Environmental
assessment of a product
or services from cradle-
to-grave.

Lifecycle
Assessmeny Definition:

Applicability: It is
appropriated to complex
multistage chains.

Limitations: The system
boundaries definition; the
secondary processes; the
uncertainties associated
with different stages.

Eco-design/

Definition: Design based
on environmental
restrictions associated to
process engineering,
reverse logistics or re-
engineering

Applicability: It is
adequate for new
projects.

Limitations: The
economical sustainability
of “green” design; the
market-oriented focus.

Industrial
ecology

/

Definition: Integration of
industries with the
purposes to reduce the
environmental loads.

Applicability: It can be
applied at industrial
parks levels.

Limitations: Stakeholders
integration.

Figure 2-3. Conceptual EA methodologies descriptions
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While eco-design and Industrial Ecology are methodological approaches used at industrial scale or
new processes [95, 96], the lifecycle assessment is the widest world methodology used for supply
chains evaluation [94, 97-101].

24 LCA

LCA is a methodological approach used for global impacts assessment; which means it can be
adapted to assess economic, environmental and energy measurements [99, 102-104]. LCA allows
calculating environmental loads related to all stages of a complex process. Figure 2-4 shows the
steps of LCA procedure (according to [105]).

Goal and scope definition

What is the goal of the LCA? Which are Which are the primary and secondary
the system boundaries? processes?

S

Inventory analysis

Input and output flows Environmental loads calculations: Soil, air

and water resources
|

Impact assessment

Results assessment Comparison to other works and/or

standards
Results interpretation
Results analysis based on goal and scope Final remarks and recomendations

Figure 2-4. LCA steps

Follow, each step is described based on their major characteristics. Environmental assessment aims

will be emphasized.
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2.4.1 LCA goal and scope

In this step, the major study goals are depicted [106]. LCA formulation includes:

Goal: The general purpose is pointed out [105]. In the environmental assessment
framework, the most common goals are greenhouse gas balance, potential environmental
assessment and non-renewable energy measurement.

Scope [105]: The complete description of study system is made. For instance, if the
assessment is related to sugarcane production, one possible scope could be “the sugarcane
production using mechanical harvesting at farm level”.

System boundaries [29]: The stages countdown is carried out in this sub-section. For
example: “LCA for fossil fuel included extraction, mining, transport, refinery and usage”.
Functional unit [29]: To enhance the analysis, the results are referred to a representative
quantity, called functional unit. Such as feedstock mass, harvested area, production amount,
energy contents, among others.

Allocation method [29]: The allocation procedure is the environmental load division, when
the process is multi-product. The allocation methods are mass, energy, economic and
system expansion. For example, the allocation rules must be used when the sugarcane
Colombian supply chain is analyzed, since from sugar cane is obtained sugar, bioethanol,
bioenergy and biocompost [50].

2.4.2 Life cycle inventory (LCI) analysis

In this is the step inputs and outputs are quantified and organized [107]. Figure 2-5 shows the LCI

methods.
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LCI methods

Process flow diagrams

Matrix representation

Input-output-based LCI

The relationship between
sub-process is determined.

The data is organized in
matrix form in order to
calculate the

Hybrid analysis. Process-
based approach. Used at
industrial level.

environmental loads.

Tiered analysis: Process-
based approach. This
methods is focused on use
and disposal stages.

Integrated analysis. This
method joints the matrix
representation and
process-based system.

Figure 2-5. LCI methods

The final results are energy and mass global inputs and outputs, which will be used to calculate the

impact categories defined on goal and scope step.

2.4.3 Impact assessment

In this step, the impacts are determined and compared. The impact assessment comprises three
procedures, which are described in figure 2-6 [108]. The first sub-step involves the impacts
determination, using the midpoint, endpoint methods, as well as the both methods. Midpoint
methods are directly calculated from material balances; end-point methods are weighting of
midpoint impact category, obtaining general value related to global damage category [109]. In some
cases, the midpoints methods are used as characterization sub-step and the end-point are used as
weighting sub-stage. The comparison and weighting stages allow determining the impact

considering other similar processes.
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Impact assessment

Characterization Normalization Weighting

Impact categories

calculation: Comparison with
Midpoint and baseline

endpoint methods

Final results

Figure 2-6. The impact assessment sub-steps

Midpoint and endpoint methods can be merged. The most important impact assessment methods

were formulated by midpoint-endpoint hybrid; this linkage is used as the basis in certification

processes. Indeed, the impact assessment can be seeing as a total whole. Some of the most

important impact assessment methods are [110]:

CML: Appropriated for single assessment. It quantifies midpoint impact categories through
the characterization and normalizations steps. It was developed under Netherlands
conditions.

Eco-points 95, 97: These are a set of midpoint impacts categories, including
characterization, normalization and weighting steps. These were developed under political
and physical Netherlands conditions.

Eco-indicator 99: The midpoint impact categories are used to calculate end-point impact
categories (human health damage, ecosystem quality damage, and resources damage). It
was developed under Netherlands conditions.

EPS 2000 (Environmental Priority Strategies in product design): It is particular for the

industrial sector. It uses endpoint-methods (human health, ecosystem quality, abiotic
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resources availability, biodiversity and socio-cultural resources). This approach was

developed at Netherlands conditions.

2.4.4 Results interpretation

This step comprises the analysis of implication associated to environmental impact categories

results. The final report, as well as recommendations, is obtained at this step.
2.4.5 International parameters based on LCA

2.4.5 International parameters based on LCA
Although the assessment methodologies include a set of parameters and indicators, two quantitative
indicator are used to evaluate any process: The Cumulate Energy Demand (energy, exergy and
emergy) and ecological footprint (footprints family) [84, 111]:
- Cumulate Energy Demand: Based on Ecoinvent method consists on both direct and indirect
energy requirements determination in the whole lifecycle.
- Ecological footprints: It corresponds to the equivalent land biologically productive which is

required for any process.

2.5 LCA in the environmental framework of biofuels supply
chain

The biofuels production and use can be environmentally hazardous at three levels: Water, air and
ecosystems resources. In this section, the general LCA results for biofuels supply chain are

summarized.

2.5.1 PEI from biofuels production and use

Table 2-1 shows qualitative results of LCA applied to biofuels supply chain. According to the
Potential Environmental Impacts (PEI) results, two factors can be highlighted:
- PEls are calculated based on mass and energy balances, i.e. PEIs depend on process
variables, being the results of physics law applications.

- Second, derived on before, significant results must be calculated using local context data.
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Table 2-1. Qualitative PEI categories assessed through biofuels supply chain
Country Categories Observation Reference
Resource Depletion, Non-Methane
Volatile Organic Compounds Decrease regarding [15]
China — Ethanol (NMVOC), carbon dioxide, carbon  fossil fuel
(cassava), E85 monoxide.
Nitrous oxide Increase regarding [15]
fossil fuel
Germany — Ethanol . .
(sugar beet, wheat and Resou_rce Depletion and Global Decrease regarding [18]
Warming fossil fuel
potato), E5
. Increase regarding
Ozone Depletion fossil fuel [18]
Argentina — Biodiesel Eutrophication, Acidification and Increase regarding [112]
(soybean) Human Toxicity fossil fuels
Abiotic Depletion, GHG, Ozone Decrease regarding [113]
_ Layer Depletion gasoline
Brazil - Ethanol Photochemical oxidation No significant change [113]
(sugarcane) e " .
Acidification, Eutophication, Increase regarding [113]
Human & Eco-toxicity gasoline
Abiotic depletion, Acidification, Most effect by [114]
Chile — Biodiesel Eutrophication, Global Warming fertilizers
(sunflower and
rapeseed) Most effect by
Human Toxicity fertilizers and [114]
pesticides
United States —
Ethanol (corn stove), Resources Depletion, Global Decrease regarding [115]
E85 Warming, ozone depletion fossil fuel
Land Use Change (LUC) No significant change [115]
Acidification, photochemical smog Increase regarding [115]

fossil fuel

2.5.2 GHG emissions and LCA

Tables 2-2-2-4 summarize GHG emissions from different biofuels systems by stage (agricultural,

industrial and combustion stages). GHG studies were mostly carried out for Asiatic and European

countries. In America, Brazil and Unites States are the countries which have made more LCA.

Agricultural stage (feedstock production) has been considered as the most difficult to assess.

Results have been conditioned to the system boundaries in agricultural stage due to the major

uncertainties related to GHG emission from biofuels systems related to this stage. For instance, the
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LUC, fertilizer type, agrochemical, agronomical practices, among others, are key issues considered
meaningful in biofuels supply chain evaluation [23, 116-121].

Conversely, GHG emissions from industrial stage are obtained from energy and mass balances.
Therefore, the results might be replicable; however, it does not happen. The secondary process from
inventory and the functional units are responsible for these disagreements.

In the case of biofuels combustion, it depends on several variables, which implicates the need to
correct the default emissions factors. The combustion is strongly influenced by motor type and
location topology. Motor efficiency, oil profile, blend percentages are some of the factors which

influence GHG emission from combustion.
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Table 2-2. GHG emissions from agricultural stage (feedstock production)

Value Unit Feedstock Location Processes considered Reference
25,0 KgCO-€/GJ O.f Grains Europe Mechanical harvest. Fertilizer production. [22]
harvested grain

Fossil fuel. Fertilizer and seed production. Pesticides.

36,0 K.gCOZE/GJ harvested  Wheat. Northern Equipment and transport emissions. Biogenic emissions. It is [27]
biomass Straw Europe
for grass land.
Fossil fuel. Fertilizer and seed production. Pesticides.
13,0 KgCOze/GJ_ of Wheatand  Northem Equipment and transport emissions. Biogenic emissions. It is [27]
harvested biomass straw Europe .
for cultivated land.
Fossil fuel. Fertilizer and seed production. Pesticides.
20,0 KgCOze/GJ_ of Sugar beet Northern Equipment and transport emissions. Biogenic emissions. It is [27]
harvested biomass Europe
for grass land.
Fossil fuel. Fertilizer and seed production. Pesticides.
8,9 KgCOze/GJ_ of Sugar beet Northern Equipment and transport emissions. Biogenic emissions. It is [27]
harvested biomass Europe .
for cultivated land.
Fossil fuel. Fertilizer and seed production. Pesticides.
45,0 KgCOze/GJ_ of Rapeseed Northern Equipment and transport emissions. Biogenic emissions. It is [27]
harvested biomass Europe
for grass land.
KgCO,e/GJ of Northern Foss_ll fuel. Fertilizer and see_d product_lon. P_est|C|_de_s. _
17,0 . Rapeseed Equipment and transport emissions. Biogenic emissions. It is [27]
harvested biomass Europe .
for cultivated land.
1220,3 KgCOge/ha.yr Palm oil Brazil Manual Harvest. Green fertilizer. Pesticide [122]
1020,9 KgCO,e/ha.yr Palm oil Malaysia mifirl?g;al harvest. Organic fertilizer (Empty Fruit Bunches). [122]
31221 KgCOse/hayr Palm oil Thailand ll;/(lezglé?éel—slarvest. Organic fertilizer (Empty Fruit Bunches). [122]
1514,6 KgCO,e/ha.yr Palm oil Malaysia Organic fertilizer (Empty Fruit Bunches). Pesticides. [122]
1894,3 KgCOge/ha.yr Palm oil Malaysia Fertilizer. [122]
68,6 gCO,/MJ Cassava China Harvest. Fertilizer use. Pesticide uses. Feedstock transport. [123]
1454 gCO,/MJ Sorghum China Harvest. Fertilizer use. Pesticide uses. Feedstock transport. [123]
110,5 gCO,/MJ Soybean China Harvest. Fertilizer use. Pesticide uses. Feedstock transport. [123]
52,0 gCO,/MJ Jatropha China Harvest. Fertilizer use. Pesticide uses. Feedstock transport. [123]

1314 gCO,/MJ Maize China Harvest. Fertilizer use. Pesticide uses. Feedstock transport. [123]
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Table 2-2 (continuation)

Value Unit Feedstock Location Processes considered Reference
Maize and
soybean United
263,0 KgCO,e/Mg of corn rotation States Land Change. [124]
crops
. United
356,0 KgCO,e/Mg of corn Maize States Land Change. [124]
2108,0 - . The authors studied several types or harvest. Transport.
2908,0 KgCOe/ha Sugarcane  Brazil Fertilizer. Soil. Sugar cane trash. Equipment. [125]
3503,5 KgCO,e/Kg biodiesel  Palm oil Malaysia Fertilizer use. Mechanical harvest. Respiration. Petland. [126]
266,2 KgCO,e/Kg biodiesel Rapeseed Malaysia Fertilizer use. Mechanical harvest. Respiration. Petland [126]
15,3 KgCO.e/T sugar cane  Sugarcane  Brazil Soil. Sugarcane trash burning. [127]
Table 2-3. GHG emissions from industrial stage (feedstock processing)

Value Unit Feedstock Biofuel Location Observations (processes considered) Reference
21 3CO,e/M] Wheat Bioethanol Elorthern Blomas_s was used in plant production for electricity [22]
urope generation.

16 4CO,e/M] Sugar beet  Bioethanol., Il;lorthern Blomas_s was used in plant production for electricity [22]
urope generation.
5.7 gCOLe/M] Rapeseed Biodiesel. Northern Blomas_s was used in plant production for e_Iectrlc:lty [22]
Europe generation. It considered methanol production.
. - . Diesel consumption for start-up and electricity from grid.
406,4  KgCO.e/ha.yr Palm oil Biodiesel. Brazil Methanol and NaOH production were considered. [122]
3257  KgCOse/hayr Palm oil Biodiesel Malaysia, Elect_r|C|ty from grid. Methanol and NaOH production were [122]
considered
. - . Diesel consumption for start-up and electricity from grid.
4547  KgCOye/ha.yr Palm oil Biodiesel Thailand Methanol and NaOH production were considered. [122]
3367  KgCO,e/hayr Palm oil Biodiesel Malaysia Electricity from grid. Methanol and NaOH production were [122]

considered.
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Table 2-3 (continuation)

Value Unit Feedstock Biofuel Location Observations (processes considered) Reference
69,6 gCO.e/MJ Maize Bioethanol  China. Fossil fuel production. Transportation. [123]
47,7 gCOe/MJ Cassava Bioethanol  China Fossil fuel production. Transportation. [123]
85,9 gCOe/MJ Sorghum. Bioethanol  China Fossil fuel production. Transportation. [123]
36,4 gCO.e/MJ Soybean Biodiesel. China Fossil fuel production. Transportation. [123]
27,4 gCOe/MJ Jatropha. Biodiesel. China Fossil fuel production. Transportation. [123]
23;8 "~ KgCO.e/m? Sugarcane  Ethanol Brazil By-products usage. [125]

KaCOe/K Oil production. Biomass incineration. Diesel for boiler start

160,2 bi?)fuelz g Palm oil. Biodiesel Malaysia  up and diesel for vehicles. Methanol, catalyst and electricity [126]

production.

3.8 K_gC_Oze/Kg Rapeseed.  Biodiesel Malaysia Methanol, catalyst and electricity production. By-products [126]

biodiesel usage.







Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle 58
Table 2-4. GHG emissions from combustion (biofuel usage)
Value Unit Biofuel Location Observation Reference
16 T_on COy/ton Biodiesel  Malaysia Biodiesel from oil palm and [15]
diesel rapeseed.
. . United

243,0 gCO,/mile Bioethanol states [17]
Emission factor of IPCC for

59,8-84,3 gCO,/MJ biodiesel. [59]
Emission factor of IPCC for

67,1-95,3 gCO,/MJ liquid biofuel different of [59]
biogasoline and biodiesel

89,0 gCO,/MJ Biodiesel  India Heavy-duty vehicles. [128]

65,0 gCO,/MJ (BE'ggt)ha”O' India Heavy-duty vehicles [128]

71,4 gCO,/Km Bioethanol China Ethanol from wheat, corn or [129]
cassava.

74,6 gCO,/Km Biodiesel  China [129]

Table 2-5 presents some reports related to GHG saving by biofuels supply chain.
Comparatively, the same feedstock can be reported as mitigation or emission option, depending

upon the study location.

Table 2-5. GHG emissions saving

Value Observation Fossil Biofuel Feedstock Location  Reference
(%) Fuel
22 Reduction Gasoline  Bioethanol Maize United [1]
States
56 Reduction Gasoline  Bioethanol  Sugarcane Brazil [1]
68 Reduction Gasoline  Biodiesel Chemical Germany [1]
pathway
20-73 Reduction ND Biodiesel Rapeseed Review [3]
42-64 Reduction ND Bioethanol  Sugar beet Review [3]
50-79 Reduction ND Bioethanol ~ Wheat Review [3]
. - United
71 CO; reduction ND Biodiesel Rapeseed Kingdom [8]
CH, - United
12 increment ND Biodiesel Rapeseed Kingdom [8]
N,O . United
640 increment ND Biodiesel Rapeseed Kingdom [8]
61 CO;, reduction ND Bioethanol ~ Wheat U_mted [8]
Kingdom
27 CH, ND Bioethanol ~ Wheat United [8]
increment Kingdom
428 NoO ND Bioethanol ~ Wheat United [8]
increment Kingdom
. . United
58 CO; reduction ND Bioethanol  Sugar beet Kingdom [8]
59 CH, reduction ND Bioethanol  Sugar beet United [8]

Kingdom
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Table 2-5 (continuation)

Value Observation Fossil Biofuel Feedstock  Location Reference
(%) Fuel
642 N2O ND Bioethanol ~ Sugar beet United [8]
increment Kingdom
200 Increment Diesel Biodiesel Fruit palm East [9]
Europe
100 Increment Diesel Biodiesel Rapeseed East [9]
urope
37 CO; reduction  Gasoline Ellosethanol Switch grass  Review [17]
31 CO reduction  Gasoline 20" np ND [17]
NO, . Bioethanol
23 increment Gasoline E15 ND ND [17]
60 COreduction  Gasoline  Biodiesel ND ND [17]
80 NO, Gasoline  Biodiesel  ND ND [17]
increment
114 Reduction ND Bioethanol  Switch grass Review [17]
43 Increment ND Bioethanol  Switch grass Review [17]
25-93 Increment ND Bioethanol  Maize Review [17]
40-65 Reduction ND Biodiesel ND Review [29]
10-20 Reduction ND Bioethanol  Maize Review [29]
65-85 Reduction ND Bioethanol  Sugarcane Review [29]
10-80 Reduction ND Bioethanol  Grains Sweden [22]
35 Reduction ND Bioethanol  Grains United [22]
States
85 Reduction ND Bioethanol  Sugarcane Brazil [22]
35-75 Reduction ND Biodiesel Rapeseed Northern [27]
Europe
24 Reduction Gasoline  Bioethanol  Sugarcane Brazil [113]
26 Increment Gasoline  Bioethanol Maize China [123]
34 Reduction Gasoline  Bioethanol Cassava China [123]
40 Increment Gasoline  Bioethanol ~ Sorghum China [123]
8 Increment Gasoline  Biodiesel Soybean China [123]
49 Reduction Diesel Biodiesel Jatropha China [123]
22-42 Reduction Gasoline  Bioethanol Maize gtgltteid [124]
38 Reduction Diesel Biodiesel Palm oil Malaysia [126]
93 Hydrocarbon — piecel  Biodiesel  ND ND [130]
reduction
50 CO reduction  Diesel Biodiesel ND ND [130]
Particulate
30 material Diesel Biodiesel ND ND [130]
reduction
NO; . -
13 . Diesel Biodiesel ND ND [130]
increment

Most reports of GHG emissions for biofuels supply chain have used LCA as methodological
approach. The results put off the general sustainability assessment of biofuels. Because the

major biofuels key issue is related to its mitigation potential, the methodological approach must
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be the key of all. Since the LCA results have been used as policies basis, the guidelines must be
focused on a specific methodology framework applied in a standard way, instead to obtain

results based on particular conditions.

2.6 General concerns about the pertinences of biofuels
production and use

Environmental assessment of biofuels supply chain has been complex, since the processes

involve high-uncertainties stages. Complete biofuels analysis requires incorporating all aspects,

i.e. technological, environmental and social key issues. Table 2-6 shows some of them.

Table 2-6. Uncertainties related to biofuels production and use

Key issue

Observation and remarks

The technological biofuels
development does not allow its
global implementation.

The up-scale biofuels compete
with food security.

GHG emission savings in
combustion stage.

GHG emissions savings along to
the supply chain.

General environmental benefits
for biofuels production and use.

Negative effects on biodiversity.

The biofuels production could
promote the smallholders access
to big markets.

The major problems related to biofuels implementation are
feedstock and energy efficiency [123, 131]. Technological
improvements enhance economic performance [132].
Notwithstanding, the biofuel economics depend on other
factors, e.g. fossil fuel prices. Moreover, the biofuel's
market growth dynamics is support on tax exemptions and
grants. The biofuel economics sustainability is not
completely proven.

Food security has been one of the most discussed topics [21,
26, 33, 133]. Even though food price seemed increases
[134], some works have suggested the equilibrium point
existence, i.e. food security and biofuels supply could get
together [135].

Biofuels usage could reduce GHG emissions from
combustion process [17, 128, 130]. Otherwise, NOx and
NMVOC emissions increase with regard to fossil fuels
[136].

Several works have proven significant GHG reductions,
while other studies have indicated a large GHG increment,
when the performance of the supply chain is compared to
fossil fuel supply chain [1, 9, 123, 130].

Some PEIs related to biofuels production and use decrease,
taking into account fossil fuels as the baseline. [137].
However, another PEIs increased [113].

The LCU due to biofuels expansion impacts the biodiversity
[138]. Some authors have indicated the LUC could be
harmful for native biodiversity [133]. This topic requires
more research efforts.

The field yields depend on agronomical management [35].
Large-scale production implicates more opportunities for
wholesaler, instead of promoting the smallholders
possibilities. Nonetheless, the smallholder’s partnership
could be possible solutions for including them in the
biofuels market.
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The literature reports reveal perilous confusions from methodologies, methods, assumptions and
results. The same approach (in the case of this chapter, LCA) allows obtaining different results,
based on different supposition sets. Moreover, several methodologies applied to the same
assumptions have been used to prove both benefits and damages related to biofuels supply
chain. These results, which are wide world used, can ignore local context. Because the biofuels
production and use is mostly related to climate change mitigation, their assessment affects the

whole world.

2.7 Climate change vulnerability and biofuels supply chain

According to IPCC technical reports [139], climate change vulnerability is proven around the
world. Evidences as thaw, wheatear pattern changes, water cycle changes, diseases, among
others, has been related to climate change. These problems are presenting in the most of the
world.

The earth can be considered as a control volume, which the total carbon balance is zero, i.e., the
net carbon amount does not change, as well as the other components. Therefore, the most
serious consequences of climate change are specified-located, but the compensation is present
on other specific-location, to keep the global balance. According to Maplecrof [140] the higher
vulnerability zones of the climate change are located in the Middle America, South America,
African coasts and South Asia. Rest of the world presents a middle risk. Hence, existence of a
direct relationship between the producer biofuels feedstock zones and the major vulnerability
zones can be considered. If this is the case, the discussions must transcend; biofuels would

become either a global mitigation option or a climate change contributor.

2.8 Colombian biofuels and climate change mitigation

Colombian biofuels supply chain is well-developed. Bioethanol can be considered as a product
inside a biorefinery. Biodiesel production is most recent, but it is susceptible to improvements.
The most recent study of sustainability [50] indicate the current Colombian biofuels can
compete at international markets. In the next chapter a methodological approach to assess the
biofuels supply chain is proposed. This method looked for the impact of Colombian biofuels on

climate change.
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3. Methodological approach for environmental
assessment

3.1 Overview

The EA results are closely linked to particular features of the studied systems. As the
complexities increase, the EA method and/or methodology must allow finding the routes to
convert the gaps into quantitative measures of the general process. If the global system involves
interdisciplinary steps, the uncertainties treatment becomes an important part of the integral
analysis. Assess a supply chain is difficult due to it is composed by logistic, agronomic,
engineering and economic interactions, which hinder obtaining of representative results.

The global methodologies (exposed in chapter 2) existing could be considered efficient. The real
difficulties are related to the methods application: All certifications and used approaches are
based on particular conditions (weightings, software and tool, among others); its application to
another context has led the discussion toward the current state-of-art. Thus, the EA can better
express the results than up-to-day, if the approaches are refined for specific sets of scenarios.

In this chapter, a methodological approach is proposed, in order to carry out the EA of complex
processes. This strategy suggests an array of preliminary steps before the quantitative
assessment, which allow identifying the key issues previously to the EA. The method
recommends two LCA-executions:

- The first-LCA is the conceptual analysis of the system (technical checklist summarizing
the qualitative predictions based on the system knowledge). The result of this step is the
system-redefinition, containing all observations from particular contexts. Furthermore,
this checklist addresses the classification of different procedures according to the
technical knowledge about them.

- Before the second LCA, the allocation method should be chosen. It suggests the
allocation following a “products map”.

- The second-LCA is the classical LCA. It is proposed to use mid-point methods; instead

of end-points impact categories, in order to enhance the understanding of EA results and
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analysis. As far as possible, it suggests the quantitative calculations are based on energy

and mass balances.

3.2 Methodological approach

3.2.1 Conceptual analysis

The first stage involves a set of qualitative activities, aiming to get deeply understanding of the
whole process. The complete comprehension could be considered the basis of the EA. When the
system definition is correctly achieved, inventory and impact categories quantification could be
considered secondary procedures in EA. Consequently; a more technical system definition
allows obtaining most representative results. Figure 3-1 shows the proposed-scheme for this

step.

y

System
definition

Stages
definition
No \|/
Qualitative

inventory

!

Are the preliminary results
consistent with the system
features?

Jes

A priori
analysis

v

Is necessary to include other
procedures for more relevant
analysis?

J/Yes T

_

Yes

Confirmed [ System to N\

Figure 3-1. Conceptual analysis activities
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The conceptual analysis is a retrofitted-step. The goal is the system definition through the
refinement processes. This approximation is equivalent to standardize the first LCA-stage (see
chapter 2).

3.2.1.1 System definition

The system definition involves some meanings of the classical LCA. The major features of the
system, as well as the first-version of system boundaries, are depicted in this step. Since the
system definition is susceptible to change, this activity could be considered as an

approximation, which is characterized for the general system overview.

3.2.1.2 Stages definition

As can be seen in section 3.1 and chapter 2, the supply chains correlate dissimilar levels, which
require a wide knowledge, obstructing the global analysis. In order to standardize the approach,
it is proposed to classify the stages inside of several groups. Table 3-1 presents the major

characteristics of these global groups.
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Table 3-1. Stages groups

Parameter Engineering group Logistic group Empirical group Hybrid group
This group is composed for It comprises all procedures  This group comprises the
all procedures which are which are necessary for the activities which are carried When the activity and/or
Definition directly defined by supply chain performance, out in a particular way process can be classified in
application of mass and as well as the organization  because it is a historical several groups.
energy balances. activities. method.
Logistic-empirical
Transport, stock, Traditional management, activities, engineering-
Treatment, transform and T . . - .
Sub-groups . management, distribution small-scale industry, pilot  logistic activities,
separation procedures. N -
procedures. plants, laboratory tests. engineering-empirical
activities.
Distillation, fermentation, Transport, product stock Manual irrigation, . .
Examples . . . . Animal traction.
extractions. infrastructure. weeding, tillage.
Precision High High Low Undefined. It depends on

Best functional unit

Advantages

Disadvantages

Scope

Energy and mass units.

Results are based on
physicochemical
principles. Whence, the
obtained results are
replicable.

When the processes are
susceptible to uncertainties,
results loss accuracy.

All technical processes.

Distance, energy and mass
units.

The input data is
contextualized, improving
the results quality.

When the processes are
susceptible to
uncertainties, results loss
accuracy.

National and regional
levels.

Surface units.

The experience has been
the most important key for
the processes.

These are specified-
process and specified-
location.

Regional and local levels.

the global process.

Depending on the system.

These processes involve
non-conventional
approach, optimizing
conditions and resources.

These are specified-
process and specified-
location.

Local levels.
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The above-classification expedites the determination of cornerstone, key issues and the more
complex procedure; therefore, a more detailed analysis is carried out. Because the technical
processes are determined, the attention can be focused on uncertainties-generators processes.

Moreover, the processes-knowledge addresses the more appropriate functional unit choice.

3.2.1.3 Quialitative inventory

This activity consists on a-priori compounds determination, i.e. the probable compounds definition,
as well as the possible results for energy usage. For instance, if the supply chain includes to obtain
the feedstock, a qualitative inventory implicates considering: Water, fertilizer, pesticide, some
agrochemicals, and fuels as inputs; and GHG emissions, nutrients leaching, pesticide and

agrochemical loose due to runoff and wastewater, among others as probably outputs.

3.2.1.3.1 First feedback

Qualitative inventory can be the first breakpoint to redefine the system. The definition of possible

compounds could aid to include/exclude any process in the general system.

3.2.1.4 A priori analysis

From the qualitative inventory activity, preliminary inputs and outputs are determined. After, the
following step is the a-priori analysis, which consists on potential impact categories definition. For
having an approximate notion of inputs and outputs, the most important impact categories could be
predicted. Continuing with last example (section 3.2.1.3), qualitative inventory addresses the a-
priori analysis to consider. Eutrophization potential, global warming potential, acidification

potential, GHG emissions and eco-toxicity potential.

3.2.1.4.1 Second feedback

The a-priori analysis can be considered the second breakpoint. The empiric system knowledge
(about the system behavior in terms of compounds and impact categories) can allow redefining

some activities, which should be included (excluded).
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3.2.1.5 Confirmed system: System to study

The above-mentioned (section 3.2.1.1-3.2.1.4) are preliminary activities, which allow redefining the
system to study. Once the process is deeply-known, as well as the local context is included, the

goal, scope, functional unit and the aim can be defined in basis on a more technical reasoning.

3.2.2 Allocations

The allocation procedure has sense when the process-goal is obtaining multi-products. Because this
is the case of the mostly of supply chains, the allocation must be considered. Figure 3-2 shows the

general proposal for allocation process.

To choose the

allocation method Define all process

List all products

(mass, energy, ) involved into
market or system and co-products system
expansion)
Meet the Determine the Mapping the
procedures with products and co- products and co-
the same share products share of products into the
percentage. each process. system.
Apply the

allocation method

Figure 3-2. Allocation process approach

This proposal combines two approaches: The subdivision of system and the allocation loads. The
general idea is to assign loads based on each transformation process, in order to be more detailed in
the EA.
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3.2.3 Process engineering

When the system definition is complete, the process engineering is carried out. This activity
depends on the process group (see table 3-1). Result of the process engineering is the quantitative
inventory. It can be made using simulation procedures and/or primary sources. Table 3-2

summarizes the proposed process engineering for different groups.

Table 3-2. Process engineering approach for each process group

Group Methodological approach
Engineering Mass and energy balances are directly made.
Mass and energy balance is subjected to some restriction. For
Logistic example, the transport energy requirement is subjected to the engine

energy efficiency, the topographical conditions, among others.
Empirical data are considered as inputs for mass and energy
Empirical balances. Mass and energy balances are used to adjust this
information to a model.
The weighting of the group share is made, in order to reflect the real

Hybrid situation.

3.2.4 Mid-point impact categories

Because the end-point impact categories calculations depend on local conditions, the analysis using
mid-point impact categories could be considered a more technical tool. The mid-point results are
guantitative and are associated to impact categories on the resources. Their interpretation can
suggest qualitative end-point categories impacts are more contextualized than the current end-points

categories (calculated with software and tool adapted to international situations).

3.2.5 LCA

The mid-point impact categories calculation is the third stage of LCA. In this activity, all results are
summarized and analyzed. The comparison with baseline is made in this stage. The final

recommendations are carried out.
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4.  Methodological approach
applied to Colombian biofuels:
Methods

4.1 Methodological approach

In this chapter, the methodological approach presented in the last chapter is applied to current
Colombian biofuels, as well as some promising feedstocks: Sugarcane, cassava and rice husk for
bioethanol production; oil-palm, jatropha and colza for biodiesel production. The first part shows
the overall application, i.e. the methodological approach applied to biofuels system. The second part

summarizes the methods used to the biofuels EA.

4.2 Methodological approach applied to biofuels EA

In this section, the methodological approach depicted into section 3.2 is applied to current and most

promising Colombian biofuels.

4.2.1 Bioethanol from sugarcane
4.2.1.1 Conceptual design

4.2.1.1.1 System definition

Bioethanol supply chain was described in chapter 1. The system definition (figure 4-1) is based on
the current supply chain, i.e. the bioethanol production from sugarcane, with the purpose to use it in
E10 blends.
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Chemicals

 Sugarcane bagasse
Sugar production | Electricity
 Sugar

Chemicals Sugarcane Sugarcane
nhemicals) :
production

Ash, leaves,
Filter cake

Molasses |Electricity

Water| By-products Wastewater Bloetaqol Bioethanol .
treatment production
, Electricit
Chemicals Y

Figure 4-1. First system definition

4.2.1.1.2 Stages definition

Procedures and activities are classified as shown in table 4-1. According to that, the major direct
processes can be quantified using mass and energy balances. The feedstock production (i.e.

agronomical stage) requires some estimation.

Table 4-1. Classification of the processes

Engineering group Logistic group Empirical group Hybrid group

Sugarcane residues

Sugar production Chemical transport f ; ; Wastewater treatment
rom yield extraction
Bioethanol Agrochemical Biocompost
production transport production
Cogeneration system  Feedstock transport Feedstock production
E10 combustion B_|oe_thar!ol E10 combustion
distribution

Finally, bioethanol supply chain is divided into the general stages:

- Sugarcane production (empirical and hybrid group).
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- Sugar production (engineering group).

- Bioethanol production (engineering group).
- Byproducts treatment (hybrid group).

- Reagent transport (logistic group).

- Feedstock transport (logistic group).

- Bioethanol: Bioethanol blended and E10 combustion (engineering group).

First breakpoint: Since the major processes belong to engineering and logistic groups, the most

appropriated functional unit is an energy unit (MJ).

4.2.1.1.3 Qualitative inventory

Table 4-2 summarizes the inputs and outputs of the supply chain.

Table 4-2. Qualitative inventory

Stage Inputs Outputs
Sugarcane, GHG and non-
. Water, fertilizer, GHG emissions, nutrient
Sugarcane production . . X .
agrochemicals, diesel losses by leaching, chemical

losses by runoff, sugarcane
Sugar, sugarcane bagasse,
electricity, molasses, ash,

Sugarcane, water, flocculants, :
g leaves, filter cake (cachaza),

Sugar production

reagents GHG and non-GHG
emissions
. . Molasses, electricity, Bioethanol, vinasses, GHG
Bioethanol production S L
antibiotic, reagents emissions
Wastewater, ash, leaves, filter Biocompost, treated water,
Byproducts treatment . -
cake, vinasses, GHG emissions.
Reagents transport Fossil fuel Emission into atmosphere.
Feedstock transport Fossil fuel Emission into atmosphere.
Bioethanol: gasoline blended  Bioethanol, gasoline, tanker Emission into atmosphere
and E10 combustion truck, fossil fuel phere.

4.2.1.1.4 A priory analysis

According to table 4-2, bioethanol supply chain could impact all environmental resources:
- Air: The energy usage generates GHG emissions. The nitrogen fertilizers produce N-emissions,

which could be more important than others. In addition, the cane burning and E10 combustion
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produce non-GHG emissions. The impact categories associated to this stage are warming global,
ozone depletion, photochemical oxidation. Moreover, the GHG assessment must be complemented
through LUC calculations.

- Soils: Intensive fertilizer application and pesticide runoff can weaken the soil quality. Impact
categories which could be affected are terrestrial toxicity and acidification.

- Water: Transformation and separation processes generate wastewater streams. The most important
are the bioethanol production wastewater, since the fermentation broth is high-pollutant. Human,
terrestrial and aquatic toxicities are the impact categories associated to water contamination. In

addition, acidification could be affected as well.

Second breakpoint: A-priori analysis indicates bioethanol supply chain may modify the
environmental quality by eco-toxicity, human toxicity, global warming, ozone depletion and
acidification. As it can be seen in table 4-2, general emissions are present along all the stages of the
supply chain; consequently, all inputs that implicate emissions should be accounted. As results, the
first analysis involves the GHG emission calculations. The second analysis should be about energy

requirements. The third analysis should the mid-points impacts.

4.2.1.1.5 Confirmed system

The final system definition considering all conceptual analysis results are depicted in table 4-3.

Table 4-3. System definition of bioethanol from sugarcane

LCA Observations

Goal:
Calculate the GHG emissions from bioethanol supply chain
Scope:
Empirical and hybrid group: Mechanical harvest (diesel),
mechanical tillage (diesel), mechanical irrigation (diesel),
lime application (diesel), lime application (direct emissions),
fertilizer (N-P-K, compost, manure, vinasse, leaves),
sugarcane burning, by-products treatment (wastewater

GHG emissions treatment and biocompost production). LUC.
Engineering group: Fermentation, cogeneration system,
bioetanol production, sugar production, E10 combustion.
Logistic group: Pesticide transport, fertilizer transport,
vinasse transport, reagent transport (H,SO,4, HNO3, antibiotic,
metabisulfite, metasulfite, among others), sugarcane
transport, bioethanol distribution and blended.
Functional unit:
53600 MJ
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Table 4-3 (continuation)

LCA

Observations

GHG considered:
Conventional GHG: CO, CH,, N,0O,
GHG precursors: CO, NO.

Cumulative energy Demand

Goal:

Calculate the energy ratio (MJproduced/MJrequired =

MJoutput/ MJinput) for sugarcane supply chain.

Scope:

Empirical and hybrid group: Mechanical harvest, mechanical
tillage, lime application, mechanical irrigation.

Engineering group: Fermentation, cogeneration system,
bioetanol production, sugar production. Bioethanol and co-
products energy contents.

Logistic group: Pesticide transport, fertilizer transport,
vinasse transport, reagent transport (H,SO4, HNOj3, antibiotic,
metabisulfite, metasulfite, among others), sugarcane
transport, bioethanol distribution.

Functional unit:

53600 MJ

Environmental assessment

Goal:

Calculate the PEI of the critical stages using the WAR
method.

Scope:

Engineering group: Fermentation, cogeneration system,
bioetanol production, sugar production. Bioethanol and co-
products energy contents

Functional unit:

53600 MJ

4.2.1.2 Allocation

In order to amply the analysis, two allocations were made: Mass allocation (based on mass balance)

and energy allocation (based on energy contents of products), according the distribution given in

table 4-4.

Table 4-4. Sub-groups for allocations

Allocation

Stages Products involved

Allocation 1 (SC-AE1)

Allocation 2 (SC-AE2)

Agronomical stage, feedstock
transport, sugar factory,
cogeneration system
Bioethanol production,
wastewater treatment, Bioethanol
bioethanol usage

Sugar, bioethanol and
electricity
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Table 4-4 (continuation)

Allocation Stages Products involved
Allocation 3 (SC-AE3) Solid by-products treatment E.u gar, bioethanol,
iocompost
Allocation 4 (SC-AE4) Carbon capture by growth ﬁ_u gar, bioethanol, electricity,
iocompost

4.2.1.3 Process engineering

Table 4.5 shows the process engineering from each group (table 4-1). This approach was applied to

GHG calculations and cumulative energy demand. In the method section this step will be deepened.

Table 4-5. Process engineering approach

Group Methodological approach
Energy and mass balance were calculated using the modeling and
Engineering simulation approach according to [132, 137, 141-143]. Simulation

procedures were carried out using Aspen Plus, Matlab, and Excel.

Transport distances were obtained from [50]. Energy efficiency was
Logistic taken from [144]. Final distribution of bioethanol was calculated

based on [55] and [145].

Emissions factors correspond to [29, 59, 146]. Productivities were
Empirical and hybrid obtained from [147]. Other inputs (low heat value, agronomic

requirements) were taken from [50, 148-150].

4.2.1.4 Mid-point impact categories

The mid-point categories impacts were calculated using WARGUI software. The PEI’s were:
- Human Toxicity Potential by Ingestion (HTPI).
- Human Toxicity Potential by Exposure, Dermal and Inhalation (HTPE).
- Terrestrial Toxicity Potential (TTP).
- Aquatic Toxicity Potential (ATP).
- Global Warming Potential (GWP).
- Ozone Depletion Potential (ODP).
- Photochemical Oxidation Potential or smog formation potential (PCOP).
- Acidification Potential (AP).
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4215 LCA

The LCA is complete when the results are compared and analyzed. The base case for comparison is

based on [50].

4.2.2 Biodiesel from oil-palm

Following the same procedure and analysis of the section 4.2.1, the biodiesel from oil-palm system

is summarized in table 4-6-4-8

Table 4-6. System definition for biodiesel from oil-palm

LCA

Observations

GHG emissions

Goal:

Calculate the GHG emissions from biodiesel supply chain
Scope:

Empirical and hybrid group: Mechanical harvest (diesel),
lime application (diesel), limes application (direct emissions),
fertilizer (N-P-K, EFB, and leaves), wastewater treatment,
mechanical irrigation (diesel). LUC.

Engineering group: Oil extraction, oil refinery, biodiesel
production, glycerol purification, cogeneration system.
Logistic group: Pesticide transport, fertilizer transport, EFB
transport, reagent transport (methanol, NaOH, citric acid,
acetic acid, among others), FFB transport, biodiesel
distribution and blended.

Functional unit:

949905 MJ

GHG considered:

Conventional GHG: CO, CH,4, N,0O,

GHG precursors: CO, NO.

Cumulative energy Demand

Goal:

Calculate the energy ratio (MJproduced/MIrequired =

MJoutput! MJinput ) fOr biodiesel supply chain.

Scope:

Empirical and hybrid group: Mechanical harvest, mechanical
irrigation.

Engineering group: Oil extraction, oil refinery, biodiesel
production, glycerol purification, cogeneration system.
Biodiesel energy contains and co-products energy contains.
Logistic group: Pesticide transport, fertilizer transport, EFB
transport, reagent transport (methanol, NaOH, citric acid,
acetic acid, among others), FFB transport, biodiesel
distribution.

Functional unit:

949905 MJ
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Table 4-6 (Continuation)

LCA Observations
Goal:
Calculate the PEI of the critical stages using the WAR
method.
Scope:
Empirical and hybrid group: Fertilizer application, lime

Environmental assessment L
application.

Engineering group: Oil extraction, oil refinery, biodiesel
production, glycerol purification, cogeneration system.
Functional unit:

949905

Table 4-7. Sub-groups for allocations

Allocation Stages Products involved
Agronomical stage, feedstock .

Allocation 1 (OP-AB1) transport, oil extraction, E.FB.’ kemel oil, kernel cake,

. biodiesel

cogeneration system
Oil refinery,

Allocation 2 (OP-AB2) transesterification, glycerol Biodiesel, glycerol, soap
separation

Allocation 3 (OP-AB2) Blodlese.l distribution, B10 Biodiesel
combustion

Allocation 4 (OP-AB4) Carbon capture by growth EFB, kernel oil, kernel cake,

biodiesel, glycerol, soap.

Table 4-8. Process engineering approach

Group Methodological approach
Energy and mass balance were calculated using the modeling and
Engineering simulation approach according to [35, 151-153]. Simulation

procedures were carried out using Aspen Plus, Matlab, and Excel.

Transport distances were obtained from [50]. The energy efficiency
Logistic was taken from [144]. The final distribution of biodiesel was

calculated based on [56, 145].

Emissions factors correspond to [59, 146]. Productivities were
Empirical and hybrid obtained from [147]. Other inputs (low heat value, agronomic

requirements) were taken from [50, 154].

The same mid-point categories of bioethanol were considered for biodiesel. The LCA results were
compared to [50, 155].
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4.2.3 Potential supply chains

In sections 4.2.1 and 4.2.2 were described the application of the proposed methodological approach
(chapter 3) for current biofuels supply chain. In this part, the adaptation is applied to other

feedstocks.

4.2.3.1 Bioethanol from cassava

Cassava could be considered the second feedstock of Colombian bioethanol supply chain [50].
While sugarcane is a sugar-crop and the supply chain is well-established, cassava is a starchy-crop,
which has been majorly used for food purposes. Thence, the overall description of the supply chain
is made:

Feedstock production is the same for sugarcane, but cassava-field does not require burning.
Bioethanol production from cassava comprises the pretreatment, fermentation and separation
procedures. Pretreatment technology is liquefaction. Transformation is carry out by Simultaneous
Sacharification and Fermentation (SSF). Bioethanol separation is made via distillation and
dehydration using molecular sieves. Vinasses are concentrated, with the purpose to use them as
organic fertilizer. The logistic group stages are similar to bioethanol from sugarcane: It is
considered the reagents transport, bioethanol distribution, but feedstock production is not
considered.

In contrast to sugarcane-based bioethanol, the supply chain that considers cassava as feedstock not
require allocations, since the bioethanol is the unique product. The system definition is shown in
table 4-9.

Table 4-9. System definition for cassava-based bioethanol

LCA Observations
Goal:
Calculate the GHG emissions for bioethanol production from
cassava
Scope:

Empirical and hybrid group: Mechanical harvest (diesel),
mechanical irrigation (diesel), lime application (direct
emissions), fertilizer (N-P-K, vinasses, husks).

Engineering group: Liquefaction, sacharification,
fermentation, separation, dehydration, vinasse concentration.
Logistic group: Fertilizer transport, reagent transport
(antibiotic, yeast, enzymes, among others), bioethanol
distribution and blended.

GHG emissions
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Table 4-9 (Continuation)

LCA Observations

Functional unit:

53600 MJ

GHG considered:

Conventional GHG: CO, CH,, N,0O,

GHG precursors: CO, NO.

Goal:

Calculate the energy ratio (MJproduced/ MIrequired=

MJoutput/ MJinput) from biodiesel supply chain.

Scope:

Empirical and hybrid group: Mechanical harvest, mechanical

irrigation.
Cumulative energy Demand Engineering group: Liquefaction, sacharification,
fermentation, separation, dehydration, vinasse concentration.
Logistic group: Fertilizer transport, reagent transport
(antibiotic, yeast, enzymes, among others), bioethanol
distribution and blended.
Functional unit:
53600 MJ
Goal:
Calculate the PEI of the critical stages using the WAR
method.
Scope:
Empirical and hybrid group: Fertilizer application, lime
application.
Engineering group: Liquefaction, sacharification,
fermentation, separation, dehydration, vinasse concentration.
Functional unit:
53600 MJ

Environmental assessment

Producer zones are reported in [51, 156]. Water requirements, optimal growth temperature and
yields are reported in [157]. Fertilization, water application and agronomical practices in Colombian
territory are found in [156, 158, 159]. Energy requirement for mechanical harvest are taken from
[160]. All engineering processes technologies are described in [135, 161]. Colombian yields were
used [162]. The by-products are incorporated as organic cover for field, according to Good
Agronomical Practices [163]. The processes transformations were simulated by using Aspen Plus,
Matlab and Excel software.

4.2.3.2 Bioethanol from rice husk

Second-generation biofuels could be a better option with respect to first-generation biofuels [131].
Because they are obtained from non-edible crops or agroindustrial residues, they can be considered

friendly-environmentally, the second-generation bioethanol is being exhaustively research [13].
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Due to above-mentioned, the assessment of potential residues becomes significant in a producer

country, as it is the case of Colombia. Within the lignocellulosic residues, the husk risk is obtained

from the rice supply chain, which is an important agroindustrial chain in the country [51].

Since the rice husk is a residue from rice supply chain, the feedstock production is not assesses; the
agronomical stage is associated to other products. Bioethanol from rice husk was carried out using
acid pretreatment, detoxification via over liming, Simultaneous Fermentation and Co-Fermentation

(SFCF), separation by distillation and dehydration using molecular sieves. The overall processes is

described in [164]. Table 4-10 shows the system definition.

Table 4-10. System definition for second-generation bioethanol

LCA

Observations

GHG emissions

Goal:
Calculate the GHG emissions for bioethanol production from
rice husk

Scope:

Engineering group: Acid pretreatment, over liming with
calcium, SFCF, separation, dehydration.

Logistic group: Reagent transport (H,SO,4, Ca(OH),, yeast,
among others), bioethanol distribution and blended.
Functional unit:

949905 MJ produced and used

GHG considered:

Conventional GHG: CO, CH,, N,0O,

GHG precursors: CO, NO,.

Cumulative energy Demand

Goal:

Calculate the energy ratio (MJproguced/ MIrequired=

MJoutput/ MJinput) Trom biodiesel supply chain.

Scope:

Engineering group: Acid pretreatment, over liming with
calcium, SFCF, separation, dehydration.

Logistic group: Reagent transport (H,SO,4, Ca(OH),, yeast,
among others), bioethanol distribution and blended.
Functional unit:

53600 MJ produced and used

Environmental assessment

Goal:

Calculate the PEI of the critical stages using the WAR
method.

Scope:

Empirical and hybrid group: Fertilizer application, lime
application.

Engineering group: Liquefaction, sacharification,
fermentation, separation, dehydration, vinasse concentration.
Functional unit:

53600 MJ produced and used
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Second-generation bioethanol is not produced in Colombia. In this sense, the comparison is made

using the current scenario, which consists in rice husk burning (cogeneration system). The

simulation procedure was carried out according to [165, 166].

4.2.3.3 Biodiesel from rapeseed and jatropha

The overall technology for biodiesel production from rapeseed and jatropha is the same for palm-

based biodiesel. Therefore, the system description is equivalent to the description given in table 3.7.

The particular conditions are considering as follow:

4.3

Jatropha: The most important work related to jatropha in Colombia has been realized by
[54]; yields and oil contains are taken from there. The mechanical conditions of the field
operations are reported in [162, 167, 168]. The irrigation requirements are taken from
[169]. The transformation is carried out following the scheme proposed in [170].

Rapeseed: The rapeseed is not representative in Colombia. Nevertheless, the climatic
conditions, soil quality, among other, can be considered as appropriate for this feedstock. In
addition, this is the most important biodiesel sources at European context [171] (see chapter
1). Hence, its assessment at Colombian context can become important in the global
bioenergy situation. The information of agronomical conditions was taken from [54, 114,

162, 172]. The transformation is carried out following the scheme proposed in [170].

Methods

The biofuels EA was carried out by comparing scenarios, which were constructed according to five

levels:

Feedstock: These were presented in the last sections: Sugarcane (SC), Cassava (CA), Rice
husk (RH), Oil-palm (OP), Jatropha (JA) and Rapeseed (RP). The comparison was made
using fossil fuels (FF).

GHG and stages: This level was divided into Base Case (BC), S1 (conventional GHG
consideration), S2 (conventional and precursors consideration), S3 (LUC approximation).
Allocation: The allocation methods were mass allocation (M), energy allocation (E) and
non-allocation (N).

Carbon capture method: Two methods were used in this work: the ARPA method [173]
(CO) and the carbon capture based on carbon contents [50] (CC). In some case the carbon

capture is not included (NC).
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- Simulation procedures. Different conditions were simulated for chosen-feedstocks. In
addition, the fossil fuel refinery was simulated. Seventeen simulation procedures (SP) were
carried out. The SP were compared to base case (BC): In the cases of sugarcane and palm
the BC is the CUE report [50]. The BC for rice husk is the cogeneration system by
combustion.

Table 4-11 summarizes all scenarios associated to GHG calculations, as well as their explanations.
For instance, the scenario SC-SIMCCSP1 means: The biofuel from sugarcane using the simulation
procedure number 1, taking into account the conventional GHG, allocation by mass contents and
capture using the method based on carbon content.

The allocation was carried out for feedstocks which allow obtaining several products, i.e.
sugarcane, oil palm, and cassava. The rest of feedstocks were treated without allocation methods. In
the case of capture method, the ARPA method is completely appropriated for sugarcane and oil-

palm, but the primary information is available only for sugarcane.
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Table 4-11. Scenarios for GHG-LCA

Scenario Scenario Name Description
number

1 SS-BC GHG calculation using the method and data from [50] was made, in order to reproduce the information.
The data from [50] was used in this way: GHG included: CO,, N,O, CH,4. Mass allocation using the method

2 SC-S1IMCCBC S
proposed in this work. Carbon capture based on carbon contents.

3 SC-SIMCOBC The data from [50] was used in this way: GHG included: CO,, N,O, CH,4. Mass allocation using the method
proposed in this work. Carbon capture based on ARPA method [173].
The data from [50] was used in this way: GHG included: CO,, N,O, CH,4, CO, NO. Mass allocation using the

4 SC-S2MCCBC 2
method proposed in this work. Carbon capture based on carbon contents.

5 SC-S2MCOBC The data from [50] was used in this way: GHG included: CO,, N,O, CH,4, CO, NO,. Mass allocation using the
method proposed in this work. Carbon capture based on ARPA method [173].
The data from [50] was used in this way: GHG included: CO,, N,O, CH,. Energy allocation using the method

6 SC-S1ECCBC o
proposed in this work. Carbon capture based on carbon contents.

; SC-S1ECOBC The data from [50] was used in this way: GHG included: CO,, N,O, CH,. Energy allocation using the method
proposed in this work. Carbon capture based on ARPA method [173].
The data from [50] was used in this way: GHG included: CO,, N,O, CH,4, CO, NOy. Energy allocation using

8 SC-S2ECCBC e
the method proposed in this work. Carbon capture based on carbon contents.

9 SC-S2ECOBC The data from [50] was used in this way: GHG included: CO,, N,O, CH,, CO, NO,. Energy allocation using
the method proposed in this work. Carbon capture based on ARPA method [173].
Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to

10 SC-S1MCCSP1 methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,.
Mass allocation using the method proposed in this work. Carbon capture based on carbon contents.
Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to

11 SC-S1IMCOSP1 methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,.
Mass allocation using the method proposed in this work. Carbon capture based on ARPA method [173].
Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to

12 SC-S2MCCSP1 methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CHy,
CO, NO,. Mass allocation using the method proposed in this work. Carbon capture based on carbon contents.
Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to

13 SC-S2MCOSP1 methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CHy,

CO, NOy. Mass allocation using the method proposed in this work. Carbon capture based on ARPA method
[173].
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Table 4-11 (continuation)

Scenario
number

Scenario Name

Description

14

15

16

17

18

19

20

21

SC-S1ECCSP1

SC-S1ECOSP1

SC-S2ECCSP1

SC-S2ECOSP1

SC-S1IMCCSP2

SC-S1IMCOSP2

SC-S2MCCSP2

SC-S2MCOSP2

Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,.
Energy allocation using the method proposed in this work. Carbon capture based on carbon contents.

Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CHj,.
Energy allocation using the method proposed in this work. Carbon capture based on ARPA method [173].
Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CHy,,
CO, NOy. Energy allocation using the method proposed in this work. Carbon capture based on carbon
contents.

Sugar and bioethanol production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 142]. The rest of data was taken from [50]. GHG included: CO,, N,O, CHy,
CO, NOy. Energy allocation using the method proposed in this work. Carbon capture based on ARPA method
[173].

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,4. Mass allocation using the method proposed in this work. Carbon capture based on carbon contents.
Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,. Mass allocation using the method proposed in this work. Carbon capture based on ARPA method
[173].

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,, CO, NO,. Mass allocation using the method proposed in this work. Carbon capture based on carbon
contents.

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,, CO, NO,. Mass allocation using the method proposed in this work. Carbon capture based on ARPA
method [173].




Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle 84

Table 4-11 (continuation)

Scenario
number

Scenario Name

Description

22

23

24

25

26

27

28

SC-S1ECCSP2

SC-S1IECOSP2

SC-S2ECCSP2

SC-S2ECOSP2

SC-S1IMCCSP3

SC-S1IMCOSP3

SC-S2MCCSP3

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,. Energy allocation using the method proposed in this work. Carbon capture based on carbon
contents.

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,. Energy allocation using the method proposed in this work. Carbon capture based on ARPA method
[173].

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,, CO, NO. Energy allocation using the method proposed in this work. Carbon capture based on
carbon contents.

Sugar, bioethanol and cogeneration systems were simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [137, 141, 142, 170]. The rest of data was taken from [50]. GHG included: CO,,
N,O, CH,, CO, NO. Energy allocation using the method proposed in this work. Carbon capture based on
ARPA method [173].

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4. Mass
allocation using the method proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4. Mass
allocation using the method proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NO,.
Mass allocation using the method proposed in this work. Carbon capture based on carbon contents.
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Table 4-11 (Continuation)

Scenario
number

Scenario Name

Description

29

30

31

32

33

34

35

SC-S2MCOSP3

SC-S1ECCSP3

SC-S1ECOSP3

SC-S2ECCSP3

SC-S2ECOSP3

SC-S1IMCCSP4

SC-SIMCOSP4

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NO..
Mass allocation using the method proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4. Energy
allocation using the method proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4. Energy
allocation using the method proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NO.
Energy allocation using the method proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol and cogeneration system, but electricity is not sold, all
electricity is used in plant, using the methods reported in [141]; the software were Aspen Plus, Matlab and
Excel. The cogeneration system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NO.
Energy allocation using the method proposed in this work. Carbon capture based on ARPA method [173].
The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,. Mass allocation using the method
proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,4. Mass allocation using the method
proposed in this work. Carbon capture based on ARPA method [173].
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Table 4-11 (continuation)

Scenario
number

Scenario Name

Description

36

37

38

39

40

41

42

43

SC-S2MCCSP4

SC-S2MCOSP4

SC-S1ECCSP4

SC-S1ECOSP4

SC-S2ECCSP4

SC-S2ECOSP4

CA-S2NCCSP5

CA-S2MCCSP6

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NO,. Mass allocation using the
method proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,, CO, NO,.. Mass allocation using the
method proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,. Energy allocation using the method
proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,. Energy allocation using the method
proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,, CO, NOy. Energy allocation using
the method proposed in this work. Carbon capture based on carbon contents.

The simulation procedure involves sugar, bioethanol, cogeneration and feed production, according to the
methods reported in [137, 141, 175]; the software were Aspen Plus, Matlab and Excel. The cogeneration
system is an improved technology [174]. GHG included: CO,, N,O, CH,4, CO, NOy. Energy allocation using
the method proposed in this work. Carbon capture based on ARPA method [173].

The simulation procedure includes bioethanol production, depicted in 4.1.3.1 section. The simulation was
made using Aspen, Matlab and Excel, according to [161]. GHG included: CO,, N,O, CH,, CO, NO,. Non-
allocation. Carbon capture based on carbon contents.

The simulation procedure includes bioethanol production, and vinasse evaporation. The simulation was made
using Aspen, Matlab and Excel, according to [161]. GHG included: CO,, N,O, CH,4, CO, NO,. Mass allocation
using the method proposed in this work. Carbon capture based on carbon contents.
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Table 4-11 (continuation)

Scenario Scenario Name Description
number
The simulation procedure includes bioethanol production, and vinasse evaporation. The simulation was made
44 CA-S2ECCSP6 using Aspen, Matlab and Excel, according to [161]. GHG included: CO,, N,O, CH,4, CO, NOy. Energy
allocation using the method proposed in this work. Carbon capture based on carbon contents.
The simulation procedure includes bioethanol production, depicted in 4.1.3.1 section. The simulation was
45 CA-S2NCCSP7 made using Aspen, Matlab and Excel, according to [161]. The maximum energy integration is used in this
scenario. GHG included: CO,, N,O, CH,, CO, NO,. Non-allocation. Carbon capture based on carbon contents.
The simulation procedure includes bioethanol production, and vinasse evaporation. The simulation was made
16 CA-S2MCCSPS using Aspen, Matlab and Excel, according to [161]. The maximum energy integration is used in this scenario.
GHG included: CO,, N,O, CH,4, CO, NOy. Mass allocation using the method proposed in this work. Carbon
capture based on carbon contents.
The simulation procedure includes bioethanol production, and vinasse evaporation. The simulation was made
47 CA-S2ECCSP8 using Aspen, Matlab and Excel, according to [161]. The maximum energy integration is used in this scenario.
GHG included: CO,, N,O, CH,4, CO, NO,. Energy allocation using the method proposed in this work. Carbon
capture based on carbon contents.
48 RH-BC Rice husk burning to produce energy.
49 RH-S2NNCSP9 Cogeneration from rice husk using an improved technology [166]. GHG included: CO,, N,O, CH,4, CO, NO,.
50 RH-S2NNCSP10  Bioethanol from rice husk, using acid pretreatment [164]. GHG included: CO,, N,O, CH,4, CO, NO..
51 RH-SPNNCSP11 lI?llooethanol from rice husk, using liquid hot water pretreatment [164]. GHG included: CO,, N,O, CH,4, CO,
52 OP-BC GHG calculation using the method and data of [50] was made, in order to reproduce the information.
The data from [50] was used in this way: GHG included: CO,, N,O, CH,. Mass allocation using the method
53 OP-S1IMCCBC S
proposed in this work. Carbon capture based on carbon contents.
The data from [50] was used in this way: GHG included: CO,, N,O, CH,4, CO, NO,. Mass allocation using the
54 OP-S2MCCBC 2
method proposed in this work. Carbon capture based on carbon contents.
The data from [50] was used in this way: GHG included: CO,, N,O, CH,4. Energy allocation using the method
55 OP-S1ECCBC S
proposed in this work. Carbon capture based on carbon contents.
The data from [50] was used in this way: GHG included: CO,, N,O, CH,, CO, NO,. Energy allocation using
56 OP-S2ECCBC e
the method proposed in this work. Carbon capture based on carbon contents.
Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
57 OP-SIMCCSP12  methodologies reported in [170]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,4. Mass

allocation using the method proposed in this work. Carbon capture based on carbon contents.
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Table 4-11 (continuation)

Scenario
number

Scenario Name

Description

58

59

60

61

62

63

64

65

66

67

OP-S2MCCSP12

OP-S1ECCSP12

OP-S2ECCSP12

OP-S1IMCCSP13

OP-S2MCCSP13

OP-S1ECCSP13

OP-S2ECCSP13

JA-S2NNCSP14

JA-S2NNCSP15

JA-S2NCCSP15

Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [170]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,, CO,
NO,. Mass allocation using the method proposed in this work. Carbon capture based on carbon contents.
Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [170]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH.,.
Energy allocation using the method proposed in this work. Carbon capture based on carbon contents.
Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [170]. The rest of data was taken from [50]. GHG included: CO,, N,O, CH,4, CO,
NOy. Energy allocation using the method proposed in this work. Carbon capture based on carbon contents.
Oil-extraction, biodiesel and cogeneration systems were simulated using Aspen Plus, Matlab and Excel,
according to methodologies reported in [170]. GHG included: CO,, N,O, CH,. Mass allocation using the
method proposed in this work. Carbon capture based on carbon contents.

Oil-extraction, biodiesel and cogeneration systems were simulated using Aspen Plus, Matlab and Excel,
according to methodologies reported in [170]. GHG included: CO,, N,O, CH,4, CO, NO,. Mass allocation
using the method proposed in this work. Carbon capture based on carbon contents.

Oil-extraction, biodiesel and cogeneration systems were simulated using Aspen Plus, Matlab and Excel,
according to methodologies reported in [170]. GHG included: CO,, N,O, CH,. Energy allocation using the
method proposed in this work. Carbon capture based on carbon contents.

Oil-extraction, biodiesel and cogeneration systems were simulated using Aspen Plus, Matlab and Excel,
according to methodologies reported in [170]. GHG included: CO,, N,O, CH,4, CO, NO,. Energy allocation
using the method proposed in this work. Carbon capture based on carbon contents.

Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
methodologies reported in [170]. GHG included: CO,, N,O, CH,4, CO, NO,. Non- allocation. Non-carbon
capture.

Oil-extraction, biodiesel production and cogeneration system were simulated using Aspen Plus, Matlab and
Excel, according to methodologies reported in [170]. GHG included: CO,, N,O, CH,, CO, NO,. Non-
allocation. Non-carbon capture.

Oil-extraction, biodiesel production and cogeneration system were simulated using Aspen Plus, Matlab and
Excel, according to methodologies reported in [170]. GHG included: CO,, N,O, CH,4, CO, NO,. Non-
allocation. Carbon capture based on carbon contents.
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Table 4-11 (continuation)

Scenario Scenario Name Description
number
Oil-extraction and biodiesel production was simulated using Aspen Plus, Matlab and Excel, according to
68 RP-S2NNCSP16  methodologies reported in [170]. GHG included: CO,, N,O, CH,4, CO, NO,. Non- allocation. Non-carbon

capture.
69 FF-BC Crude refinery was simulated using Aspen Plus, according to the Colombian petroleum characterization [176]
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As it can be seen in table 4-11, the number of scenarios for sugarcane is higher than for other
feedstocks. The data availability is the reason for the sugarcane scenarios construction: While other
feedstocks are emerging, the sugarcane has been the most studied, making it as the most adequate
feedstock to prove the methodological approach, as well as the benefits of simulation procedures.
Hence, the reproduction of the major Colombian study [50] was the first stage and, consequently,
the application of the methodological approach developed in this work, to the primary data. After,
the calculations introducing simulation procedures allow comparing the primary and simulation

data performance. The table 4-12 summarizes all scenarios by feedstock.

Table 4-12. Scenarios by feedstock and particular conditions

Scenarios according to feedstock Number

Sugarcane (SC) using base case conditions
Sugarcane (SC) using simulation procedures
Cassava (CA) using simulation procedures
Rice husk (RH) using base case

Rice husk (RH) using simulation procedures
Oil-palm (OP) using base case conditions
Oil-palm (OP) using simulation procedures
Jatropha (JA) using simulation procedures
Rapeseed (RP) using simulation procedures
Fossil fuels (FF) using base case conditions

w

OFRPPFPWOOITWEFEODNCOO

Total

()]

In the case of energy ratio, the capture carbon method, as well as the inclusion or exclusion of
GHG do not affect the final result. Therefore, the scenarios are based on feedstock and the
simulation procedure: SC-BC, SC-SP1, SC-SP2, SC-SP3, SC-SP4, CA-SP5, CA-SP6, CA-SP7,
CA-SP8, RH-BC, RH-SP9, RH-SP10, RH-SP11, OP-BC, OP-SP12, OP-SP13, JA-SP14, JA-SP15,
RP-SP16.

The PEI assessment was carried out for several scenarios. Because the WAR method requires the
mass and energy balance, this approach was applied to simulation procedures, i.e. SC-SP2, SC-
SP3, SC-SP4, CA-SP5, CA-SP6, RH-SP9, RH-SP10, RH-SP11, OP-SP12, PO-SP13, JA-SP14,
JA-SP15, RP-SP16, FF-SP17.
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5.Environmental assessment of biofuels supply
chain: Results

5.1 Overview

In this chapter, numeric results for biofuels EA (applying the methodological approach proposed in
chapter 3 and depicted in chapter 4) are shown. It must be highlighted that all results presented in
this chapter are different application routes of the general methodology. The steps involved in EA

are conditioned to system features, data availability and final purposes.

5.2 Bioethanol from sugarcane

5.2.1 EA from national report

In the national report [50], the GHG emissions were calculated assuming that CO, from cane
burning, fermentation and cogeneration system was captured by sugarcane growth. The IPCC
guidelines recommend this approach when calculations correspond to tier 1 [58]. In addition, the
GHG considered are CO,, N,O and CH,. Following this method, table 5-1 shows the results when

the GHG emissions are re-calculated. The total GHG agrees with the national report [50].

Table 5-1. GHG from CUE data

Stages Emissions (gCO,e/MJ)
Forestry Machinery 2,45
Irrigation 0,43
Agronomical inputs transport 0,54
Lime application 0,89

N-fertilizer application 4,59
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Table 5-2 (continuation)

Stages Emissions (gCO,e/MJ)
Cane burning 0,31
Sugarcane transport 0,67
Reagent for sugar production 0,02
Reagents for bioethanol production 0,01
Energy for ethanol production 0,05
Bioethanol distribution 0,30
Water treatment 5,76
Biocompost production 0,02
E10 combustion 1,73
Total 17,78
CED (energy ratio) 6-8

The aim of re-calculating the GHG emissions is to prove that processed data in this work agrees
with international standards, recommendations and conventional methods. It means that possible
differences existing are due to the approximations to the problem, the data quality and the used

methods.

5.2.2 EA from national report data using the methodological
approach proposed in this thesis

5.2.2.1 Allocations

Once the data treatment has been proven (see section 5.2.1), the BC scenarios are generated using
the methodological approach proposed in this thesis (chapter 3-4), with the methods presented in
chapter 4. The first results are the allocations values (Table 5-2).

Table 5-2. Allocation values applied the methodological approach of chapters 3-4.

Products Mass allocation  Energy allocation
SC-AE1
Sugar 26,00% 73,78%
Bioetanol 5,00% 25,77%
Cogeneration 69,00% 0,44%
SC-AE2

Bioetanol 100,00% 100,00%
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Table 5-3 (continuation)

Products Mass allocation ~ Energy allocation

SC-AE3

Sugar 53,00% 64,60%

Bioetanol 12,00% 22,56%

Biocompost 53,00% 12,84%
SC-AE4

Sugar 21,00% 64,35%

Bioetanol 5,00% 22,48%

Cogeneration 60,00% 0,39%

Biocompost 14,00% 12,79%

Table 5.2 shows the differences between the allocation methods: Mass allocation assigns lower
values than energy allocation. A priori, it can be predicted the GHG results will be conditioned for
environmental load method. In order to do overall EA to supply chain, both allocations are used.
Even though four allocations methods (chapter 2) can be applied, the mass and energy routes are
more linked to product physic-chemical properties, as well as the processing characteristics.
Hence, the environmental load sharing will depend on inherent product features or process
knowledge. In contrast, other methods are related to time (market) and process division
possibilities (system expansion).

5.2.2.2 GHG emissions

Table 5-3 presents the results of GHG emissions calculated using the methodological approach
proposed in this work (chapter 3 and 4) based on national data. While the results indicate that some
scenarios can be considered as mitigation options (negative emissions), other approaches would be

considered as high pollutant schemes.

Table 5-3. GHG Emissions using the methodological approach proposed in this work

Emissions sources Mass Allocation Energy allocation
Forestry Machinery 0,56 2,87
Irrigation 0,10 0,50
Agronomical inputs transport 0,12 0,63
Lime application 0,20 1,05
N-fertilizer application 1,04 5,37

Cane burning - CO, 15,55 80,14
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Table 5-3 (continuation)

Emissions sources Mass Allocation Energy allocation

Cane burning - CO 3,59 17,63
Cane burning - NOy 0,14 1,61
Sugarcane transport 0,15 0,79
Reagent for sugar production 0,01 0,03
Reagents for bioethanol production 0,06 0,06
Fermentation 36,04 36,04
Energy for ethanol production 0,24 0,24
Cogeneration system - CO, 16,56 85,35
Cogeneration system - CO 0,03 0,14
Cogeneration system - NOy 1,57 8,10
Bioethanol distribution 1,38 1,38
Water treatment 26,16 26,16
Biocompost production 0,01 0,04
E10 combustion - CO, 8,21 8,21
E10 combustion - CO 0,15 0,15
E10 combustion NOy 0,02 0,02
Carbon capture (Carbon contents [50]) -42,07 -189,12
Carbon capture (ARPA method [173]) -111,25 -500,08
SC-S1IMCCBC 64,31

SC-S1IMCOBC -4,86

SC-S2MCCBC 69,81

SC-S2MCOBC 0,64

SC-S1ECCBC 59,73
SC-S2ECOBC -251,23
SC-S2ECCBC 87,39
SC-S2ECOBC -223,58

Table 5-3 allows observing the sensibility associated to capture carbon method: When ARPA [173]
is used, most of the scenarios indicates being carbon neutral, and, even, having mitigation effects.
In contrast, the other scenario shows significance GHG emissions.

GHG-precursor consideration is another key issue: With mass allocation the emissions are
incremented between 10-13%, with energy allocation the increment is 12-46%. In general,
without LUC effect, the emissions using primary data varies between -251-70 gCO,e/MJ,

depending on carbon capture method, allocation methods and GHG considered.
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5.2.3 EA using simulation procedure

As it was described in chapter 4, simulation procedures were gradually incorporated to national
data. The purpose is to validate the hypothesis that the process engineering based on simulation

could be a well-performance tool, when the primary data is lacked.

5.2.3.1 Simulation procedure

In the case of sugarcane, four simulation procedures (see chapter 4) were developed. The GHG
emissions were calculated with mass and energy balances, the appropriated factor emissions and
global warming potentials, including the GHG precursors. The CED was calculated as

MJoutput/ MJinput. The whole mass streams were used to calculate the midpoint impacts (PEI).

5.2.3.1.1 SP1and SP2

Figure 5-1 shows the process engineering associated to the SP1 (ethanol and sugar production).
Sugarcane is milled and bagasse is separated. Sugarcane juice is clarified and filtered. Once the
juice is pretreated, sugar production consists on a train of evaporator, followed by crystallizers.
The molasses (molasses B) are obtaining as products of evaporation and crystallization procedures;

the molasses B are the feedstock for ethanol production.
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Figure 5-1. Simulation procedure SP1 (Sugar and bioethanol) scheme.
1. Mill. 2. Splitter. 3. Clarifier. 4. Heat exchanger. 5-6. Evaporator. 7. Mixer. 8. Crystallizer. 9.
Hydrolyzer. 10. Mixer. 11- Heat exchanger. 12. Over liming. 13. Splitter. 15. Fermenter. 16-17.
Distillation tower. 18. Molecular sieves

Bioethanol production consists on the dilution of molasses and the pretreatment using sulfuric acid,
with the purpose of obtaining reducing sugars (sucrose it is not reducing sugar). The reducing
sugars have more availability for microorganism attack. The sulfuric acid is removed via calcium
hydroxide treatment. Sugar transformation is carried out by fermentation with Z. mobilis [137,

141]. Separation stage comprises two distillation towers and dehydration via molecular sieves.
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In the case of SP2, bioethanol and sugar production is the same for SP1 (figure 5-1). The SP2
incorporates the current industrial cogeneration system, which consists on bagasse burning in a

boiler, generating steam; the steam passes through a turbine producing electricity.

52312 SP3

Bioethanol and sugar are produced in the same way of SP1 and SP2, but bagasse is not burnt; the
cogeneration system is improved: Instead of direct bagasse combustion, it is proposed to use the

Biomass Gasification Combined Cycle (BIGCC). This system is presented in figure 5-2.

Air

Low pressure
< steam |

Exhausted
gases

@

Heat Recovery
Steam Generator

Mid pressure steam

A

Low pressure steam

Figure 5-2. BIGCC.

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.

The BIGCC comprises the biomass gasification as a route to produce syngas (CO, CO,, H,0, H,
CH,). The syngas is burning and electricity and heat is recovered from hot gases. The gasification

step guarantees more efficiency in energy extraction.
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The complete SP3 scheme is shown in figure 5-3. A fraction of wastewater is collected in order to

use it as raw material for the cogeneration system.

Bagasse Cogeneration lctricity ® L

Electricity

Melazas

High-presure steam

Sulfuric acid

Low-pressure steam

EtOH
99.9%

Bioethanol
production

Figure 5-3. Complete SP3 scenario

5.23.1.3 SP4

In the most refined simulation procedure based on sugarcane, it is proposed to collect all the
wastewater of the system showed in figure 5-3. The wastewaters are exhaustively evaporated for
producing animal feed. Recovery water is used as raw material in the cogeneration system (figure
5-4).
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Figure 5-4. SP4 scheme

5.2.3.2 Allocations

Because SP1 and SP2 were simulated following the current Colombian conditions, the allocations
are the same of table 5.2. On the other hand, the overall products in the supply chain for SP3 and
SP4 are different; whence, the allocations values must be re-calculated. These results are shown in
table 5-4.

Table 5-4. Allocations values for SP3 and SP4

SP3 SP4

Mass allocation

Agronomical + transport to plant+ sugar factory + cogeneration + sugar plant inputs

transport
Sugar 84,00% 84,00%
Ethanol 16,00% 16,00%
Animal feed 0,00%
Bioethanol production + reagent transport + distribution +bioethanol usage
Bioetanol 100,00% 100,00%
Water treatment
Bioethanol 100,00% 99,00%

Animal feed 1,00%
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Table 5-4 (continuation)

Carbon capture

Sugar 84,00% 84,00%
Bioethanol 16,00% 16,00%
Animal feed 0,00%

Energy allocation
Agronomical + transport to plant+ sugar factory + cogeneration + sugar plant inputs

transport
Sugar 77,00% 77,00%
Ethanol 23,00% 23,00%
Animal feed 0,00%
Bioethanol production + reagent transport + distribution +bioethanol usage
Bioetanol 100,00% 100,00%
Water treatment
Bioethanol 100,00% 100,00%
Animal feed 0,00% 0,00%
Carbon capture
Sugar 77,00% 77,00%
Bioethanol 23,00% 23,00%
Animal feed 0,00%

5.2.3.3 GHG emissions

As the case of SP1-SP2 scenarios, in SP3-SP4 the most important key issue for the GHG variations
is the carbon capture calculations. When the carbon capture based on carbon contents is used
(figure 5-5), the emissions become near to fossil fuel emissions (93,53 — 95,76 [148]). Instead,
when the carbon capture based on ARPA method [173] is employed, the bioethanol from
sugarcane is neutral and, even, it helps to mitigate GHG emissions (figure 5-6).
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Figure 5-5. GHG emissions for different scenarios using carbon capture method based on carbon

content

Figures 5-5-5-6 could be considered as a proof of the hypothesis: Simulation procedures could
replace the primary data when it is not available. The variations of GHG emissions for SP1 and
SP2 regarding to BC were low. The gradual introduction of simulated data to real information

resulted in similar GHG emissions.
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Figure 5-6. GHG emissions for different scenarios using carbon capture method based on ARPA

method
Table 5-5 summarizes the emissions for SP3 and SP4 procedures. The results indicate that SP3 has
better GHG performance than SP4. The high-energy requirements become a barrier for the

resulting animal feed.

Table 5-5. GHG from SP3 and SP4 procedures

GHG results SP3 SP4

SC-S1IMCC -15,41 -0,42
SC-S1IMCO -236,77 -221,78
SC-S2MCC 102,92 117,91
SC-S2MCO -118,44 -103,45
SC-S1ECC -42,91 -27,92
SC-S1ECO -366,37 -351,38
SC-S2ECC 129,89 144,88
SC-S2ECO -193,57 -178,58
5.2.3.4 CED

Calculations of the energy ratio are shown in figure 5-7. As it can be observed, the results are
consistent with real CED [50]. The SP2 and SP3 procedures present energy ratios higher than

base, due to the more energy efficiency by cogeneration system.
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Figure 5- 7. Energy ratio results for all scenarios involving sugarcane as feedstock

These results are consistent taking into account several viewpoints:

Real data replaced by simulations procedures not change the energy relation values
significantly.

The highest energy ratio corresponded to SP3 system, which was calculated with a high-
efficiency cogeneration scheme. As the produced energy is not sold to grid and some mass
integrations is part of the overall system (recovered water), the energy usage is more
efficient, resulting in the highest energy ratio.

The SP4 (with highest GHG-emissions) shows the lowest energy ratio. It corroborates the
above-mentioned, since the GHG emissions are associated with non-efficient energy
usage.

5.2.3.5 PEI

The PEI was calculated by using the mass and energy balances obtained from simulation

procedures. Results are presented in figures 5-8 and 5-9.
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Figure 5-8. PEI generated in bioethanol from sugarcane

In the case of PEI, the SP2 (current biofuels supply chain) generates the highest total PEI, as well
as the highest output total PEI. In addition, the figure 5.8 shows how the current supply chain is
positive-impact in terms of toxicity, inasmuch as the HTPE, HTPI and TTP are mitigated.
Nevertheless, the AP related to current supply chain is such as the total PEI overcomes other

simulations procedure.
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Figure 5- 9. PEI outing of system in bioethanol from sugarcane
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The output PEI supports the results obtained with generated PEI. Based on figure 5.8 and 5.9, the
most environmentally-friendly process is the SP3. These results agree with CED and GHG
emissions results for this simulation procedure: Sugar and bioethanol production at current
context, but with the most efficient cogeneration system, as well as the use of whole energy

produced inside the supply chain.

5.2.4 S3, level 3: LUC

The analysis has been carried out without considerations of LUC effects. According to the national
report [50], the direct LUC is not applicable to sugarcane, since the harvested areas have been the
same in last decade. The “Anuario Estadistico” reports the land used for sugarcane in this time.
[51]. Figure 5.10 shows the surface extension when sugarcane is used to sugar production.
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Figure 5-10. Harvested areas for sugarcane crop

The harvest land average can be considered as the same in last decade. Therefore, the indirect
LUC is the most important for this system, at current conditions. Using the estimation of organic
matter loss given by [177], as well as the fraction of SOC in organic matter [178], the SOC loss for

sugar crops is 1,39 tCOy/ha-yr; i.e. 2% from initial carbon content is annually lost. This value is
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equivalent to 1% of capture carbon using the ARPA method [173] or 3% of capture carbon
using the method based on carbon contents. The carbon loss rate could not only be considered
low, but also could be an opportunity to adjust the agronomical practices, in the sense of SOC

conservation.

5.3 Bioethanol from cassava

Bioethanol production from cassava was depicted in chapter 4. Figure 5-11 presents a schematic
representation of this description, which corresponds to SP5. Figure 5-12 shows the SP6

procedure.
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Figure 5-11. Bioethanol production from cassava.
1. Washer. 2. Mill. 3. Liquefaction. 4. Simultaneous fermentation and sacharification. 5. Absorber.
6-7. Distillation towers. 8. Molecular sieves.
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Figure 5-12. Bioethanol production from cassava.
1. Washer. 2. Mill. 3. Liquefaction. 4. Simultaneous fermentation and sacharification. 5. Absorber.
6-7. Distillation towers. 8. Molecular sieves. 9-11. Evaporators. 10. Centrifuge. 12. Mixer.

5.3.1 GHG emissions

The GHG emissions associated to bioethanol from cassava are shown in figure 5-13. Because the
cassava is used for bioethanol production in SP5, the allocation is not necessary. In this case, the
emissions vary between 5-41 gCO.e/MJ, being 5 gCO.e/MJ the case with maximum energy

integration (SP7) and 41 gCO,e/MJ when the energy is not integrated.
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Figure 5-13. GHG emission for bioethanol from cassava

For bioethanol and concentrated vinasse production (SP6), the emissions are 6-39 gCO2e/MJ,
depending on allocation methods and energy integration (maximum integration SP8). The results
show the same behavior that the sugarcane system: The allocation methods influence the final
results.

These results indicate that bioethanol from cassava is promising at Colombian Context, if the
attention is focused on GHG emissions. The simulation procedures (SP5, SP6, SP7, SP8) allow
obtaining a range of GHG variations for bioethanol from cassava, i.e. better and worst
conditions using the current infrastructure and maturate technologies. For all cases, the GHG

emissions are comparatively lower than fossil fuel emissions reported for [6].

5.3.2CED

The energy ratio for simulation procedures is presented in figure 5-14. Because the SP7 and SP8
are related to energy integration, the energy ratio must be calculated for these. Bioethanol from
cassava can be considered as energetically sustainable if the vinasses are not evaporated (SP5-SP7

procedures).



Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle 109

&
SN
)

CA-SP5 CA-SP6 CA-SP7 CA-SP8

Figure 5-14. Energy ratio for bioethanol from cassava

Although the energy relation is less for cassava than for sugarcane scenarios, the well-
performance of GHG emissions could be used as a basis to recommend the production of

bioethanol from cassava, as complementary feedstock.

5.3.3 PEI

The potential impacts for cassava were calculated using the mass and energy balances from
simulation procedure. The results are presented in figures 5-15-5-16. In terms of Generated PEI,
the SP5 (only bioethanol production) is better than SP6.
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Figure 5-15. PEI generated for bioethanol from cassava

The PEI results are consistent with GHG and energy ratio: The most environmentally-friendly
procedure is the bioethanol production without vinasses evaporation. The high heat requirements

to separate water from vinasses are the reason for poor-environmental performance.
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Figure 5-16. PEI outing from system (bioethanol from cassava)
Since the photosynthetic efficiency is less for cassava than for sugarcane, the energy behavior is

directly proportional for this fact. Nevertheless, cassava seems to be a good option at Colombian

context.



Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle 111

5.3.4 S3, level 3: LUC

In the last decade, the cassava-dedicated lands have changed, in the major state producers (figure
5-17) [51].

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

® Antioquia ®Bolivar = Cérdoba ®=Meta = Norte de Santander = Sucre
Figure 5-17. Harvested area for cassava

Although the lands have varied, the relationship with bioethanol production is not known.
Cassava usage as biofuels feedstocks has not been established. Hence, any LUC for cassava at
this time should be related to other activities.

5.4 Bioethanol from rice husk

Rice husk-BC is the direct biomass-burning. Figure 5-2 shows the SP9, which consists on
cogeneration using BIGCC. Bioethanol production from rice husk is shown in figure 5-18. The

SP10 uses diluted acid as the pretreatment agent, while SP11 use Liquid Hot Water.
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Figure 5-18. Bioethanol from rice husk using either diluted acid or Liquid Hot Water
(Pretreatment agent).

1. Crusher. 2. Hydrolysis reactor. 3. Filter for separation of non-hydrolyzed fiber. 4. Evaporator
for xylose concentration. 5. Heat exchanger. 6. Detoxification reactor. 7. Filter for gypsum
separation. 8. Neutralization reactor. 9. Enzymatic saccharification reactor. 10. Filter for

separation of non-hydrolyzed fiber. 11. Evaporator for glucose concentration. 12. Heat exchanger.
13. Fermenter. 14. Concentration column. 15. Rectification column. 16. Molecular sieves for
ethanol dehydration.

5.4.1 GHG emissions

Figure 5-19 summarizes the GHG emissions for bioethanol from rice husk. The GHG emissions
are lowest in the case of cogeneration using BIGCC. The high-GHG values associated to

bioethanol production are due to the energy requirements for the pretreatment stage.
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Figure 5-19. GHG for rice husk systems

Lignocellulosic materials have been considered as promising feedstocks in biotechnological
transformations. In this sense, bioethanol from rice husk should be expected as well-environmental
performance. Nonetheless, the current technologies do not allow obtaining environmental

sustainable bioethanol from rice husk.

5.4.2 CED

The energy relation for BC, SP9, SP10 and SP11 is presented in figure 5-20. The results agree with
GHG emissions conclusions, i.e. the most energetically-efficient system is the cogeneration using
BIGCC.
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Figure 5-20. Energy ratio for rice husk systems

5.4.3 PEI

Figures 5-21-5-22 show the results of PEI. The BIGCC-cogeneration mitigates environmental
impacts (figure 5.18), while bioethanol from rice husk using liquid hot water presents the lowest
output-PEI.
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Figure 5-21. PEI generated in rice husk systems
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Figure 5-22. PEI outing of the rice husk systems

assessment indicated the BIGCC-cogeneration

is the most

energetically and environmental efficient usage for rice husk, at current conditions.

5.5 Biodiesel: General simulation procedure

Biodiesel production from oil-palm, jatropha and rapeseed keep the same general scheme. Figures

5-23-5-24 show the processes to obtain biodiesel.
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Figure 5-23. Qil extraction from oleaginous seed
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Oil proceeds from seed, by mechanical extraction; crude oil is separated from protein via
decantation. Crude oil is filtered, with the purpose to retire the impurities. A pre-esterification step
is carried out to reduce the Free Fatty Acid (FFA) contents. The esterification is made with

methanol. Glycerol is purified and methanol is recovered.
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Figure 5-24. Biodiesel from crude oil

5.6 Biodiesel from oil-palm

The analysis for biodiesel from palm is made according to the set of steps used to bioethanol from
sugarcane: The GHG of national report data is recalculated and the primary data is treated with the
methodological approach proposed in chapters 3-4. Then, the simulation procedures are

incorporated in the supply chain calculations.

5.6.1 EA from national report using the methodological
approach proposed in this thesis

5.6.1.1 Allocations

The allocation values based on methodological approach given in chapter 4 are shown in table 5-6.
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Table 5-6. Allocations values for biodiesel from oil-palm

Products Mass Allocation ~ Energy Allocation

OP-AB1

EFB 44,87% 28,01%

Kernel oil 4.27% 5,87%

Kernel cake 6,20% 4,40%

Biodiesel 44,66% 61,72%
OP-AB2

Biodiesel 85,31% 90,00%

Glycerol 10,61% 5,72%

Soap 4,08% 4,28%
OP-AB3

Biodiesel 100,00% 100,00%
OP-AB4

EFB 41,67% 26,21%

kernel oil 3,97% 5,50%

kernel cake 5,75% 4,11%

Glycerol 5,16% 3,67%

Soap 1,98% 2,75%

Biodiesel 41,47% 57,76%

5.6.1.2 GHG emissions

The GHG emissions applying the methodological approach proposed in this work are presented in
figure 5-25. The results indicate that the GHG emissions calculations from national data and the
methodological approach proposed in this work are lower than fossil fuel emissions [148] (37-42
gCO,e/MJ). The reductions are around 50%.



118 Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle.
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Figure 5-25. GHG emissions for biodiesel from oil-palm using the national data

5.6.2 EA using simulation procedures

Because in the simulation procedures for biodiesel supply the same products of the national report

are obtained, the allocations values are the same than they showed in section 5.6.1.1.

5.6.2.1 GHG emissions

The GHG emissions results for simulation procedures are consistent with the calculations for BC
(see figure 5-26). When the cogeneration involves all fibers, as well as the most efficient system
(BIGCC), the biodiesel from oil-palm is carbon neutral and, even, it mitigates climate change.
In the worst case, the GHG emissions keep reductions with regard to fossil fuel.
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Figure 5-26. GHG emission for biodiesel from oil-palm (simulation procedures)

5.6.2.2 CED

The energy ratio is positive for the simulations procedures (see figure 5-27). As it can be expected,

the most efficient energy usage (SP13) results in the highest energy ratio.
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Figure 5-27. Energy ratio for biodiesel from oil-palm
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5.6.2.3 PEI

The performance related to PEI results is similar for both cases (figures 5-28-5-29). The mitigation

is higher when the BIGCC system is employed. Nevertheless, the difference is relatively small.
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Figure 5- 28. PEI generated for biodiesel production from oil-palm (simulation procedures)

The GHG, CED and PEI results agree with the most environmentally-friendly supply chain for

biodiesel from oil-palm is such as the cogeneration system is improved.
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Figure 5- 29. PEI outing for biodiesel production from oil-palm (simulation procedures)

5.6.2.4 S3, level 3: LUC

Figure 5-30 presents the harvested area for oil-palm crop [51]. As it can be observed, the planted
surface has grown in the last decade. Therefore, the direct-LUC becomes important in complete
GHG balance. Depending on the values of the soil carbon organic, above-ground biomass and
belowground biomass, the LUC effects can be either positive or negative: If the oil-palm grows
over lands such as the previous usage implicates low carbon capture, the oil-palm cultivation
increases the carbon stocks, indicating positive effects. Inversely, the oil-palm over high capture

cover, e.g. natural forest, carries negative effects (carbon emissions).
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Figure 5- 30. Harvested area for oil-palm

The oil-palm crops have been major expanded in grasslands. Because the carbon capture of
grasslands is lower than the oil-palm, the direct-LUC is positive, i.e. during its growth on pasture
lands, the oil-palm captures carbon emissions. Following the IPCC tier 1 and the values reported in
[50], the capture reaches 42,96 gCO,e/MJ. The indirect LUC, based on the SOC of [50], indicates
that 1,46 tCOe/ha-yr are storage in soils.
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The positive effects of LUC compensate the GHG emissions calculated for the scenarios
presented in figure 5.23, i.e. the biodiesel from oil-palm would be carbon neutral considering
direct LUC, as well as indirect-LUC.

5.7 Biodiesel from jatropha

Biodiesel production from jatropha is being studied at Colombian context [54]. Hence, non-
allocation and non-secondary products were considered in this work.

The GHG emissions from biodiesel production from jatropha (figure 5-31) without-cogeneration
system are similar to supply chain based on oil-palm. When the cogeneration system is considered,
the emissions are threefold. The complete system included carbon capitation (JA-S2NCCSP15)
presents the better GHG (figure 5-31), energy (figure 5-32) and PEI (figures 5-33-5-34)
performances. The results indicate that biodiesel from jatropha could be carbon neutral.

Nevertheless, these calculations are preliminaries, due to the lack of jatropha data for Colombia.
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Figure 5-31. GHG emissions for biodiesel from jatropha



Assessment of greenhouse gases emissions associated to Colombian biofuels lifecycle

123

Ivl‘]outputllvl‘]input

PEI/kg product

12

10 +

JA-SP14 JA-SP15

Figure 5-32. CED for biodiesel from jatropha
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Figure 5-33. PEI generated for biodiesel from jatropha
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Figure 5-34. PEI outing for biodiesel from jatropha

5.8 Biodiesel from rapeseed

The rapeseed is not a Colombian feedstock. However, it is the most important at European
Context. Therefore, the assessment of rapeseed in Colombian conditions could be considered
adequate, in the sense of potential feedstocks. The GHG emissions obtained from simulations
procedures shows the GHG emission are 29,48 gCO,e/MJ, and the energy ratio 5,27. In addition,
the PEI's are presented in figure 5-35.
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Figure 5-35. PEI for biodiesel from rapeseed
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The EA for rapeseed could be considered positive, comparing to jatropha, oil-palm and, even,
fossil fuel reported in literature [148]. Marginal rapeseed crops are in Colombia; the
environmental performance of preliminary rapeseed studies indicates that this feedstocks could

be promising for alternatives biodiesel feedstocks at Colombian context.

5.9 Fossil fuels

Figure 5-36 shows the simulated refinery processes. Mass and energy balances were used to

calculate the PEI associated to system (figure 5.34).
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Figure 5-36. Refinery processes (FF-SP17)

The results show the general EA (measured as PEI) mostly generated pollution in all
environmental resources. The toxicity potentials are highest regarding to all assessment carried
out in this work (figures 5-8, 5-9, 5-15, 5-16, 5-21, 5-22, 5-28, 5-29, 5-33, 5-34, 5-35). Besides,

the values are greater than the studied systems.
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Figure 5-37. PEI for fossil fuel production

5.10 Final remarks

The major results for each studied system were presented throughout this chapter. Moreover, the
bold-red italic letters highlight the most relevant “conclusions” for each individual system,
assessed parameter and feedstock. The comparisons were carried out using national baselines
obtained from public reports. The GHG emissions as well as the energy ratio results were not
positive in all cases. Nonetheless, the overall results show process conditions which are
appropriated to well-environmental performance. In addition, the PEI shows some benefits to use
biofuels from the chosen feedstock for this work.

Although each system result can be conclusive itself, the general question causing this work-
development have not been responded. Implications of these results about environment, in general,

and climate change, in particular, are discussed in the seventh chapter.
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6. Other bioenergy systems

6.1 Overview

As complement to this thesis, other bioenergy systems were studied. Biogas-biochar from
Municipal Solid Waste (MSW) at Manizales city-context, biohydrogen from molasses and an algae
biofefinery were the study cases of this chapter. The biogas-biochar production was based on
primary data from Manizales-MSW conditions and kinetic studied reported in literature. The
biohydrogen was made as an approximation from this system. Finally, the algae biorefinery
assessment was made with the purpose of evaluating this current tendency from the environmental

viewpoint.

6.2 Biogas from MSW

In Colombia, 99,1% of the total towns and cities have a final solid waste disposal system: The
Landfill is the most used method, corresponding to 69% of the total. The MSW rate entering to
landfills is 25097 tMSW/d, approximately. Only 2% are treated in integral plans (2% of the total).
In the case of Manizales city, 400 tMSW/d are generated. These amounts suggest MSW can be
potentially used as raw material for bioenergy production.

In this section, the environmental assessment for simultaneous biogas-biochar production from
MSW at Manizales conditions was carried out. Biogas was obtained from anaerobic digestion and

biochar was obtained using pyrolisys technology.

6.2.1 La Esmeralda Landfill

La Esmeralda Landfill [179] collects the MSW from 21 towns (17 from Caldas State, 1 from
Antioquia State and 3 from Tolima State). The average MSW rate is 451 tMSW/d. The major
landfill features are:

- Manual sorting is carried out by particular recyclers.

- Hazardous wastes are incinerated using a furnace.
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- Leachates treatment via UASB (Up-flow anaerobic sludge Blanket) reactor.
- 39 vertical extraction wells.
The vertical extraction wells are opened, i.e. the biogas naturally produced is not collected. Some

sample analysis shows the biogas concentration is 60:40 CH4:CO2 (volume basis).

6.2.2 Goal and scope

The goal of this analysis is the technical and environmental assessment of biogas production from
organic fraction of Manizales-MSW. The simulation procedures were made by using Aspen Plus,
Matlab and Excel, implementing the system given in the last section. The environmental
assessment was carried out quantifying the energy ratio, the GHG emissions and the PEI:

- Energy ratio was calculated as it was shown in chapter 5.

- It is proposed to use a new indicator named greenhouse gas ratio (GHGR), which is
defined as the quotient between the GHG from process (mass and energy balances), and
the mass unit of biogas produced. The limit of this indicator depends on the horizontal
time used for GWP. For instance, in the case of this work the horizontal time is 100 years
and the main product is biogas, being GHGR=25 the critical value: GHGR lower than 25
means well environmental performance in terms of GHG emissions.

- The PEI’s were calculated in the same way of calculations given in chapter 5.

6.2.3 System description

Figure 6-1 shows the general process scheme. The MSW-organic fraction is heated from 18°C to
37°C. The initial temperature is the average for Manizales; the final temperature guarantees the
mesophilic conditions for microorganism growth. MSW enters to the first reactor, where the
acetogenesis reaction is carried out and a fraction of biogas is produced. In the second reactor, the
organic acids are converted to biogas [180, 181]. Biogas is collected. The wastewaters containing
the solid fraction pass through an evaporation unit and the solids are conducted to the pyrolysis

process, when these are decomposed at 800°C. The final product is biochar [182, 183].
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Figure 6-1. Scheme of the simulation processes.
1. Heat exchanger. 2-3. Reactor. 4. Biogas collector. 5. Evaporator. 6. Pyrolyzer

Table 6-1 presents the input parameters required for simulations procedure. The Kinetics and

reactor design was made using the parameters given in [184].

Table 6-1. Parameters used for the process engineering

Parameter Unit Value Reference

MSW rate t/d 451,000 [179]
Organic fraction of the MSW w/w 0,621 [179]
Paper fraction of the MSW wiw 0,089 [179]
k, first order rate constant (organic fraction) 1/d 0,073 [184]
k, first order rate constant (paper fraction) 1/d 0,018 [184]
Yu, Ultimate methane yield (organic fraction) m*CH./KgVS 0,205 [184]
yu, ultimate methane yield (paper fraction) m>CHJ/KgVs 0,369 [184]
Digestion time D 20,000 [184]
CH, concentration in the exit biogas w/w 0,570 [184]
Non-converted solids leaving from reactor 1 % 80,000 [185]
Initial solid contents % 15,00

6.2.4 Scenarios

In order to analyze the effect of doing changes on the results, two parameters were chosen: Total

solid removal (SR) and biogas production distribution into reactors (Reactor 1:Reactor 2, BD).

Table 6-2 summarizes them.
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Table 6-2. Scenarios for biogas analysis

Scenario Name SR (wt. %) BD (R1:R2, v. %)
BG-SP18 60,0 20-80
BG-SP19 60,0 40-60
BG-SP20 60,0 50-50
BG-SP21 62,1 20-80
BG-SP22 62,1 40-60
BG-SP23 62,1 50-50
BG-SP24 62,1 20-80
BG-SP25 62,1 40-60
BG-SP26 62,1 50-50

6.2.5 Results

Since the energy ratio was higher than one for all the scenarios (figure 6-2), the process for
producing biogas-biochar showed a well-energetically performance. Nevertheless, the energy
results were closed to the unit; therefore, the energy efficiency should be improved. The high-
temperature required in pyrolysis procedure explains the high-energy requirement. The best
scenario was BG-SP20, i.e. when the SR was 60% and the reactors 1-2 out 50-50% of biogas.
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Figure 6-2. Energy ratio results

In terms of GHG emissions results (figure 6-3), these were positives in general, i.e. the GHGR was
lower than critical value (25). The lowest GHG emissions were obtained when SR was highest
and BD was lowest (i.e. BG-SP24).
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Figure 6-3. GHG emissions results

The results for PEI (figure 6-4) showed that the environmental performance of biogas
production from MSW was the worst for all the energy systems (taking into account the results

given in chapter 5). AP high values are the responsible for this poor environmental result.
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Figure 6-4. PEI generated in biogas production

The PEI results were mostly influenced by biochar production. Although the biochar produced

fewer GHG quantities than biogas, the production process generated other toxic pollutants, e.g.
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organic acids, aldehydes, complex alcohols. This explains the high RS values (indicating lower
biochar production) which make the PEI’s decrease.

As it can be observed, the PEI tendency is the same for GHGR, but also it contracts with energy
results: The best both technical and environmental performance implicated the intermediate RS
and BD. Moreover, the biogas-biochar simultaneous production is not environmentally-

recommended.

6.2.6 Final remarks

Due to the assumptions, system features and technological schemes, the energy performance
contrasts with environmental results. Based on technical and environmental criteria, dry anaerobic
digestion (with methanogenesis and acetogenesis occurring in separated reactors) and high SR
percentages are the best conditions. Nevertheless, another sensibility analysis and conditions
should be studied. Nonetheless, anaerobic digestion seems to be a well-option for integrated MSW

management, based on energy and mitigation purposes.

6.3 Biohydrogen production

The biohydrogen is a third-generation biofuel. Because the biohydrogen combustion produces
water, it is considered a clear-fuel. Nevertheless, technical challenges and economical results are
concerns associated to its production [186-188]. In this section, the GHG performance of

biohydrogen production from molasses via dark-fermentation was presented (BH-SP27).

6.3.1 Goal and Scope

The main goal was the preliminary study of biohydrogen production using dark-fermentation as
major technology. The environmental performance was carried out by GHG emissions
quantification. The GHG emissions include: Obtaining the molasses from sugarcane, the
transformation processes and the biohydrogen compression. Mass and energy balances for
transformation process were obtained using Matlab software.
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6.3.2 System description and process engineering

Figure 6-5 shows the biohydrogen production. The molasses are fermented using a mixed culture
reported in [189]. The biohydrogen is separated from the broth and, then, comprised, with the

purpose of being transported toward the service station.

Gases
A

Mixed

cultur ﬁ

A 4

Broth

" Mixed

L_J culture

_l Biohydrogen

Molasses

Figure 6-5. General procedures for biohydrogen production (BH-SP27)

For GHG calculations, the emission factor for N-fertilizer, P-fertilizer and molasses obtained are
taken from [190]. The emission factor for Colombian grid was reported in [146]; the isothermal
compression efficiency was in [191], and biological growth parameters were reported in [189]. The

results were based on 120 L/h of produced biohydrogen.

6.3.3 Results

The GHG emissions from biohydrogen supply chain were 49,04 gCO,e/MJ. This value is
comparative with all results obtained from bioethanol and biodiesel (chapter 6). However, the data
were obtained from small-scale reports. It becomes necessary a pilot-scale studied to prove this

preliminary analysis.
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6.4 Algae biorefinery

The performance of first and second-generation biofuels has been conditioned by social, economic
and environmental aspects (e.g. food security, climate change, employment) [1, 26, 38, 133, 192,
193]. Because the process integration has been suggested as an adequate economic and
environmental route, the feedstocks should be used in multi-product systems [194-196]. The
process integration involves not only more improve conditions, but also more added-value
products [197]. In this sense, the algae-based processes could be considered as a promising
feedstock to develop a biorefinery for energy purposes [198-200].

The biofuels production is a multi-product supply chain, i.e. the biofuels production and use can be
considered as an empirical biorefinery. The SB-SP4 scenario is the first biorefinery presented in
this thesis. In this section, an algae-based biorefinery for energy purposes is analyzed. It is

proposed to obtain biodiesel and bioethanol simultaneously.

6.4.1 Goal and scope

The aim of this work is to assess the environmental performance of an algae-based biorefinery with
energy purposes. The proposed scheme considered to use rice husk as feedstock: The rice husk was
burning using the BIGCC approach (depicted in chapter 5); the exhausted gasses were collected,
purified and used as nutrient in algae growth. The lipids from algae were separated and used as

biodiesel production feedstock. The algae cake was used for bioethanol production.

6.4.2 System description and process engineering

The system included the production of biodiesel integrated with bioethanol using Chlorella
vulgaris. The microalgae-based biorefinery took the GHG emissions from husk rice burning. As it
was proven in chapter 5, the most efficient use of rice husk was BIGCC system. Therefore, the
microalgae-based biorefinery proposal began with this feedstock. The generated energy from husk
rice burning could be used either in the rice production process or in the microalgae-based
biorefinery. The GHG from burning was captured with the purpose of using it for algae growth.
The microalgae grew in a photobioreactor. The oil extraction was made via organic solvent. The
biodiesel production consisted on conventional processes, i.e. transesterification using methanol.

Finally, the microalgae paste was used for bioethanol production. The biorefinery was based on the
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processes shown in chapter 5 and other. For instances, the algae growth was a new process, as well
as the lipid extraction by organic solvent.
The biorefinery was simulated by using the Aspen Plus software at Colombian industrial
conditions, according to methodologies presented in [137, 195, 201, 202]. The GHG emissions
were calculated using the appropriated factor emission [146]. The mass and energy balances were
calculated according to [203]. The environmental assessment was carried out using the
methodological approach proposed in this work (chapter 3).
The EA consisted on:
- GHGR indicator adapted to the algae system: GHGRA is defined as the ratio between the
GHG form the supply chain, and the GHG captured by algae growth. GHGRA is measured
as gCO,e/kgCO,e as substrate. A value higher than thousand indicates the GHG from the

supply chain are higher than GHG emissions capture by the algae-system.

6.4.3 Scenarios

Two scenarios were considered in this work (figure 6-6). The difference between CV-SP28 and
CVSP29 was due to bioethanol dehydration technology: In the CV-SP28, ethylene glycol was
considered as the desiccant, meanwhile CV-SP29 consisted of dehydration via molecular sieves.

The paste protein content was reiterated with the purpose of obtaining feed.
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CV-SP28 CV-SP29

Husk rice burning Husk rice burning
Clhorella vulgaris growth and oil Clhorella vulgaris growth and oil
extraction extraction
Biodiesel production Biodiesel production
Bioethanol from paste (extractive Bioethanol from paste (distillation and
distillation) dehydration — molecular sieves)

Figure 6-6. Scenarios for microalgae-based biorefinery

6.4.4 Results

Figures 6-7-6-8 show the results of GHGRA for the biorefinery using Chlorella vulgaris. As it can
be observed, the microalgae-based biorefinery can be sustainable if the energy requirement for

algae growth is reduced to the half.
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Figure 6-7. Biorefinery based on Clorella vulgaris. CV-SP28

The difference in GHG emissions was minimal for the considered scenarios. Nevertheless, the
technologic for CV-SP29 implicated lower chemical inputs, affecting positively the general

environmental balance (i.e. wastewaters generation).
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Figure 6-8. Biorefinery based on Clorella vulgaris. CV-SP29

6.4.5 Final remarks

The GHGRA indicator could be used for processes which are CO2-fixer microalgae. Because the
indicator definition depends on algae characteristic (autotrophic growth), this indicator, using
LCA approach, could be highly useful for different processes: A procedure which absorbs CO2 in
the first stage, using a material and energy inputs, and producing GHG emissions due to inputs and

product usage. Therefore, GHGRA indicator can be applied to other algae processes.

6.5 Final remarks of bioenergy systems analyzed in this
chapter

In this chapter, the same logic of chapter 5 was followed: the analysis of the system was
individually made, as much as possible. Two new indicators were proposed: The GHGR for
biogas production systems and GHGRA for algae with autotrophic growth. The implications of

environmental performance, and climate change, are discussed in chapter 7.
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7.Relationship between the Dbiofuels (and
bioenergy) and climate change: Conclusions
and recommendations

The main purpose of this thesis was to clarify the relationship between the biofuels supply chain
and climate change. All studied feedstocks showed positive set of variable values, which could
allow saying the Colombian biofuels fulfill the international standards of GHG mitigation.

The technological and environmental assessment of any process was considered as a first step to its
industrial implementation. In the case of biofuels systems, the development steps were invested:
The bioenergy productions were priority systems. Therefore, the discussions associated to biofuels
have overcome the scientific limits. While food security, social impact, uncertainties about
environmental impacts, have been related to biofuels production and use, the debate has not
completely finished.

In this thesis, a methodological approach for EA related to complex systems was proposed and
applied to biofuels supply chain. The way to analyze the results tried to show an approach as much
independent to external conditions as possible. For that, a new methodology was proposed; the
analysis included capture calculations and new sustainability indicator were showed. The EA was
based on mass and energy balances that can be replicable. It guaranteed the scientific rigor, which
must be present when the assessments are directly involved with policies, quality of live and long
time effects.

The GHG quantifications have depended on the particular considerations associated to the
researchers. The indicators have been based on qualitative characteristics. Due to that, the
methodological approaches have been questioned, and the results have been showed as an
approximation. The products sustainability has been determined using an approach which allowed
obtaining both positive and negative results for the same system, at the same conditions. The
methodological approach proposed in this work pretended to reduce the uncertainties and
consideration dependence of the results. The final system studied (algae-based biorefinery) was

introduced because the main conclusion obtained from this work was as following: The most
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reliable results were related to complete supply chain, instead the EA for allocation environmental
loads. Therefore, the most technical-EA was based on the comparison of LCA results for complete

supply chains.
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8. Thermodynamic aspects related to carbon
dioxide: Scientific basis of mitigation processes

8.1 Overview

The carbon dioxide, main GHG, can be considered not only as chemical industry
byproduct (from combustion, fermentation process, among others), but also it can be a
scientific challenge [1-2]. Because the climate change and global warming consequences
associated to GHG emissions, the research has been address toward alternative processes,
which allow giving add-value procedures from GHG (CO,) streams [3-4]. For instance, the
carbon capture with monoethanolamine, CO, as raw material for plastic industry
intermediaries, among others, are procedures which are being studied [1, 3, 5-7].

The first carbon capture procedure was Carbon Capture and Storage (CCS) into oceans
and/or geographical formations (mainly empty petroleum reservoirs). Currently, the CCS
is used with the purpose to separate CO, from natural gas (Seipner Vest field, Salah field,
among others): CO; is eliminated using methyldiethanolamine, comprised and inject to the
reservoirs [8].

On the other hand, the chemical (and/or biochemical) pathways transforming CO, streams
into value products seem to be a well-option related to climate change mitigation [9-10].
Nevertheless, the CO, must be separate from GHG mixtures, which requires finding
chemical, physical and/or biological routes for that. In the sense of optimization and
energy efficiency, separation units included separation-reaction options as reactive-
distillation, reactive-extraction and membrane operations [11-12].

Since the CO, storage/transformation purposes are associated to mitigation schemes, the
CO,-thermodynamic properties prediction is the major tool [2, 6]. Accurate predictions for

both pure and/or mixtures of CO; are required for a set of capture technologies, as well as
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the separation routes [13]. For instance, some studies suggest the carbon capture models
should be focused on CO; diffusivity through water.
In this chapter, CO,-thermodynamics calculations (both pure and mixtures) are carried out:
- The CO,-solubility in aqueous ionic solutions (like the seawater). These results are
the first stage for CCS procedures.
- GHG-phase envelope for liquid-vapor separation purposes.
The major result of this chapter is the technical approximation to thermodynamic concerns
of GHG.

8.2 Carbon dioxide solubility

The carbon storage requires COg-solubility calculations at wide range of temperature,
pressure and ionic concentration [14]. The gas absorption into water depends on gas
solubility. The reliable equipment design is dependent of the properties prediction [15].
Because of the ionic mixtures thermodynamics require additional gas-liquid equilibrium
considerations, the practical options consists into data regression based on the most
appropriated model, which can be empirical and/or semi-empirical. In this section, the CO,

solubility is calculated using two approaches: Setchenow and Duan-Sun models.

8.2.1 Setchenow model

8.2.1.1 Thermodynamic model

The solubility calculations need to appeal to phase equilibrium equation (Eg. 8.1).
fE@T,P,x) =f/(T,P,y)i=12,.. Eq. 8.1

By Lewis-Randall rule usage, as well as the activity coefficient definition, Eg. 8.1 is

converted into:

xyi(T,P,2) = fA(T,P,) = yiP (£) Eq. 8.2
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In the case of the mixture temperature was more than critical temperature of any
compound, this component would be a gas. The liquid properties associated to the gas-
compound become a difficulty in the equilibrium phase determination. When the mixture
includes aqueous solutions, the gas solubility usually decreased. The solubility changes

can be empirically depicted as:

logﬂ = log

Si(Ms=0) Si,o

SiMs) — g, M, Eq. 8.3

Where S; is the gas solubility in aqueous solutions; S;,, the gas solubility in pure water;
Ms, salt-molality; Ks;, Setchenow’s coefficient, which depends of the gas and salt. In the
case of salts mixture, the solubility effects are assumed as the sumo of individual effects;
thus, the Eq. 8.3 becomes:

log ) — Zsal,s Ksi Mg Eq. 8.4

S i,0

When the Setchenow coefficient is negative, the solubility is directly proportional to salt

concentration.

8.2.1.2 Solubility calculations for system CO, — H,O - Salt
(NaCl or KCI)

The thermodynamic model was depicted in last section. The liquid-vapor phase
equilibrium at constant pressure (P=1 atm) was calculated taking into account that the
vapor phase is the pure CO,, and liquid phase is at the same temperature and pressure of
CO,, fulfilling Eq. 8.1 and Eq. 8.2. The model was running for temperatures 253-373 K (-
20-100 °C). The activity coefficient was determined using UNIFAC equation and the
fugacity was calculated by Peng-Robinson equations. The phase equilibrium was
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determinate to CO,-water mixture. The calculations were performed in Matlab software.
The concentration is measure with molar units.

The effect of salt was measured using the Setchenow model (Eqg. 8.3 and 8.4, according to
the values given in [16]. The concentration is measure as molal units.

8.2.1.3 Results

The figure 8.1 shows the CO; solubility in pure water. The solubility behavior indicates
the temperature diminution increases the CO, solubility.

100

Temperature (°C)

-80

0 0,5 1.0
Solubility

Figure 8-1. CO; solubility in pure water

The figure 8.2 presents the effects on CO,-solubility when a salt is added to water. The
results show the salt presence leads a solubility diminution. Comparing two monoatomic

salts (NaCl, KCI), the results indicates the lowest solubility is obtained with NaCl-brine.
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Figure 8-2. Effects on COy-solubility by salt presence: NaCl 0,5 M (left) KCI 0,5 M (right)

8.2.1.4 Final remarks

Two important results can be observed with this calculation:
- Simple salts at atmospheric pressure could not be adequate to CO,- capture.
- The highest diminution corresponds to more electronegative salt-cation. It can
suggest a direct relationship between CO,-solubility and the positive charge in
the salt.

8.2.2 Duan-Sun model

8.2.2.1 Thermodynamic model

The Duan-Sun equations are empiric, i.e. it was obtained by data adjustment over a wide
range of pressure, temperature and salts concentration. The table 1 summarizes the Duan-

Suan equations [14, 17].

Table 8-1. Duan-Suan Equations

1(0)
_ Heo,
Inme¢o, =Inyco,Pco,P — RT 2/1602—Na(mNa + myg + 2me, + ZmMg)
— Cco,—Na—ciMcl (mNa + Mg +Meg + mMg) + 0.07mg,,
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Table 8-1 (continuation)

()T

1(0)

Cy Cs Cg 11
Pco, = €1+ [Cz toT + 7T+ m] P+ [66 +¢;T + ?] Pz + [cg +¢10T + T] InP
cip tc c
12 13 “14 + C15T2

4170.67077

u
“£% _ 28.9447706 — 0.03545810768T —

+ 1.02782768 x 107°T?

RT

33.8126098

“630-T +9.0403714 x 1073P — 1.14934031 x 1073PInT
P 0.0907301486P 9.32713393 x 10~ *P2

—0.307405726 = —
0.307405726 630 — T (630 — T)2

97,5347708 p
—0.411370585 + 6.07632013 X 107*T + ———— — 0.02376224697

0.0170656236P
630—-T

ACOZ—Na =
+ 1.41335834 x 10~ >TInP

{co,-Na-ciMi3:36389723 X 107* — 1.9829898 x 107°T + 2.1222083 x 107 -
5.24873303 X 10~3P

630 —T
_ P - PHzO
Yco, = —p
T T, — T\*° T, — L —T\?
Pyo=—|1- 38.640844( ) + 5.894842 ( ) + 59.876516< )
2 TC TC C c
T.— T\’ - T\*
+ 26.654627( = ) + 10.63709( : ) l
C C

In the equations showed in table 8.1, T is absolute brine-temperature (K); P, absolute
pressure (bar), m;, i-molality (for instance my, is NaCl molality); Pc, critical pressure of
water (bar); Tc, critical temperature of water (K). The rest of constants are adjusted

parameters, which are present in table 8.2.
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Table 8-2. Duan-Suan model parameters

Temperature — Pressure range

Parameter 1 > 3 7 5 6

C1 1,00000€e0 -7,1734e-1  -6,51290e-2 5,03838e0 -1,60631el  -1,56934e-1
Cy 4,7586e-3 1,5985e-4 -2,1429¢-4 -4,4257e-3 2,27057e-3 4,4621e-4
C3 -3,3569¢e-6 -4.9286e-7  -1,14474e-6 0,00000e0 0,00000e0 -9,1080e-7
Cs 0,00000e0 0,00000e0 0,00000e0 1,95727e0 1,4119e-1 0,00000e0
Cs -1,31793e0 0,00000e0 0,00000e0 0,00000e0 0,00000e0 0,00000e0
Ce -3,8389¢e-6 -2,7855e-7 -1,1558e-7 2,42e-6 8,1133e-7 1,0647e-7
Cy 0,00000e0 1,1877e-9 1,1952¢-9 0,00000e0 0,00000e0 2,427e-10
Cg 2,2815e-3 0,00000e0 0,00000e0 -9,3796e-4 -1,1453e-4 0,00000e0
Cy 0,00000e0 0,00000e0 0,00000e0 -1,50260e0 2,38956e0 3,5874e-1
C1o 0,00000e0 0,00000e0 0,00000e0 3,0272¢e-3 5,0527e-4 6,3319e-5
C11 0,00000e0 0,00000e0 0,00000e0 -3,13773el -1,77634el -2,4989¢2
Cio 0,00000e0 -9,65395e1 -2,21343e2 -1,28470el 8,85922e2 0,00000e0
Ci3 0,00000e0 4,4774e-1 0,00000e0 0,00000e0 0,00000e0 0,00000e0
Cia 0,00000e0 1,01810e2 7,18203el 0,00000e0 0,00000e0 8,88768e2
Cis 0,00000e0 5,3783e-6 6,6089¢e-6 1,5056e-5 -5,4965e-7 -6,6348e-7

1: 273K <T<573, P<P; (when T<305K, P1 equals to the saturation pressure of CO,; when 305K<T<405K,
P,=75+1,25(T-305); when T>405K, P;=200 bar);

2: 73K<T<340, P;<P<1000 bar;

3: 273K<T<340K, P>100 bar;

4: 340K<T<435K, P,<P<1000 bar;

5: 340K<T<435K, P>1000 bar;

6:T>435K, P>P;.

8.2.2.2 Solubility calculations of diatomic salts mixture (MgCl,
— Nast4)

All equations and parameters presented in tables 8.1 and 8.2 were used in the solubility

calculations. The calculations were made using Matlab software. The temperature range

was 250-550 K, pressure range was 1-2000 bar and the salts were a mixture of MgCl, 1M

— Na;S0O4 1M.

8.2.2.3 Results

The figures 8.3 and 8.4 show the influence of diatomic salts presence over CO, solubility.
The results allow deducing that:
- As it can be seen in monoatomic salts, in the case of diatomic salts the solubility
decrease with the salt concentration increases.
- When the pressure is constant, the relationship between temperature and CO,-
solubility is linked to absolute pressure value: At high pressures, the temperature
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and solubility are inversely proportional; in contracts, at low pressures the

temperature and solubility are directly proportional.
- Pressure and solubility at constant temperature present a directly proportional

behavior.
- High pressures and high temperatures carry to highest solubility.

1.54

[N
/[

CO2 solubility

0.54

Presure (bar) Temperature (K)

Figure 8-3. CO,-solubility at different pressure and temperature for MgCl, 0,5M +Na,SO,
0,5M
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Figure 8-4. CO,-solubility at different pressure and temperature for MgCl, 1M +Na,SO,
M

8.2.2.4 Final remarks

In the section, systems with diatomic salts were calculated. The results indicated that the
solubility in ionic salts is not appropriated to chemical processes, but the geographic
capture (oceanic) at high deeps are appropriated conditions to CO, solubility increments,

guarantying the carbon capture.

8.3 GHG phase equilibria

8.3.1 Thermodynamic models

The table 8.3 presents the Equations of State (EOS) considered in this section: Peng-
Robinson EOS (PR), Predictive Soave-Redlich-Kwong EOS (PSRK) and Perturbed Chain
— Statistical Associating Fluid Theory (PC-SAFT) [18-22].
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Table 8-3. EOS

PR:
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Table 8-3 (continuation)

8 4+ 20n — 4n? 40 — 48n ¥ 12n% + 2n3
C,=—-CZ(m + (1 —m) a; (M)
? ! ( (1-m)° [(A-mC-m] l
1l m—im—2
= Qo; m T — m Ay
m-—1 m—-—1m-—2 ——3
b;(m) = by; + Tbli +T—b2 m2eo
ZZxxmm(kT) o7 m2e 03—22xxmm< )afj
170Xx4 1
7assoc — Z [_ _ XAi — AAiBj
Pi XAi 2 ap 1+ NAV ZiZBj XBjAAiBj

A;B;

j
= d}; gl kAEi [e KT — 1]

P: Pressure (bar); T: Temperature (T); R: Gas constant (J/molK); T: Critical temperature (K); P.: Critical
pressure (bar); T,: Reduced temperature; c;, Cp, C3: Constant for each compound, Z: Compressibility factor,
k: Boltzmann constant; m: Segment number; Nay: Avogadro number; w: Acentric factor; n: {5; o: Segment
density; p: Molecules density.

The EOS choice was based according to EOS-generation: Empiric equation (PR), equation

with some molecular basis (PSRK) and molecular equation (PC-SAFT).

8.3.2 Calculations

The phase envelopes of quaternary mixtures containing CO,-CO-N,0-SO, were calculated
using the equations of table 8.3. The mixtures composition was taken from literature, as
the burning biomass resulting of cogeneration processes (mixtures 1-6) [23-24]. Mixtures
7-11 were chosen with the purpose to study the effects of the composition variations. The

mixtures are presented in table 8.4.

Table 8-4. Mixtures for phase envelopment

Mixture CO, CO N,O SO,
Mixture 1 0,9922 0,0015 0,0007 0,0056
Mixture 2 0,9918 0,0015 0,0008 0,0059
Mixture 3 0,9693 0,0109 0,0008 0,0190
Mixture 4 0,9970 0,0016 0,0007 0,0007
Mixture 5 0,9934 0,0011 0,0007 0,0048

Mixture 6 0,9895 0,0096 0,0009 0,0000
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Table 8-4 (continuation)

Mixture CO, CO N>O SO,
Mixture 7 0,2500 0,2500 0,2500 0,2500
Mixture 8 0,9900 0,0033 0,0033 0,0034
Mixture 9 0,8500 0,0500 0,0500 0,0500
Mixture 10 0,4000 0,4000 0,1000 0,1000
Mixture 11 0,1000 0,1000 0,4000 0,4000

The properties for pure substances are shown in table 8.5. PC-SAFT EOS requires
additional parameters (segment diameter, segment energy and segment number); these was
taken from [25-26]. All compositions correspond to weight fractions. The azeotrope
existence was proved using the Vrevsky Law [27]. These calculations were made using
Matlab Software.

Table 8-5. Properties of pure substances

Substance MW Th AH"®P Pc Tc
CO, 44,01 195,00 ND 73,80 304,19
(6{0)] 28,01 81,70 6028,99 35,00 132,92
N,O 44,01 184,70 16537,86 72,40 309,70
SO, 64,06 263,20 24702,12 78,80 430,75

MW: Molecular weight. TB: Normal boiling temperature (K), AH"*: Vaporization heat (J/kmol), Pc:
Critical pressure (bar), Tc: Critical temperature (K).

8.3.3 Results
8.3.3.1 Phase envelopes

The composition for mixtures 1-5 are similar, making the envelopes are overlapped
(figures 8.5-8.7). The effect of N,O, SO, and CO on the thermodynamic behavior can be
noted in the concentration increment of these components: When it happens, the
mixture thermodynamic abruptly varies; in some cases, the models predict phase

equilibrium with conditions more than critical points.
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Figure 8-5. Phase envelopes with PR EOS
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The PR EOS is influenced for the CO concentration. The model does not seem adequate to
GHG mixtures which present appreciable amounts of CO, N,O and SO,.
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Figure 8-6. Phase envelopes with PSRK EOS

As it happens with PR model, the PSRK EOS cannot predict the phase equilibrium for
mixtures with high CO-amounts.
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—— Mixture 5 Mixture 6 Mixture 8 Mixture 9

Figure 8-7. Phase envelopes with PC-SAFT

The PC-SAFT EOS cannot predict the phase equilibrium when the CO, concentration is
less than 0,85.

According to literature [28], the experimental information is found for binary mixtures,
such as CO;-H,0, CO,-N,, CO»-CH,. The same author indicates the data for CO,-NOy
does not exist. Therefore, the results obtained in this work cannot be compared with
experimental information. However, the comparison of three models allows establishing
some prediction patterns. For instance, the phase envelopes of CO,-CO-N,O and CO,-
CO-SO, mixtures cannot be predicted for any model; the binary envelopes are predicted
when the CO concentration is low; the CO-SO, mixture cannot be calculated with any
model.
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8.3.3.2 Azeotropes
The results of the models (PR, PSRK and PC-SAFT) show the same azeotrope for CO,-

N,O. The table 8.7 presents the Vresvsky Law analysis for azeotropes existence.

Table 8-6. Predicted azeotropes using PR, PSRK and PC-SAFT analyzed with Vresvsky

Law
Azeotrope Model Remarks

CO,-N,O PR Azeotr_ope of m|n|_mal boiling temperature. Vresvky Law
analysis: Non-fulfill.

CO,-N,O PSRK Azeotr_ope of _mlnlmal boiling temperature. Vresvky Law
analysis: Fulfill.

CO,-N,O PC-SAET Azeotr_ope of m|n|_mal boiling temperature. Vresvky Law
analysis: Non-fulfill.

C0O,-CO PR This azeotrope is presented at different temperature and

pressures. Vresvky Law analysis: Non-defined.
This azeotrope is presented at different temperature and
pressures. Vresvky Law analysis: Non-defined.
This azeotrope is presented at different temperature and
pressures. Vresvky Law analysis: Non-defined.
This azeotrope is presented at different temperature and
pressures. Vresvky Law analysis: Non-defined.
This azeotrope is presented at different temperature and
pressures. Vresvky Law analysis: Non-defined.

CO,-CO-N,O PR
CO,-CO-N,O  PC-SAFT
CO,-N0-SO, PR

Quaternary. PC-SAFT

The Vresvky Law analysis allows discarding some azeotropes, but the thermodynamic

model is prevailing over the results.

8.3.4 Final remarks

The phase equilibrium predictions are required to mass and energy balances of different
mass processing. Therefore, the thermodynamics model choice must be the first stage in
the process engineering of GHG. The results obtained in this section indicate the PR y
PC-SAFT do not seem to be appropriated for these mixtures type. The PSRK EOS
predicts the phase envelopes for different temperatures, pressures and concentrations.
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However, all models depend of CO and SO, concentration. Hence, other tools should be

proved for these components.

8.4 Final remarks of GHG-thermodynamics

The mitigation procedures requires to reliable results of GHG thermodynamics. In this
chapter, the first approximation of CO, and GHG thermodynamics was made, taking into
account several models. The results indicated that the thermodynamics of GHG have been

isolated studied, as well as more widespread tool could not be adequate for this mixture

types.
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