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Abstract

Abstract

Waste paper and cardboard is a potential resource for producing bioethanol. In this work,
bioethanol production processes from various waste papers (newspaper, office paper,
cardboard and magazine) using two enzyme alternatives (Celluclast 1.5L supplemented with
Novozyme 188 and Cellic Ctec 1) were evaluated from technological, economic and

environmental standpoints.

Laboratory experiments were conducted to analyse the composition of the waste papers and
to assess the carbohydrate yields from enzymatic saccharifications at relatively high-solids
loading (15% w/w). Kinetic models were adapted for the glucan and xylan hydrolyses in this
study and were validated by experimental data. The kinetic models provide further insights
on enzymatic hydrolysis at high-solids loadings and predictions of the enzymatic
digestibilities of the four types of paper. The experimental data, together with published data,
were applied in process design models using the simulation software ASPEN PLUS™ to
explore the techno-economic aspects of potential conversions of waste papers to bioethanol.
The mass and energy flows and the pollutant emissions estimated from the process
simulations were used in life cycle environmental analyses (LCAS) to provide insight on the
potential environmental pros and cons of converting waste papers to bioethanol.

This research has demonstrated that several pathways to bioethanol production from waste
paper are economically and environmentally competitive with conventional petrol as a
transport fuel. They can also offer environmentally favorable or neutral profiles when
compared with the alternative waste paper management options of recycling or incineration
with energy recovery. Simplistic, general assumptions that converting waste paper to
bioethanol is either ‘good’ or ‘bad’ are not supported by this research. Instead, this study has
demonstrated that detailed techno-economic and environmental profiling work, such as that
carried out here, is essential to identifying the most beneficial approaches to developing

valuable and environmentally favorable production of bioethanol from waste papers.
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Chapter 1 - Introduction

1.1 Scope of research

1.1.1 Background

Concerns over climate change effects and energy crises have become prominent in the public
life over recent years. World marketed energy consumption is projected to increase by 50%
by 2030 according to a prediction from the United States Energy Information Agency (EIA,
2009). Moreover, the US retail gasoline price has soared from 0.83 $/gallon in 2000 to 3.49
$/gallon in 2011 (American Petroleum Institute, 2011). This sharp increase in gasoline prices
has stressed the importance of an alternative transport fuel. Though the EU have less
influence on the international energy market than the developing Asian and the Middle East
countries, it still plays an important role as the world’s largest energy importer, accounting
for one fifth of the world’s energy use (European Commission, 2010a). The UK remained as
the third largest energy consumer among the EU 27 countries with a relatively low energy
import dependency of 25% in 2010 because of its large domestic energy production (mainly
from oil and gas) (DECC, 2010a, European Commission, 2010b). Compared with the other
EU countries, the share of renewable energy in the total energy consumption for the UK is
relatively low at 3.3% in 2010 though progress has been made against the target of 15% to
2020 according to the Renewable Energy Directive (RED) (DECC, 2010b). A strategy has
been developed by the EU Commission, calling for competitive, sustainable and secure
energy to maintain the global leadership and competitiveness of the EU (European
Commission, 2010b).

On the other hand, the UK has targeted reducing its greenhouse gas (GHG) emissions by 34%
by 2020 and 80% by 2050 (DECC, 2010b). The total GHG emission figures indicate the UK
is ranked second highest emitter among the EU 27 countries with 636.7 million tonnes CO,
equivalent annually in 2007. The UK transport sector is responsible for around 25% of the
UK average GHG emissions (European Commission, 2010b). Between 2009 and 2010, the
use of biofuels for transport has increased by 17% (DECC, 2010b). In 2010, 1045 million
litres of biodiesel was consumed in the UK with a year-on-year increase since 2003 (19
million litres). However, the production capacity of biodiesel in the UK was reduced since
2007 (485 million litres) to 177 million litres in 2010. This reduced capacity is due to
continuing adverse market conditions with a number of producers closing down (DECC,
2010b). Compared with 320 million litres in 2009, 631 million litres of bioethanol was
increasingly consumed in the UK in 2010 with a domestic production capacity of 475 million
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litres. In addition to renewable technologies such as smart grids, nuclear and carbon capture
and storage etc., second generation (2G) biofuels are also included in the medium term
strategies of Strategy Energy Technology Plan (SET) (European Commission, 2010a).
Compared with first generation (1G) biofuel produced from food crops, 2G biofuels from
lignocellulosic biomass or agricultural wastes has many advantages. For instance, 2G
biofuels result in less land use change and a net negative GHG emissions which is in contrast
with some 1G biofuels like corn based bioethanol (Pimentel, 2003). However, the
development of 2G biofuel is also challenging, for example securing a low-cost and stable
feedstock, minimising the indirect land use change caused by energy crop plantation and
optimising the bioethanol production technologies. Considering these challenges, waste
papers as part of the biodegradable fraction in municipal solid waste (MSW) have potential to
be a promising feedstock for bioethanol production. The reasons for this include:

(1) Waste papers are abundant and economically competitive usually having lower costs than
other biomass sources in the UK attributing to the efficient MSW collection and sorting

systems;

(2) They contain relatively high levels of carbohydrates that are sources for producing

bioethanol;

(3) Waste papers are likely to be easily digestible without aggressive physical or chemical

pre-treatments;

(4) This use of waste papers can help to reduce pressure for managing the increased
quantities of waste generated (i.e. recycling, incineration and landfill) from rising population

and living standards.

1.1.2 Aims of this study

Based on the above introduction, three axiomatic questions will be addressed in this thesis:

(1) ‘Do the various types of waste paper have the same characteristics and are all suitable

for bioethanol production?’

(2) ‘Would biofuel production from waste papers be technological practicable, economically
feasible and environmental beneficial when compared with the conventional transport fuel -

petrol?’
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(3) ‘Does this bioethanol production approach have a lower environmental impact than the
current options for managing waste paper, i.e. recycling and incineration with energy

recovery?’
These questions structured the aims of this PhD under the following scope and assumptions.

Reflecting the diversity of variable waste paper feedstocks, four types of waste papers were
selected for the current study: newspaper, office paper, magazine and cardboard. These four
types are the most common in the waste paper stream and cover range of various physical and
chemical characteristics which potentially may affect their suitability for the bioethanol

production.

This study is based on the UK. All hypothetical cases (i.e. bioethanol, petrol, recycling and
incineration systems) are on a UK basis but where appropriate technologies from other
countries are adapted in the models constructed.

1.1.3 Approaches and limitations

The approaches followed to address the research questions (Section 1.1.2) covered different
scales, ranging from laboratory experiments to assess technological feasibility to a
commercial scale used to quantify economic and environmental performances. They are

summarised below and are considered in more detail in subsequent Chapters.

e Characterisation of waste paper feedstocks to distinguish their compositions and
predict their bioethanol production potentials.

e Experimental investigation of the enzymatic digestibility of various waste papers,
generating primary data.

e Application of the primary experimental data in process designs using the simulation
software ASPEN PLUS™ to obtain energy and mass balances at the industrial scale.

e Performance of economic analysis to assess whether bioethanol production from the
four types of waste papers are economically beneficial.

e Use of Life Cycle Assessment (LCA) and software SimaPro V7.3 for the
environmental analysis, comparing the bioethanol production from waste papers with
the conventional petrol and with two other common waste paper management options

i.e. recycling and incineration with energy recovery.

There are some limitations to the research strategies applied:
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e The number of technologies examined is restricted. For the base cases of bioethanol
produced from the four types of waste papers, the common method of separate
enzymatic hydrolysis and fermentation (SHF) was performed experimentally and
modelled in the process designs. For state-of-the-art cases including pre-treatments,
only currently available pre-treatment technologies for paper materials in the public
domain were analysed.

e The results derive from a limited number of softwares and approaches. ASPEN
PLUS™ was the only software used to develop the process models and Aspen
Economic Analyser within the same package was used to estimate the capital costs for
economic analysis. Sensitivity analyses were used to assess the influence of the main
parameters in the approaches on key results.

e Data quality and availability. The analysis is ultimately a reflection of the quality and
availability of data, particularly for the LCA.

1.1.4 Outline of thesis

This thesis is presented in 8 chapters. Chapter 1 outlines the motivation of this thesis, aims,
the scope, limitations and the context in which it was undertaken. It also introduces the
rationale for bioethanol production from lignocellulosic biomass, reviews current available
technologies, and establishes the framework for techno-economic and environmental
performance analysis. Chapter 2 presents the characterisation profiles of waste paper
feedstocks selected for the study. This important work develops a series of compositional
analysis methods suitable for paper materials based on the widely used protocols from the US
National Renewable Energy Laboratory (NREL) and details their composition profiles which
are applied in the process design and LCA analysis. Chapter 3 documents the novel
experimental results from high-solids loading saccharification using two enzyme alternatives,
one is the long established and commonly used enzyme mixture of cellulase (Celluclast 1.5L)
and B-glucosidase (Novozyme 188) and another one is a new enzyme ‘cocktail’ (Cellic Ctec
1). These experimental data are fitted to kinetic modes for glucan and xylan hydrolysis,
providing a better understanding for the mechanism of enzymatic hydrolysis. The data are
also directly applied in process designs that are constructed in Chapter 4, providing the basis
for the economic and environmental analysis. In economic analysis, several scenarios
including alternative designs for the base cases and for state-of-the-art cases are evaluated for
their effects on the estimated minimum ethanol selling price (MESP). In addition, sensitivity

analyses on both the bioethanol production process parameters and the cost parameters are
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included in this chapter. Chapter 5 assesses the environmental profiles of waste papers-to-
bioethanol processes using the LCA approach. Their comparison with the conventional petrol
systems and two alternative waste paper management options (i.e. recycling and incineration
with energy recovery) are performed in Chapter 6. Chapter 7 includes all sensitivity analysis
of the LCAs discussing the influences on the environmental analysis results caused by
bioethanol production process variables and LCA methodological parameters. The overall

discussion and conclusions from the research are presented in Chapter 8.

1.2 Bioethanol produced from lignocellulosic biomass

Ethanol (CH3CH,OH) is a compound containing a hydroxyl group, -OH bonded to a carbon
atom. The biggest difference between bioethanol and petroleum feedstock is the oxygen
content: bioethanol has 35% (w/w) of oxygen while petroleum has essentially none. The
oxygen has positive effects on the environment, for instance, the carbon monoxide produced
during the combustion of hydrocarbon fuels can be reduced due to a higher oxygen content of
the fuel. Comparing with petroleum, bioethanol also has no sulphur or nitrogen (Puppan,
2002). Currently, the blends E5 and E10 that consist of 5% (v/v) and 10% (v/v) ethanol
respectively, have a widespread usage since these blends can supply the existing vehicular
fleet without major changes to engines. High bioethanol blends (E100, E95 and E85) require
modified or dedicated vehicles.

Bioethanol can be produced from three types of raw materials: sugars (from sugarcane, sugar
beet, molasses, and fruits), starch (from corn, cassava, potatoes, and root crops), and cellulose
(from wood, agricultural residues, waste sulphite liquor from pulp and paper mills). Among
the three main types of raw materials, cellulose contained in lignocellulosic biomass
represents the most abundant global source of biomass, which can be utilised for bioethanol
production (Lin and Tanaka, 2006). Figure 1.1 illustrates the high level technologies for
producing bioethanol from these various biomass feedstocks. Typically, the common steps
for producing bioethanol from different feedstocks are fermentation and distillation. For the
1G bioethanol production, the sugar extracted from sugar-rich crops and that from starch
digestion by amylases or acids is directly fermented to bioethanol. To convert lignocellulosic
biomass into 2G bioethanol, an additional step of pre-treatment is usually required.

Lignocellulosic biomass is comprised of carbohydrates (hemicelluloses and cellulose) with
some proportion of lignin (Badger, 2002). The typical molecular structures are illustrated in

Figure 1.2. Cellulose is a linear, crystalline polymer of B-D-glucose units and can be
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hydrolyzed either by acid or enzymes. Hemicellulose is a heteropolysaccharide composed of
different carbohydrate monomers such as galactose, mannose, xylose, glucose, and arabinose
(Chandrakant and Bisaria, 1998). Unlike cellulose, hemicelluloses have a lower degree of
polymerization than cellulose, frequently have side chain groups and are essentially
amorphous. Lignin is an amorphous, crossed linked, three dimensional phenolic polymer.
The biosynthesis of lignin stems from the polymerization of three types of phenylpropane
units as monolignols: coniferyl, sinapyl, and p-coumaryl alcohol. Softwood lignin is
composed mainly of coniferyl alcohol units, while hardwood lignin is composed mainly of
coniferyl and sinapyl alcohol units (Pu et al., 2008). Although the exact structure of lignin is
unknown, improvements in methods for identifying lignin-degradation products have enabled

quantifying lignin.

N
U\ 1/ Fermentation

ﬂ! ;;_‘ Bioethanol
Starch ## & Distillation &

i A Co-products

Hydrolysis Fermentation

Cellulose & Pretreatment Hydrolysis ~ Fermentation

Figure 1.1 High level technologies required to produce bioethanol from biomass. (Slade,
2009)

A wide variety of lignocellulosic feedstocks are potentially available for bioethanol
production such as wood, grass, agricultural waste and MSW. Their physical structures and
chemical compositions are different; therefore technologies applied for bioethanol production
can be diverse. In addition to the main product bioethanol, co-products are also usually
produced, such as heat and electricity generated by burning lignin-rich residue from
fermentation and also, potentially, a wide range of high value-added chemicals like acetic

acid, furfural and hemicellulose sugar syrup and the low molecular weight lignin.
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Figure 1.2 Typical molecular structures for cellulose, hemicelluloses, and lignin.
(University of Maine, 2006)

1.3 Waste papers as feedstocks for bioethanol production

1.3.1 Availability of waste papers

Waste papers account for a considerable fraction (over 20%) in the municipal waste arising in
England between 2006 and 2007 (Figure 1.3). Westminster City Council alone collects
around 51,000 tonnes of waste paper annually and an estimation for Greater London

suggested that about 2 million tonnes of recovered paper was available in 2010 (Vanderpuye,
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2007). It was also reported that the free distributed newspapers (e.g. ‘London Lite’ and
‘Metro’) accounted for around a quarter of all waste collected and an extra thirteen tonnes of
waste was being generated daily in 2008 due to the distribution of these free newspapers in
London (Vanderpuye, 2007, Quinn, 2012).

Paperand Card
23%

Sanitary
2%
Wood
4%

Textiles

0,
10% Other organic

0,
Plastic: 2%

4%

Figure 1.3 Composition of municipal waste arising in England (2006/2007). (DEFRA,
2008)

The total amount of paper and board consumed in the UK reached 13.2 million tonnes in
2008, with about 8.8 million tonnes being recovered. This high recovery efficiency of 67%
results from relatively efficient household waste collection methods e.g. kerbside and co-
mingled (WRAP, 2010b). The kerbside option provides separate bins for residue waste, paper
and glass & packaging waste. Some kerbside collections are limited to two bins which keep
paper/cardboard separated from other recyclables. This method gives a higher collection
efficiency (the amount of distance travelled per kg of collected waste), a better waste material
quality and a lower recyclables contamination level (Metcalfe, 2008, WRAP, 2009). Co-
mingled collection is a single stream collection where all recyclables are collected in one bin
per household and then transported to a material recycling facility (MRF) for sorting where
the waste paper is separated from other recyclables. This method gives a higher amount of
waste collected but has cost and quality disadvantages. Kerbside collection has been
recommended as a better method than co-mingled collection. However, local authorities

determine which method is most suited for use for their locales (WRAP, 2009).
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In 2008, 45% of the UK recovered papers were recycled domestically while the remaining 55%
(around 4.8 million tonnes) were exported for recycling overseas. At the same time, the UK
imports pulp and paper products of approximately 4.9 million tonnes (WRAP, 2010b). This
reflects the fact that not all recovered paper is demanded by UK domestic paper mills because
paper quality specifications are a barrier to increasing the recycled content in paper products
(WRAP, 2010b). Therefore, the alternative utilisation of waste papers for bioethanol
production may offer a useful and valuable route to manage these papers. Moreover, though
recycling has been recommended as the priority option for managing waste papers, there are

several key hindrances:
(1) Efficient deinking technology needed to produce high quality paper products;

(2) Paper fibres become shorter each time they are recycled and after 4 - 8 times, the fibres

will eventually become too short for further recycling (Villanueva and Wenzel, 2007);

(3) More waste water and solid waste with hazardous chemicals can be produced compare

with virgin pulping due to deinking and decontaminating processes;

(4) Recycling is not possible for all paper, such as contaminated food packages, and paper

disposed of with other municipal solid waste (kitchen/gardening waste).

Such limitations provide a basis for making the alternative of converting certain waste paper
streams into bioethanol a potentially attractive option under an assumption that the demand

for paper can be met from sustainable virgin sources.

1.3.2 Paper manufacturing processes

Virgin paper refers to the paper products made from wood pulps i.e. mechanical pulp
including stone ground wood pulp (SGW), thermo-mechanical pulp (TMP), chemi-
mechanical pulp (CMP); kraft pulp (also known as sulphate pulp, either unbleached or
bleached). Virgin newsprint paper (for newspaper and magazine) is normally made from
SGW, TMP and CMP while virgin fine print paper (for office paper) is generally made from
bleached kraft pulp. Cardboard is assembled from corrugated base papers (liners and fluting)
that are normally produced from unbleached kraft pulp and CMP. Figure 1.4 illustrates the

paper products manufacturing processes.
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Figure 1.4 The scheme of paper manufacturing process.

In the category of mechanical pulp, the SGW is made by rotating grinder stones with
simultaneous addition of water to the wood logs. For TMP, wood chips are de-fiberized
between two refiner disks in the presence of heat. For CMP, the wood passes through a
chemical pre-treatment step - a Na,SO3 sulfonation process and then a refining step similar to
the TMP process (Hischier, 2007).

Sulphate pulp, or kraft pulp, is made by cooking wood chips in pressure vessels in the
presence of sodium hydroxide (soda) and sodium sulphate liquor. The pulp may be bleached
or unbleached depending on its application. Commonly used bleaching technologies are
elemental chlorine free (ECF) and totally chlorine-free (TCF). The former technology uses
ClO; instead of Cl, while the latter one uses O,, O; and H,O, replacing all chlorine
components (Hischier, 2007).

Fine print paper, newsprint paper and corrugated base papers are formed by screening pulp,
followed by sheeting and drying processes where paper fillers (i.e. kaolin and clay) are
normally applied. Cardboards are assembled via a sheeting process using some binders e.g.
glue or starch (FEFCO, 2009).
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In recycled paper production (also referred to paper reprocessing), sorting and metal removal
are required prior to pulping the recovered paper with water. The formed paper slurry then
may pass through a deinking step depending on the quality needs request of the recycled
paper product. For example, a chemical deinking process is required for producing fine print

paper but not necessarily for newsprint and corrugated cardboard.

During the whole paper making process, energy and chemicals can be recovered. For
example, the wood bark is generally burnt to recover energy. In kraft pulping, the spent
cooking liquor (black liquor) that contains sodium carbonate and sodium sulphate can be
recovered for chemicals. The steam used in pulping processes can also be recovered.

1.3.3 Characteristics of paper materials

Knowledge of the feedstock composition is essential before carrying out detailed researches
on potential paper conversions. Sulphuric acid hydrolysis has been used to release sugars
from wood and to analysis lignin for decades (Sluiter et al., 2010). Currently two main series
of sulphuric acid based analytic protocols have been developed: TAPPI (Technical Associate
of the Pulp and Paper Industry) standard methods and NREL protocol methods. The former
series is more often applied for pulp and paper quality control (i.e. chemical and physical
qualities) while the latter one is widely used in the biofuel research field to analyse the
composition of lignocellulosic biomass in the context of biofuel manufacturing processes.
These two methods both contain a two-step extraction, a sulphuric acid hydrolysis including a
primary hydrolysis and a secondary hydrolysis using high and low concentration sulphuric
acid respectively, an acid soluble lignin (ASL) content determination using UV-vis
spectroscope, and an ashing of solid residue from the hydrolysis for acid insoluble lignin
(AIL) quantification (TAPPI, 1997, TAPPI, 2002, Sluiter et al., 2005, Sluiter et al., 2008a,
Sluiter et al., 2008b, Sluiter et al., 2008c, TAPPI, 2010). The NREL methods are well
established in biofuel research and their application in this study can enable a direct

comparison of waste paper materials with other lignocellulosic biomass.

Paper fibres are mainly comprised of cellulose, hemicellulose and lignin like other
lignocellulosic biomass but contain many unknown organic and inorganic residues from the
paper manufacturing process which are here defined as ‘extractives’. Shin et al. (2007)
reported sterols, steryl esters and fatty acids were the main compounds in the residual
extractives from kraft pulp. In addition, printed papers contain many other additives such as

fillers (clay), binders (starch glue) and ink particles. These extractives may interfere with the
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acid hydrolysis for composition analysis by acting as physical barriers to the contact between
acid and paper fibres or as the chemical reagents reacting with the acid causing, for example,

incomplete acid hydrolysis.

Lignin is a complex phenolic polymer and can contribute significantly to the composition of
biomass. During the acidic hydrolysis step, a fraction of the lignin can be solubilised which is
known as acid soluble lignin (ASL) and the remainder of lignin is defined as acid insoluble
lignin (AIL). Meanwhile, sugar degradation products mainly furfural and hydroxymethyl
furfural (HMF) are also formed during the acid hydrolysis (Qian et al., 2005). To determine
the ASL content, UV-vis spectroscopy is employed in the NREL methods where the ASL
concentration is calculated associated with the absorbance reading and determined
absorptivity constant at a certain wavelength (Hyman, 2007). The current, widely used
wavelength is 205 nm for quantifying the dissolved lignin in an acid hydrolysate, because it is
a region where lignin components absorb strongly (TAPPI, 2002). However, sugar
degradation products (furfurans) also have strong absorbance in the range of 190 to 300 nm.
Furthermore, hexenuronic acid contained in kraft pulp can be converted in the acid hydrolysis
step to components having strong absorbance at 205nm (Li and Gellerstedt, 2004). Therefore,
the wavelength 205 nm may not be ideal for quantifying the ASL for paper materials.

1.4 Current technologies for bioethanol production

Broadly the most usual high level technologies for the 2" generation bioethanol production
include pre-treatment, hydrolysis, and fermentation. These core processes are normally
combined with distillation, steam generation, and waste treatment forming the bioethanol

production configuration.

1.4.1 Pre-treatment

The carbohydrate polymers are tightly bound to lignin mainly by hydrogen bonds but also by
some covalent bonds. The crystallinity of cellulose, its accessible surface area and protection
by lignin, the degree of cellulose polymerization and the degree of acetylation of
hemicelluloses are the main factors considered to affect the rate of hydrolysis of
lignocelluloses by the enzymes (Taherzadeh and Karimi, 2008). Hemicelluloses also act as
physical barriers inhibiting the enzymes’ access to and action on cellulose fibres. Therefore a
pre-treatment process is necessary to facilitate enzymes access and action to achieve an
efficient enzymatic digestion of cellulose in enzymatic hydrolysis.
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Pre-treatment has been viewed as the most expensive step in the bioethanol production
process but has potentials for technical improvements (Slade, 2009). Ideal pre-treatment
methods are described as being able to produce reactive cellulose and pentose/other
carbohydrates without degradation; result in no significant inhibition of fermentation; require
no or little size reduction; entail reactors of reasonable size and cost; produce no solid residue;

and have a high degree of simplicity (Lynd, 1996).

Pre-treatment methods can be classified broadly as mechanical or chemical. The aim of
mechanical methods is a reduction in the biomass particle size to increase the surface area
exposed to the enzymes. The available size reduction methods in the order of particle size
from big to small are chopping, roller crushers, hammer mills, and ball mills (Sinnott et al.,
2005). These milling methods are suitable for woody and grass biomass but are very energy
intensive. For more fragile paper materials, other less aggressive methods are likely to be
more favourable such as the pulping processes used in paper recycling process.

The principles of chemical pre-treatments are removing lignin to isolate cellulose and
hemicelluloses. Since these chemical methods normally are carried out at high temperature or
high pressure, hemicelluloses and lignin may be degraded to furfurans or organic acids which
inhibit fermentation to some extent. Table 1.1 summarises the available chemical pre-

treatments with their advantages and disadvantages.

In addition to physical and chemical methods, biological pre-treatment using micro-
organisms (e.g. brown-, white-, and soft-rot fungi) also have been applied to degrade lignin
and hemicelluloses with advantages of low energy input, no chemical cost and mild
environmental conditions. However, this may be a slow process normally requiring days or

even longer (Ray et al., 2010).

37



Chapter 1 - Introduction

Table 1.1 Chemical pre-treatment methods for lignocellulosic biomass.

Pre-treatment method

Process and conditions

Possible changes in biomass

Disadvantages

References

Steam explosion

Ammonia fibre explosion

(AFEX)

S0,/H,S0O, explosion

CO, explosion

Hot liquid water

Dilute acid

e No agent temperature:160-
260°C

e Pressure: 20-50 bar

e Time: 2-5 minutes

e Ammonia as agent

e Temperature: 65-90°C

e Time: 0.5-3 hours

® SO, as agent
e Temperature: 160-220°C
e Time: < 2 minutes

e CO; as agent

e Temperature: 35°C

e Pressure 56.2 bar

e Time: 10-60 minutes

e \Water as agent

e Temperature: 190-230°C

e Time: 45 seconds-4 minutes

* H,50, as agent
e Temperature: over 160°C
e Time: 2-10 minutes

e Dissolve hemicelluloses
e | ow sugar degradation

e Change biomass physical
structure

e Enhancing hemicelluloses
hydrolysis

e Dissolve hemicelluloses
effectively for hardwood and
agricultural residues

e Interrupt crystalline structure
of cellulose

o Effectively dissolve
hemicelluloses

e VVery low degradation

o Effectively dissolve
hemicelluloses

Partially degrade
hemicellulose

Lignin forms glassy layer

Limited effects on soft
and hardwood

Degradation of
hemicelluloses, less
effective for softwood

Inefficient for softwood
and high capital cost

Water recycling
prohibitively expensive

Needs neutralisation,
significant formation of
fermentation inhibitors

(Ballesteros et al., 2000,
Josefsson et al., 2002, Ruiz et
al., 2008)

(Holtzapple et al., 1992,

Alizadeh et al., 2005)

(Tengborg et al., 1998,
Ohgren et al., 2005)

(Zheng et al., 1998, Kim and
Hong, 2001)

(Allen et al., 2001, Laser et
al., 2002, Mosier et al., 2005)

(Torget et al., 1991, Aden,
2002, Schell et al., 2003)
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Table 1.1 Chemical pre-treatment methods for lignocellulosic biomass. (continued)

Alkaline

Oxidation

Organic solvent

lonic liquid

e NaOH/ Ca(OH), /Ammonia as

agent
e Temperature: 70-120°C
e Time: 20-60 minutes

e Ca(OH),+0,/H,0, as agent

e Temperature: 140°C
e Time: 3 hours

¢ Ethanol as agent

e Temperature: 140-200°C

e Time: 30-150 minutes
e lonic liquid as agent
e Temperature: 120°C
e Time: 22 hours

e Removal of lignin

e Low hemicelluloses
degradation

e Removal of lignin

e Low hemicelluloses
degradation

e Removal of lignin

e Remove of lignin and
hemicellulose

Costs of reagents and
wastewater treatment are
high

Costs of reagents and
wastewater treatment are
high

Cost of solvent recovery
is high

Costs of reagents and
long treatment time

(Vaccarino et al., 1987, Kim
and Lee, 2006, Chander
Kuhad et al., 2010)

(Chang et al., 2001, Sierra et
al., 2011)

(Pasquini et al., 2005, Hallac
et al., 2010)

(Brandt et al., 2011)
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1.4.2 Hydrolysis and fermentation

Different processes are normally categorised according to the hydrolysis type: dilute acid,
concentrated acid and enzymatic. Two step dilute acid hydrolysis is generally run at 130-
190°C for around 10 minutes followed by a second step at 190-250°C for seconds.
Concentrate acid hydrolysis is at lower temperature (35°C) but generally for longer times of
between 5 and 60 minutes. These two acid hydrolysis methods are the most mature
technologies and have been commercialised for more than 100 years. However they have
several disadvantages: (1) they require a large amounts of acid as catalyst and lime for
neutralisation, consequently gypsum needs recovery or landfill; (2) high capital costs and
maintenance expenses are required because of acid corrosive problem for reactors; (3) sugars
are degraded under acidic environment to furfurans, which although can be largely removed
through detoxification by adding excesses lime, can still inhibit micro-organisms in
fermentation; (4) the acid recovery process is very energy demanding and usually the most
expensive step in acid hydrolysis (Slade, 2009). Nowadays, most interest has moved to
enzymatic hydrolysis (also known as saccharification) which is considered to be the most

promising approach available (Yu and Zhang, 2004).

Enzymatic hydrolysis is carried out under mild conditions with potentially high sugar yields
and relatively low maintenance costs. Nevertheless, major challenges for cost-effective
commercialisation remain, such as the high cost of enzymes, the slow rate of enzymatic
reaction and potential inhibition by sugar degradation products from pre-treatments
(Hamelinck et al., 2005). In enzymatic hydrolysis, cellulose is hydrolysed by a suite of
enzymes, including cellulase and [-glucosidase crudely purified from lignocellulose-
degrading fungi such as Trichoderma reesi, Trichoderma viride and Aspergillus niger.
Cellulase refers to a class of enzymes including endocellulase breaking internal bonds of
cellulose, exocellulase cleaving from the free ends of chains produced by endocellulase to
form cellobiose (a dimer of glucose), and cellobiase (B-glucosidase) then hydrolysing
cellobiose to produce glucose monomers. In addition, most of cellulase mixtures contain
hemicellulase that facilitates hemicellulose hydrolysis to assist with the overall effectiveness

of enzymatic hydrolysis.

After the enzymatic hydrolysis, sugar monomers can then be fermented to ethanol by micro-
organisms (e.g. Saccharomyces cerevisiae and Zymomonas mobilis). Fermentation has been

commercialised in brewery and food manufacturing for centuries and itself is not a complex
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and expensive process. The challenges regarding fermentation for the bioethanol industry are:
(1) to convert pentose (C5 sugar) which cannot be fermented by the conventional yeast
efficiently, and (2) to prevent inhibition caused by sugar degradation products from pre-
treatments. Research has shown the feasibility of construction and application of genetically
engineered yeasts capable of converting both pentose and hexose to ethanol (Sedlak and Ho,
2004). Further potential lies in using bacteria with the metabolic pathways necessary to
ferment all sugars available from lignocellulosic biomass. Z. mobilis has shown to be capable
of metabolising 95% of glucose, 80% of xylose and 40% of other sugars in corn stover
hydrolysate  (Humbird and Aden, 2009). Metabolic engineered Geobacillus
thermoglucosidasius has demonstrated an ethanol yield of over 90% of theoretical at
temperatures in excess of 60°C (Cripps et al., 2009). When furfurans production in pre-
treatments cannot be avoided, detoxification technologies such as over liming may be applied.
In this detoxification approach, the excess limestone is added to hydrolysates to mitigate
toxicity but with some sugar loss (Martinez et al., 2000). Aden (2007) reported that an
alternative agent, ammonia, could reduce sugar loss; however, the resulting benefits were

counterbalanced by the increased reagent cost.

The process of separate hydrolysis and fermentation is known as SHF. It has many
advantages, such as allowing both enzyme and micro-organisms to operate at their optimum
conditions. Also, any accidental failure of enzymatic hydrolysis and fermentation would not
affect the other steps. Alternatively the enzymatic hydrolysis may also be combined with
fermentation and can thus be carried out simultaneously in a same reactor - this being known
as the simultaneous saccharification and fermentation (SSF). During enzymatic hydrolysis,
the cellulases are strongly inhibited by hydrolysis products: glucose and short cellulose
chains (‘end-point’ inhibition). SSF can overcome this inhibition by fermenting the glucose
to ethanol as soon as it appears in solution. However, ethanol itself inhibits the action of
fermenting micro-organisms and cellulase although ethanol accumulation is less inhibitory
than high concentrations of hydrolysis products (Bezerra and Dias, 2005). Nevertheless, SSF
operating at the compromised temperature (37-40 °C) has some drawbacks caused by the
different optimal temperatures for the action of cellulases (45-50° C) and the growth of
microorganisms (typically 28-35°C). One method to overcome this disadvantage is the

utilisation of thermo-tolerant fermenting organisms.

Both SHF and SSF are accepted technologies for the production of bioethanol from
lignocellulosic biomass (Wayman et al., 1992, Ballesteros et al., 2002, Fan, 2004). Lark et al.
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(1997) achieved 177 - 184 I/t from recycled paper sludge using SSF. Ballesteros et al. (2002)
and Kadar et al. (2004) reported 251 I/t and 299 I/t respectively from recycled-paper-derived
materials and cardboard using SSF. Another approach to performing a ‘semi’-SSF is to
conduct a short-term primary enzymatic hydrolysis followed by a further stage of SSF
(Wayman et al., 1992). The authors have reported yields of 353 to 415 litres ethanol per

tonne of office paper using this semi-SSF approach.

No matter whether it is for SHF or SSF, a high-solids loading of biomass is desirable to make
these processes commercially attractive. ‘High-solids’ loading is defined as beginning with a
level of the insoluble solids where significant amount of free liquid are no longer present in
the slurry. The application of high-solids loading saccharification is motivated by the benefits
of reduced volume and the more concentrated sugar syrup giving lower operating and capital
costs (Mohagheghi, 1992). A number of studies have documented the feasibility of achieving
10% to 30% solids loading in saccharification at the laboratory scale for chemically treated
corn stover, wheat straws and aspen wood (Aden, 2002, De Bari et al., 2002, Varga et al.,
2004, Jorgensen et al., 2007, Roche, 2009, Hoyer et al., 2010). Nevertheless, this is
challenging for paper materials due to their light weight and high water-holding capacity. A
few studies reported that solids loadings of 15% (w/w) for paper sludge from wood pulping
and 18% (w/w) for recycled paper sludge are achievable (Lark et al., 1997, Fan et al., 2003),
which suggests a size reduction step for original waste paper materials like pulping may be

required.

In high-solids loading saccharification it is difficult to guarantee sufficient stirring in the
reactor. Adequate stirring increases the opportunity for enzymes to contact the paper fibres
and therefore enables efficient enzymatic hydrolysis. At the laboratory scale, a variety of
reactor types for high-solids loading saccharification have been used e.qg. roller bottle reactors
(Roche, 2009), pilot-scale helical ribbon impeller reactor (De Bari et al., 2002), horizontally
mounted paddle-impeller reactor and vertically (Jargensen et al., 2007) mounted paddle-
impeller reactor (Tengborg et al., 2001). Temperature control is also an important issue since
it affects the enzyme reactivity in saccharification. Temperature-controlled air (incubator) or

water (water bath) are the most often used methods at the laboratory scale.

1.4.3 Bioethanol recovery

Processes to recover ethanol: distillation, purification and dehydration are largely

commercially mature. The limited scope for improving this technology to reduce cost is
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closely related to the scale of operation and the initial ethanol concentration. The minimum
ethanol concentration for energy efficient distillation is reported as 5% (w/w), below which
the energy required will rise rapidly (Galbe and Zacchi, 2002). As an alternative to
distillation, pervaporation was studied by Kazi et al.(2010). Pervaporation refers to the
separation using a membrane with the liquid feed on one side and the low-pressure, gaseous
permeate output on the other side (Kazi et al., 2010). In the case of recovering bioethanol, the
stream from fermentation permeates though the membrane and evaporates into the gaseous
phase, which goes to rectification for further concentration. This process needs relatively
little energy input compared with distillation, enabling capital savings associated with the
heat and steam. This alternative approach was evaluated from an economic point of view by
Kazi et al. (2010) with the conclusion that the benefits from its savings in energy requirement
was counterbalanced by its high cost (200 $/m? ) and maintenance expenses (a replacement
cost of 100 $/m® every 5 years). However, it may be an opportunity alternative to the

conventional distillation, if the capital and replacement costs for membrane can be reduced.

1.4.4 Waste treatment and energy recovery

During bioethanol production, both waste water and solid waste are generated: the used wash
water from the feedstock handling area; the process water after cooling reactors, the water
evaporated from the beer columns and the water separated from the distillation bottoms; solid
residuals precipitated in the pre-treatment and separated from the distillation bottoms. For
waste water, anaerobic digestion (AD) is normally applied to remove organics and produce
methane-rich biogas. Aerobic digestion is also applied to degrade organics and clean up
waste water. The biogas together with solid residues can be combusted in a combined heat
and power (CHP) unit for generating heat and electricity. This combined waste treatment and
energy recovery approach is widely used in bioethanol configuration designs. Nevertheless,
lignin and other organic acids are also recognised as high value added by-products nowadays

with a great potential to be recovered rather than digested in the AD or burnt in combustion.

1.5 Kinetic models

Enzyme cost has been recognised as a considerable contributor to bioethanol cost (Aden,
2002). Therefore, the keys to lower the cost of enzymatic hydrolysis are decreasing the
enzyme loading and looking for more effective enzymes. Theoretically, the sugar yield is
increased with the increasing dose of enzyme and the prolonged retention time. However,

accumulation of the final products glucose and intermediate products such as cellobiose over
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prolonged retention times would inhibit the enzymes (Kristensen et al., 2009). From the
economic point of view, higher enzyme loadings and longer retention times may have
negative effects. To optimise bioethanol production processes and assess economic feasibility,
understanding the kinetics of enzymatic hydrolysis is a key requirement.

Bansal et al. (2009) provided a comprehensive review of cellulase kinetics models where
many models of enzymatic hydrolysis and SSF have been reviewed including empirical
models, Michaelis-Menten based models and adsorption based models with or without
consideration of many hydrolysis rate limiting factors. The classic Michaelis-Menten mode is
expressed as:

k
—}; kcat
S+E<_ES — E+P (1.2)

ker

Where ki, kr, and kcq; denote the forward, reverse and catalytic reaction rate constants; S, E, P
and ES represent substrate, enzyme, product and enzyme-substrate complex. This model is
based on homogenous reaction with the condition that the substrate concentration is far over
the enzyme concentration. However, the enzymatic hydrolysis of the insoluble cellulosic
substrate is a heterogeneous reaction. Therefore, the concentration of the adsorbed cellulase is
normally incorporated into the model hydrolysis using Langmuir adsorption theory. This
raises the hypothesis that the cellulase is adsorbed onto cellulose and instantaneous binding
occurs with the cellulases’ activate sites, forming cellulose-cellulase complexes so the
adsorbed amount of cellulase is the same as the amount of the complex. This assumption has
been applied widely in kinetic models (Brown and Holtzapple, 1990, Gan et al., 2003, Peri et
al., 2007, Shen and Agblevor, 2008, Sulaiman, 2008).

On the other hand, the enzyme complexes used in hydrolysis usually contain many enzymes
(i.e. cellulases, xylanases and other hemicellulases) and the term cellulase itself encompasses
endoglucanase, cellobiohydrolases and B-glucosidase activities, so modelling the mechanism
of hydrolysis is highly complex if all impacts of these functional enzymes are to be
considered. Furthermore, the limitations to hydrolysis rate have been investigated by several
researchers with proposed effects ranging from enzyme deactivation caused by temperature,
pH and shear forces to ineffective adsorption of the enzyme on the substrate and end product
inhibition (Ganesh, 2000, Berlin et al., 2005, Andric, 2010). Introducing each rate limiting

factor into the model increases the model complexity as well.
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Shen and Agblevor (2008) developed a simple model with only three parameters which may
be more suited for use in industrial scaling-up and process optimization. This model is built
on the assumptions that the substrate is treated as homogenous, cellulases are assumed to
form a single combined hydrolysis effect and enzyme deactivation is introduced as the main
factor influencing the rate of hydrolysis following a second-order reaction. In Shen and
Agblevor’s study (2008), a unary regression (one dimension) is used to fit glucan hydrolysis
data to the model. This resulted in different rate constant values at different initial enzyme
concentrations. However, the rate constant values should be determined by enzyme and
substrate properties rather than initial enzyme concentrations. Therefore, a binary (two
dimensions) regression analysis was applied for this thesis to allow consider both enzyme

concentration and retention time as independent variables (see Chapter 3).

Xylan is the second most abundant sugar in many lignocellulosic feedstocks and as xylose is
now more likely to be fermented by some genetically engineered and several wild-type
micro-organisms, it is important to investigate the kinetics of its hydrolysis. However,
xylanase enzymes are recognised as having multiple catalytic binding domains which enable
binding of both cellulose and xylan (Collins et al., 2005). This fact and considering the
structural interaction cellulose and hemicelluloses suggests a complicated mechanism of
xylan hydrolysis and its relationship with cellulose hydrolysis. A simple model proposed by
Zhang et al. (2009), based on a rational relationship found experimentally between the xylan
conversion rates and the glucan conversion rates in paper sludge saccharification was adopted
and validated in this study (see Chapter 3).

1.6 Process configuration and Economic analysis

Economic analysis has been used by the biomass research community to identify key cost
drivers, evaluate novel technologies or assess new process configurations. NREL has
developed a detailed corn stover-based bioethanol production process design, modelling,
economic analysis and sensitivity analysis to evaluate newly developed configurations and
technologies (Aden, 2002, Aden, 2007, Kazi et al., 2010). This procedure has been widely
used as a basis in other studies and the NREL model has also been adapted with
modifications in several studies (Wingren et al., 2003, Kemppainen and Shonnard, 2005,
Dutta et al., 2010, Gonzéalez-Garcia et al., 2010, Mu et al., 2010, Stephenson et al., 2010).
The NREL model was similarly adapted and used with new experimental data in this thesis to

model the waste paper-to-bioethanol processes (see Chapter 4).
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A comprehensive review on the process design trends is provided by Cardona and Sanchez
(2007). They suggest that the trend of fuel ethanol production process designs is to develop a
cost-effective process with the possible routines including simplification of the flow sheets,
minimisation of capital cost, enhancement of recycling possibilities and energy integration.
However, under this general scope, process designs can be varied with different feedstocks

and available technologies (Cardona and Sanchez, 2007) .

The most widely used process simulation software tools in academic research are ASPEN
PLUS™ and ASPEN HYSYS™ due to their operational simplicity. Another professional
software, gPROMS, is available for chemical engineering process modelling with high

capabilities for process optimisation (Hosseini, 2010).

In economic analysis, several evaluation criteria have been used in different studies such as
the cost of bioethanol, the profit from selling bioethanol, and the minimum ethanol selling
price (MESP) (Aden, 2002, Slade et al., 2009, Dutta et al., 2010). The MESP, calculated
from the discounted cash flow method, enables the comparison of bioethanol with petrol,
therefore has been used in this study. It is defined as the selling price of bioethanol that
makes the net present value of the biomass to bioethanol process equal to zero with a certain
discounted cash flow rate within a return period over the life of the plant (Aden, 2002). In
other words, it refers to the ethanol price at the break-even point which means annual costs
and income are equal at this price.

The estimated MESPs of bioethanol from corn stover by NREL (Humbird and Aden, 2009)
are in the range from 3.40 - 4.44 $ (US)/gallon (0.90-1.17 $/I) depending on the different
technologies and configurations applied. The MESPs estimated for bioethanol potentially
from willow was reported as 0.61 £/1 (0.88 $/I with an exchange rate of 1 US dollar = 0.69
GBP in 2009) for the UK scenario and 0.80 £/ (1.15 $/I) for the Poland scenario (Stephenson
et al., 2010). Dutta et al. (2010) suggested the MESPs of bioethanol from corn stover varied
from 2.68 - 3.30 $/gallon (0.71-0.87 $/I) with differing configuration designs. Sassner et al.
(2008) estimated the MESPs for bioethanol from willow (Salix), corn stover and spruce are in
the range of 4.15-5.49 SEK/I (0.57-0.76 $/I with an exchange rate of 1 SEK= 0.14 US dollar
in 2006). It should be noted that these MESPs are representative in a wide range because raw
material costs, equipment expenses, labour costs, energy costs and tax rates applied in these
studies are location dependent while enzyme costs and other model parameters (e.g.

discounted rate and capital depreciation method) are case specific.
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1.7 Environmental analysis: Life cycle assessment (LCA)

1.7.1 LCA frame work and approaches

In addition to economical competitiveness, another main driver for the utilisation of biofuel is
the increasing interests in environmental sustainability. As a renewable energy, bioethanol
has a great potential in delivering progress in achieving environmental goals. However, there
is no universal confirmation on the sustainability of biofuels in the public domain because the
outcomes are highly dependent on the type of feedstock, production technologies and
approaches applied for environmental analysis (Sheehan et al., 2003, Pimentel and Patzek,
2005, Stephenson et al., 2010). Therefore, a quantitative assessment is needed to deliver a
reliable statement on the novel waste papers-to-bioethanol pathways in this thesis. Life Cycle
Assessment (LCA) is a ‘cradle-to-grave’ modelling tool that offers a systematic approach to
achieve such overall environmental assessment, and has been applied in many studies for

bioethanol.

Under ISO standards, LCA includes four phases shown in Figure 1.5: Goal and Scope
definition, Life Cycle Inventory analysis (LCI), Life Cycle Impact Assessment (LCIA), and
interpretation (ISO 14040, 2006). The goal and scope definition phase is the foundation
because it determines why an LCA is being conducted, describes the system to be studied, the
functional unit for the study, and the data categories to be included. The principles and main
methodologies to be applied are also defined, including data quality requirements, allocation
approaches, impact categories concerned and impact assessment methods (characterisation
and normalisation) to be used. The LCI involves the collection of the data and calculation in
the light of goals of the defined study (ISO 14041, 1998). LCIA is then used to examine the
product system from an environmental perspective using impact categories and category
indicators to condense and explain the LCI results. The aggregated indicator results,
providing characterised profiles of the studied products, can be further normalised to give
information on relative magnitude of each indicator result according to the chosen reference
system (ISO 14044, 2006). The readily understandable, complete and consistent presentation
of the results of an LCA or an LCI study is provided in the interpretation phase, in
accordance with the goal and scope definition of the study (1ISO 14043, 2000). LCA usually
considers the entire life cycle of a product, from raw material acquisition to its final disposal,
and has been acknowledged as one of the most appropriate techniques in environmental

assessment and management.
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Figure 1.5 Life cycle assessment frame work. (ISO 14040, 2006)

Generally, two LCA approaches are distinguished: Attributional LCA (ALCA) and
Consequential LCA (CLCA). The former, also known as descriptive LCA, focuses on
describing the environmental properties of a life cycle and its subsystems. Consequential
LCA, also known as change-oriented LCA, is defined by its aim to describe how
environmentally relevant flows will change in response to possible decisions (Finnveden et
al., 2009). The differences between these two approaches are reflected in their
methodological choices, i.e. system boundary, choice of data and allocation methods. Data
used in ALCA is commonly average data, thus average environmental profiles of a product
system are evaluated. For CLCA, processes that are affected by the possible decision are
included in its system boundary and marginal data, which represents the effects of a small
change in the output on the environmental burdens of the system, is used. Allocation
principles applicable in ALCA include allocations by physical relation (e.g. mass, energy
etc.), by economic value or by system expansion while in CLCA, the allocations by physical
relation/economic value are avoided (Ekvall, 2003).

ALCA is relatively a more mature tool than the still developing CLCA, with ISO standards
guiding its construction though with a deepening and broadening discussion leading to
potential guidelines for CLCA by Weidema et al. (2009). As pointed out by Finnveden et al.
(2009), CLCA studies are likely to be more complex and less transparent than static models
based on the traditional ALCA approach and the results from CLCA can be more sensitive to

assumptions and are likely to be more uncertain.

The choice of LCA approach depends on the scope of the study. Consequential LCA is
proposed to be of high interest to policy-makers and it is argued that ALCA is more
applicable when no specific change-orientated decisions are at hand (Lundie et al., 2007).
Ekvall et al. (2005) argues that both ALCA and CLCA can be used for decision-making and

learning purposes. Weidema (2003) also pointed out that ALCA is more relevant for
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increasing the understanding product chains and targeting the potential for improvements.
Under the scope of the current study, ALCA is applied focusing on understanding the
environmental profiles of bioethanol and its advantages when compared with the

conventional product petroleum.

1.7.2 LCl and LCIA

1.7.2.1 LCI database

The procedures for collecting inventory data vary with unit processes and require thorough
knowledge to avoid double counting or gaps (ISO 14040, 2006). In addition to direct
measurements, expert judgments, evaluations based on empirical observations and computer
models can be used for developing LClIs (Finnveden et al., 2009). Applying these approaches,
many publically available databases have been developed which can be classified as: national
or regional databases, industry databases, and consultants’ databases, normally combined
within LCA software tools.

National or regional databases present national and international inventory data on a variety
of products and services, such as raw materials, transportation, energy generation, and waste
services. Examples include the US NREL LCI databases (2004), the Swiss Ecoinvent
database (Ecoinvent, 2007), and the EU LCA platform developed by European Commission
(2009). Industrial datasets developed by industrial associations generally represent the
average processes or products, e.g. EU corrugated board database (FEFCO, 2009) and the
datasets for plastic products established by Plastic Europe (Plastic Europe, 2009). Some of
these databases stated above have been incorporated into LCA software tools such as
SimaPro and GaBi, which include a variety of datasets covering various regions and
industries, e.g. Eco-invent  (Ecoinvent, 2007), BUWAL and ETH-ESU
(PRECONSULTANTS, 2004).

1.7.2.2 LCIA methodology

The purpose of Life Cycle Impact Assessment (LCIA) is to associate the LCI results with
environmental categories and category indicators (characterisation), to better understand the
magnitude of category indicator results (normalisation) and other environmental performance
via applying other optimal elements (ISO 14044, 2006) (Figure 1.6).
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LCIA methodologies can be categorised as midpoint and endpoint-oriented approaches which
are also referred as ‘problem-oriented’ and ‘damage-oriented’ approaches respectively
(PRECONSULTANTS, 2004). The midpoint indicators indicate impacts somewhere between
the LCI results and the endpoint while the endpoint indicators are defined at the level of the
areas of protection, i.e. human health, natural environment and resources (ISO 14044, 2006,
Finnveden et al., 2009)

[ Selection of impact categories, category indicators and characterisation models ]

.

[ Assignment of LCI results (classification) ]

'

[ Calculation of category indicator results (characterisation) ]

v
[ Calculation of the magnitude of category results relative to reference system (normalisation) ]

'

[ Other optimal elements, e.g. grouping, weighing, data quality analysis (sensitivity and uncertainty) ]

Figure 1.6 Elements of the LCIA phase. (The rectangle shows mandatory elements)

A variety of LCIA methodologies have been introduced and included in software tools,
including midpoint-oriented ones CML 2001 and TRACI 2002+ and the endpoint-oriented
methods Eco-indicators 99 and EPS 2000 (PRECONSULTANTS, 2004). CML 2001 and
Eco-indicators 99 are two commonly used methods (Guo, 2010). CML 2001 is developed by
the Centre of Environmental Science of Leiden University taking a range of impact
categories into account, e.g. abiotic depletion potential, acidification potential, eutrophication
potential, and global warming potential etc (Guinée et al., 2001). Eco-indicators 99 and its
earlier versions are derived from a collaborative project between Swiss and Dutch LCA
experts, founded by the Swiss Environmental Agency, Swiss National Science Foundation
and the Dutch Ministry of Housing, Spatial Planning and the Environment (Goedkop and
Spriensma, 2000). In the Eco-indicators 99 method, the midpoint impact categories are
further integrated into three endpoint damage categories, i.e. damage potential to human
health, ecosystem quality and resources (Goedkop and Spriensma, 2000). The differences
between these two methods are listed in Table 1.2 which also indicates that several overlaps

occur between the methods.
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The CML 2 baseline method represents eco-toxicity in three subcategories (i.e. Fresh water
aquatic ecotoxicity, marine ecotoxicity, and Terrestrial ecotoxicity) while Eco-indicators 99
use one integrated eco-toxic indicator result. Eco-indicators 99 also includes a respiratory
organics impact category where respiratory effects caused by exposure to organic compounds
in summer smog are taken into account. This category is equivalent to photochemical
oxidation potential in CML 2 baseline method (summer smog). Additionally, Eco-indicators
99 accounts for winter smog (respiratory inorganic), damages caused by radioactive radiation
and land use which are not included in the CML 2 baseline method.

Table 1.2 Comparison between CML 2 baseline LCIA method and Eco-indicators 99.
(Goedkop and Spriensma, 2000, Guinée et al., 2001)

CML 2 baseline

Eco-indicators

LCIA elements

Characterisation
Normalisation

Characterisation
Normalisation
Weighting

LCIA approach

Midpoint

Endpoint

Impact categories

Abiotic Depletion

Minerals (Resource depletion)
Fossil fuels (Resource depletion)

Acidification
Eutrophication

Acidification/eutrophication (eco-system
quality)

Global warming potential

Climate change (human health)

Ozone layer depletion

Ozone layer (human health)

Fresh water aquatic eco-
toxicity

Marine eco-toxicity
Terrestrial eco-toxicity

Eco-toxicity (eco-system quality)

Human toxicity

Carcinogens (human health)

Photochemical oxidation
potential

Respiratory organic (human health)

Respiratory inorganic (human health)

Radiation (human health)

Land use (eco-system quality)

1.7.2.3 Characterisation models

For each impact category, the characterisation factors used in calculating indicator results are
derived from characterisation models. These models reflect environmental impact

mechanisms by describing the relationships between LCI results and category

indicator/category end point. The subsequent sections describe each impact category
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concerned, their indicators and the characterisation factors applied in the characterisation

models.
1.7.2.3.1 Resources

Resources can be divided into biotic and abiotic resources. Biotic resources are ‘living” with
biological character e.g. forest, animals and plants (Baumann and Tillman, 2004). Abiotic
resources refer to non-living natural resources (including energy resources) such as minerals
or crude oil. Defining biotic resource depletion potential category has been pointed out as
highly complex due to the lack of scientific consensus on biodiversity definition or
measurement, therefore biotic depletion is generally excluded from LCIA models (Audsley et
al., 2003, PRECONSULTANTS, 2004).

Abiotic depletion potential referring to the decrease of such the resources is a very widely
used impact category. There are various characterisation methods available which and can be
classified into two broad groups: methods based on measurement of availability (size of
reserves) and extraction rates of resources and methods based on exergy consumption and
entropy production. The former method has been adopted by CML baseline LCIA method
where the extraction of mineral/fossil resources are determined according to the
concentration of ultimate reserves and the rate of de-accumulation (Guinée et al., 2001). The
latter method grounded in thermodynamics is not frequently used. However, energy numbers
are often aggregated and reported as a single indicator of the depletion of different kind of
energy resources. This exergy consumption based method is also adopted by Eco-invent
datasets (Frischknecht, 2007).

1.7.2.3.2 Global warming potential (GWP)

Climate change is another frequently discussed issue, concerning the global average
temperature increase leading to ice melting and sea level rise. Characterisation of the climate
change potential is based on the extent to which greenhouse gases enhance the radiative
forcing in the atmosphere, in other words their capacity to absorb infrared radiation and
thereby heat the atmosphere (Baumann and Tillman, 2004). Climate change can be caused by
a variety of gases include carbon dioxide, methane, chlorofluorocarbons (CFCs), and nitrous
oxide. The potential contribution of these substances to climate change is expressed as global
warming potential (GWP) which is defined as the ratio between the increased infrared

absorption caused by it and the increased infrared absorption caused by 1 kg of CO,
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(Baumann and Tillman, 2004). Because greenhouse gases have various lifetimes in the
atmosphere, GWPs are calculated based on different time-horizons (20, 100, and 500 years)
(Guinée et al., 2001). The parameters used in calculations corresponding to different time-
horizon are provided by the UN Intergovernmental Panel on Climate Change (IPCC) (Guinée
et al., 2001). In this case, the compound with a longer life time tends to contribute more to

GWP in ‘forward-looking” LCA perspectives.
1.7.2.3.3 Ozone depletion potential (ODP)

Ozone (O3) depletion potential refers to the decrease in the total volume of ozone in the
Earth’s stratosphere resulting in the thinning of the ozone layer. The main consequence of
ozone depletion is increasing the amount of harmful ultraviolet light (UV light) passing
though the Earth’s atmosphere (Baumann and Tillman, 2004). Various chlorinated and
bromated substances, such as CFCs (chlorofluorocarbon) and halons are the main

contributors to ozone layer damage.

The characterisation model of evaluating ozone depletion potential (ODP) is developed by
the World Meteorological Organisation (WMO) and defines ozone depletion potential of
different gasses with CFC-11 (Trichlorofluoromethane) as the reference substance (Guinée et
al., 2001). This model is based on the assumption of steady state with constant emission
independent of the time horizon, e.g. ODP model in CML 2 baseline is with an infinity time
horizon since most ODP compounds are long-lived (1-3000 years). However, a semi-
empirical model covering 5-500 year time scale has been developed and adopted in CML
2001 method library by considering the ODP substances with a shorter life time than the
reference compound CFC-11 (PRECONSULTANTS, 2004).

1.7.2.3.4 Acidification potential

The damage to the environment caused by ‘acid rain’ formed by acidic components released
to atmosphere is referred as acidification. The major pollutants causing this damage are SO,
NOx, HCI and NH3; (Baumann and Tillman, 2004). Ammonia contributes acidity to the
environment through nitrification processes where it is biologically converted to nitrates by
bacteria. Some approaches measure acidification potential by the pollutant’s capacity to form
H*, e.g. the model applied in the CML 1992 version where moles of H* released are directly
used as the indicator result (EEA, 1998). However, these methods fail to include the fate and

effects of substances in different environments (e.g. atmosphere, water and soil), which are
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determined by their physical and chemical properties (Huijbregts, 1999). Therefore, a more
complex model the RAINS (Regional Air Pollution Information and Simulation) has been
used in the computation of acidification potentials, concerning the fate of the substances and
background depositions (Potting et al., 1998). This model was also adopted by CML 2
baseline but with limitations that only three acidifying gases (i.e. NH3, SO, and NOy) are
taken into account without considering other pollutants e.g. HCI, HF or H* (Huijbregts, 1999).

1.7.2.3.5 Eutrophication potential

Eutrophication is generally associated with the environmental impacts of excessively high
nutrients that lead to shifts in species composition and increased biological productivity; for
example as algal blooms (Baumann and Tillman, 2004). Eutrophication can take place in
both terrestrial and aquatic ecosystems. Nitrogen (N) and Phosphorus (P) are two nutrients
most implicated in this impact, which together with the degradation of organic compounds
are major causes for Eutrophication potential. These pollutants flowing into water lead to
increased biomass formation, which in turn leads to increased oxygen consumption during

decomposition of this organic matter by micro-organisms (Baumann and Tillman, 2004).

Calculation of eutrophication potential is based on the C:N:P:O ratio in the average formulae
of aquatic biomass formation and decomposition; this method is applied in CML 2 baseline
methods where Eutrophication potential is expressed as PO,® equivalents
(PRECONSULTANTS, 2004).

1.7.2.3.6 Toxicity

Toxicity is recognised as a complicated impact category to model with a variety of
characterisation factors, limited coverage of inventory data and a lack of robust toxicological
and physicochemical data necessary for impact assessment (Finnveden et al., 2009). The
toxicity category is often divided into human toxicity and ecotoxicity. Ecotoxicity can be
further divided into terrestrial toxicity and aquatic toxicity that can be divided to fresh water
and marine toxicity (Guinée et al., 2001). In the LCIA characterisation method applied in the
CML approach, toxicity potential of all substances is referenced to 1 kg of 1,4-DB (1,4-

dichlorobenzene), a known pesticide (Guinée et al., 2001).

Characterisation of toxic substances not only depends on their fate and effects but also the
exposure process and uptake. However, the development of accurate methods including the

fate analysis is limited by the availability of fate, dose-effect and background data (Baumann
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and Tillman, 2004). There have been models based on the multi-media and multi-pathways
approach developed, such as the USES-LCA which is incorporated in the CML baseline
method, Eco-indicators 99, and Impact 2000+ (PRECONSULTANTS, 2004). A good
overview of many other models is given by Udo de Haes et al. (2002).

Calculation of toxicity potential is also time-dependent; however methods reviewed above
are steady state models with infinity as the time horizon (Guinée et al., 2001). This means
there is a possibility of misestimating short-term toxicity impacts, dominated by persistent
substances which actually exert their effects over long-time exposure. Therefore, time
horizon specific toxicity potentials are introduced in characterisation models adopted in the
CML 2001 method library (Guinée et al., 2001).

1.7.2.3.7 Smog formation

Smog refers to a type of air pollution of smoke and fog, which can be classified as summer
smog and winter smog. The former is also termed photochemical smog, a cause of health
problems such as irritation to respiratory systems and damage to vegetation, resulting from
the reactions between NOx and hydrocarbons or volatile organic compounds (VOCSs) in the
presence of sunlight (Baumann and Tillman, 2004). Winter smog, also is known as acid smog,
is caused by urban pollutants SO, and suspended particulate matter together with
involvement of NOx, CO and organic substances (PRECONSULTANTS, 2004).

Ozone is one of the most important photo-oxidants and is formed in the presence of sunlight
and precursors i.e. NOx, CO, CHy4, and hydrocarbons. The formation of smog is crucially
dependent on meteorological conditions and the concentrations of the pollutants and it can,
also be a wide-spread problem rather than just local or regional because of transportation by
winds (Baumann and Tillman, 2004). Many models have been developed with different EU
regions considered with coverage of organic but not inorganic precursors, e.g. NOx and CO
(Heijungs et al., 1992). Thus, the concept of photo-oxidant creation potential (POCP) of a
substance is adopted and the POCP index from a photochemical trajectory model is derived
to develop models converting and aggregating the impacts of all precursors into a single
indicator result (Derwent et al., 1996). This model is used in the CML 2 baseline method
with C,H, as the reference compound; the POCP of certain pollutant is quantified by the
effects of an increase in its emission on the ozone formation relative to that caused by an
identical increment in the emission of C;H; (PRECONSULTANTS, 2004).
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Winter smog is generally of less concern in most LCIA characterisation methods compared
with summer smog, and is not included in most current widely accepted LCIA models e.g.
CML 2001. Eco-indicators 99 introduces the impact category respiratory inorganics which is
equivalent to winter smog, covering impacts from SOx, NOx and suspended particulate
matters (Goedkop and Spriensma, 2000).

1.7.2.3.8 Land use

Land use is another much debated topic within life cycle impact assessment and have been
discussed extensively (Baumann et al., 1992, Udo de Haes et al., 2002). This category covers
land occupation and land transformation and is of particular interest in studies involving
activities such as agriculture and forestry. Finnveden et al. (2009) pointed out that four
general areas of protection can be affected by land use: natural environment, natural
resources, man-made environment, and human health. For example, these impacts include
loss of biodiversity, loss of soil quality, and loss of biotic production potential etc. (Bauer et
al., 2007). However, it is difficult to include these impacts in LCIA models because of
limited knowledge and data on the influence of land use on the environment in different parts
of world (Baumann et al., 1992). Some characterisation models concerned one impact
category and other models cover several environmental impacts but focused on one
protection area (Scholz, 2007, Michelsen, 2008). In the Eco-indicators 99 method, the
characterisation modelling builds on a ratio between the number of plant species in the region;
normalisation and weighting factors for land use are also proposed (Goedkop and Spriensma,
2000). However, due to the limitations addressed above, no consistent agreement on how
land use should be included in an LCA has yet been reached and this impact category is not
included in the widely acceptable method e.g. CML methods.

1.7.3 LCA of bioethanol

To assist decision makers and ascertain optimal biofuel strategies, it is important to consider
their environmental impacts in parallel with other factors. Life cycle assessment (LCA)
techniques enable detailed analysis on regional and global scale from cradle to grave of
biofuel production and use. Two comprehensive reviews have been published recently by
Cherubini et al. (2011) and Singh et al. (2010) including the updated developments and
challenges on the environmental sustainability assessment of bioenergy/bioethanol. The
following literature review below focuses mainly on LCA studies concerned with 2G

bioethanol.
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LCA has been recognised as an appropriate approach to assess the potential use of various
lignocellulosic feedstocks in bioethanol production, screening new technologies, and
identifying the main drivers of the environmental profile of bioethanol thereby indicating
priority areas for potential improvements (Sheehan et al., 2003, Spatari et al., 2005, Gabrielle
and Gagnaire, 2008, Gnansounou et al., 2009, Stichnothe and Azapagic, 2009, Gonzéalez-
Garcia et al., 2010, Stephenson et al., 2010). However, Singh et al. (2010) have pointed out
that if the method is not used properly, then LCA can lead to incorrect and inappropriate
actions on the part of industry and/or policy makers. The potential to mislead is because
outcomes from LCA studies of bioethanol are dependent on many parameters i.e. type of
biomass, scope of study, system boundary, allocation method and impact categories
considered (Singh et al., 2010). The effects of these parameters will be discussed in Section
1.7.3.1-1.7.3.6. Table 1.3 summarises and compares the methodologies adopted in some

example LCA studies of 2G bioethanol production.
1.7.3.1 Feedstocks

Cherubini and Stromman (2011) have given a broad classification of biomass feedstocks for
2G bioethanol: (1) dedicated crops which may occupy agricultural land and give a possible
competition with food and animal feed crops; (2) forest and residues from agricultural,
forestry and industrial activities available without upstream concerns. For distinct biomass
feedstocks the plantation and cultivation process and the bioethanol production technologies
applied can differ, therefore different methodological approaches may apply to LCAs. For
example, the utilisation of agricultural residues (e.g. cereal straw, corn stover, sugarcane
bagasse) and the use of forest residues raises issues of defining the most appropriate
allocation methods to be applied to share environmental impacts among main products (e.g.
grain, corn and wood pellets) and such co-products (e.g. straw, corn stover and sawdust) (Luo
et al., 2009, Neupane et al., 2011). In addition, the soil nutrient balance and need for fertiliser
should be considered as an influence of the removal of agriculture residue (Sheehan et al.,
2003). Moreover, increased demand for energy crops such as forest, miscanthus, switchgrass,
and giant reed etc. would result in an increase in the scale of their plantation, leading to the

potential land use change (Spatari et al., 2005).
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Table 1.3 A summary of example LCA studies on second generation bioethanol.

Criteria Sheehan et al. (2003) Luo et al .(2009) Stephenson et al. Spatari et al. Gabrielle and
(2010) (2005) Gagnaire, (2008)

Geographic location ~ USA USA UK Canada France

Biomass Corn stover Corn stover Willow Switch grass Wheat straw

System boundary
Functional unit

Allocation method

Impact categories

Land use change
Reference system
Sensitivity analysis

Cradle to grave
Farming 1 ha of land
and Travelling 1 km
System expansion

GHG emission

Considered
Gasoline
No

Cradle to grave
Per km of drving

System expansion, Mass- and
energy content- based, economic
value

Abiotic depletion; Global warming
potential; Ozone layer depletion;
Photochemical oxidation; Human
toxicity and ecotoxicity;
Acidification Potential;
Eutrophication Potential

Not considered
Gasoline
Present

Cradle to grave
Per tonne of bioethanol

System expansion;
Energy content

GHG emission;
Fossil energy input

Considered
Petrol
Present

Cradle to gate
Per km of driving

Not defined

GHG emission

Considered
Gasoline
Present

Cradle to gate
Per litre of bioethanol

Mass based

Depletion of
natural resources;
Global warming,
Atmospheric
acidification;
Eutrophication;
Potential for ozone
formation

Not considered
Natural gas

No
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1.7.3.2 Scope of LCA study

The scope and functional unit should be clearly well defined and appropriate to the goal of
LCA study. Usually, the main goals for LCA studies of lignocellulosic bioethanol are to
determine the environmental profile of the fuel on an energy basis or distance driven and
quantifying the environmental impacts from the replacement of the conventional or reference
system, usually gasoline (Singh et al., 2010). Cherubini et al. (2011) summarised four types

of functional unit used in the literature they reviewed (some of them appear in Table 1.3):

(1) Input unit related, i.e. the amount of biomass converted, either in terms of weight or

energy;

(2) Output related, i.e. the unit of mass, volume, heat/power produced and service the final
product provides (e.g. km of bioethanol driving the reference vehicle). However, Singh et al.
(2010) pointed out that for transportation purpose, the functional unit ought to be expressed

in ‘per km distance travelled’ and should not be in “unit energy at fuel tank’;

(3) Unit of agricultural land, which refers to the hectare needed to produce biomass (Sheehan
et al., 2003); this is suggested to be considered as a primary parameter when biomass is

produced from dedicated energy crops (Cherubini and Stremman, 2011);

(4) Year, which the assessment results may apply. This functional unit is used in studies
where multiple final products are characterised, enabling avoidance of an allocation step
(Cherubini and Stremman, 2011).

1.7.3.3 System boundary

Different system boundary definitions in various bioethanol studies have caused considerable
variations in LCA estimation, not only because they vary according to the start and end points
(i.e. ‘well-to-tank’/‘cradle-to-gate’ or ‘well-to-wheel’/‘cradle-to-grave’), but also over
geographic location and time (Davis et al., 2009). For example, the estimation of GHG
emissions for bioethanol from municipal solid waste (MSW) varies with the system boundary
choice of whether the combustion of bioethanol in vehicles was included (Stichnothe and
Azapagic, 2009). Assessment of bioenergy from switchgrass combustion with three different
system boundaries revealed a variation in GHG emissions up to 75% depending on how

many upstream processes were included (Ney and Schnoor, 2002).
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Singh et al. (2010) suggested that ‘well-to-tank’ (known as ‘cradle-to-gate’, without taking
the utilisation of biofuel) was suitable for assessing the environmental profile of bioethanol
production including the upstream biomass production, indentifying the key contributors,
comparing different bioethanol production technologies and indicating areas for potential
improvements. They also noted that the ‘well-to-tank’ approach ought not to be used for
comparing with the conventional energy while ‘well-to-wheel’ (known as ‘cradle-to-grave,
considering the end use of bioethanol phase) is more appropriate for this purpose. Importantly,
inconsistency of system boundaries can cause significant variations in the outcome of the
analysis (Singh et al., 2010).

1.7.3.4 Allocation method

During biomass plantation/harvesting and bioethanol production, co-products are produced in
addition to bioethanol. Ideally, allocation is avoided by sub-division or system expansion by,
if this cannot or is not undertaken then an appropriate allocation method is required, since its
choice can have a strong influence on the results (Gnansounou et al., 2009, Luo et al., 2009,
Stephenson et al., 2010). The ISO 14040 series recommends avoiding allocation whenever
possible either through subdivision of certain processes or by expanding the system to
include the additional functions related to the multi-products (ISO 14040, 2006). If ‘avoiding’
allocation is not possible, the ISO series recommends using methods that reflects the physical
relationship such as mass and energy content or other relevant variables, such as economic
value of the products (Guinée, 2004). For allocating impacts between main products and co-
products in the case of agricultural residues used as feedstock for 2G bioethanol, there is no
uniform allocation method applied; they can be mass-based, energy content-based and
economic value-based. The ‘system expansion’ is generally used to avoid allocation between
bioethanol and co-products heat or electricity (Stichnothe and Azapagic, 2009, Stephenson et
al., 2010). However, a sensitivity analysis carried out by Stephenson et al. (2010) showed an
83% variation in GHG emissions savings and 73% in energy input savings from the
comparison of willow-to-bioethanol and petrol when an energy content basis allocation is
applied. A sensitivity analysis of LCA study on corn stover-derived- bioethanol from Luo et
al.’s study (2009) revealed that the application of mass-/energy- based method allocating
impacts between corn and corn stover reduced global warming potential (GWP) while an
economic based method tended to increase the GWP of bioethanol. The various allocation

methods also resulted in different outcomes in other categories studied.
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Economic value-based/ energy content-based cannot be adopted in accounting for the
biogenic CO, inputs and biogenic carbon base emissions since these allocation methods can
introduce serious distortions in the predicted carbon sequestration and release between main
and co- products. Also, a simple assumption of ‘climate neutral” based on CO; ‘in” and CO,
‘out’ over the bioethanol life cycle would lead to wrong estimations because the biogenic
carbon may be emitted as methane or carbon monoxide not CO; and in some may enter long-
term storage pools in soil for example. Therefore, a carbon accounting approach should be
applied for tracing and quantifying biogenic carbon dioxide input and carbon based emissions
over the life cycle (Guo, 2010).

1.7.3.5 Impact categories

Many LCA studies focus on assessing GHG emissions and the impacts of fossil energy inputs
in the bioethanol life cycle. However, other impact categories are of importance including
eutrophication, acidification, ozone layer depletion, ecotoxicity etc. (Wu et al., 2006, Luo et
al., 2009). Spatari et al. (2010) pointed out that the potential non-accountability of some
impact categories was because of limited inventory data quality and the presence of data gaps,
especially as some processes found in the whole life cycle of bioethanol may influence
impacts significantly: (1) biomass production, where fertilisers and pesticides production
were found as major drivers of impact accountable for tocixity impacts (Fu et al., 2003); (2)
enzyme production, which requires a substantial amount of electricity, results in a
considerable contribution to GHG emissions (Luo et al., 2009); (3) process energy, whose
sources are critical for impact assessment. For instance, process energy produced from hard
coal has a worse environmental profile than that from natural gas and much worse than that

from waste materials (Singh et al., 2010).
1.7.3.6 Sensitivity analysis

As discussed in section 1.7.3.1 - 1.7.3.5, many components can influence outcomes from
LCA studies. Therefore sensitivity analysis, which is a systemic evaluation process of the
effects of variation of inputs and methods on the output, is recommended for a complete LCA
(Cherubini and Strgmman, 2011). The main approaches for carrying out the sensitivity
analysis are: (1) Data uncertainty analysis, which assesses the influence on LCA results
caused by the data selection, i.e. the lower and upper values of the process parameters; (2)
Technologies e.g. various pre-treatment methods and transportation models etc., which
causes fundamental changes; (3) LCA methodological parameters, i.e. the scope and
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functional unit, the system boundary, allocation methods and reference systems, and impact

assessment methodology etc.

1.7.4 LCA of biofuel from waste papers

Very few LCA studies have been carried out on biofuels derived from waste papers: Shi et al.
(2009) estimated that potential savings in GHG emission were between 29.2% and 86.1% by
switching petrol to waste paper-derived bioethanol. Kemppainen and Shonnard (2005)
conducted a LCA study using the Eco-Indicator 99 characterisation method on a newspaper-
to-bioethanol process including a dilute acid pre-treatment and onsite enzyme production.
The authors reported that this process was not energy self-sufficient and required additional
electricity purchased from the National Grid. They also compared it with bioethanol
production from wood materials and found newspaper-to-bioethanol process had a worse
environmental profile. Similarly, Mu et al. (2010) also performed a LCA study on the
biochemical process of waste paper-to-bioethanol using enzymes with assumptions that the
dilute acid pre-treatment is applicable to waste papers and that enzyme is produced onsite.
The authors compared it with bioethanol production from waste paper thermo-chemically via
gasification and alcohol synthesis and suggested the biochemical process had slightly better
environmental performance on GHG emissions and fossil fuel consumption. Stichnothe and
Azapagic (2009) found that bioethanol thermo-chemically produced from waste papers

offered GHG emissions savings when compared with petrol.

1.7.5 LCA of management options for waste papers

Waste paper and cardboard are usually managed by landfill, recycling or incineration (with or
without energy recovery). Villanueva and Wenzel (2007) conducted a comprehensive review
of existing life cycle assessments (73 scenarios) to compare these three management options.

The literature review conducted in this section mainly focuses on recycling and incineration.
1.7.5.1 Virgin paper production and paper recycling

Virgin paper and recycled paper production processes were introduced briefly in Section
1.3.2. Villanueva and Wenzel (2007) point out that the differences in the impacts from the
LCA of paper products are mostly related to assumptions of the system boundaries and
technology choices. For instance, kraft pulp has high total energy consumption; however,
most of it is produced from wood residues. Thermo-mechanical pulping and chemical-

mechanical pulping have a lower energy consumption, but this is mainly electricity. However,
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some virgin paper/cardboard production provides a net excess of energy which is exported
(e.g. to the National Grid). They also noted that paper reprocessing consume mainly fossil
based energy, and these processes may generate rejects and de-inking waste and the choice
for handling these wastes would influence the impacts of paper reprocessing process.

1.7.5.2 Incineration

Incineration has been used for treating a wide range of waste (e.g. wood waste, paper waste
and municipal solid waste) for many years. Rapid technological development has occurred
over the last 20 years (BAT, 2006) with the objective to reduce waste volume and enable
recovery of the energy. The main developments focus on enhancing energy recovery
efficiency and improving air emission control technologies (BAT, 2006).

The majority of energy generated in combustion is transferred to flue-gases. The energy
recovery is achieved via either the direct export of syngas or producing steam from the
injected water used for cooling down flue-gases. The obtained steam can be either used to
produce electricity using a turbine or directly consumed locally as heat. The range of energy
recovery efficiencies is suggested to be 13% to 75%, where the lower value refers only to
electricity recovery while the upper value relates to an efficient recovery of both electricity
and heat (BAT, 2006). Currently, the UK has no market for distinct heat (DEFRA, 2007).
However, energy recovered as both electricity and heat is practical in other countries in the
Europe. Also with the increasing cost of energy, district heating may become financially
attractive in the UK.

The cooled flue-gases require cleaning before being released to the atmosphere (BAT, 2006).
A variety of flue-gases cleaning technologies are available to remove particulates (e.g.
precipitators, scrubbers, fibre filters, and cyclones), remove sulphuric dioxide (e.g. dry
system, semi-dry system, wet process), and reduce NOx (e.g. excess air injection, selective

non-catalytic reduction and selective catalytic reduction).

In order to remove SO,, lime or sodium bicarbonate is usually applied to the flue-gases either
as in a dry particle format or in semi-wet system as lime milk. In wet processes, the flue-
gases are fed into water containing hydrogen peroxide or sodium hydroxide. The removal
efficiencies of these technologies are all above 90% (BAT, 2006).

Excess air injection during combustion can lead to a more complete combustion and

consequently less CO and NOx generation. However, to achieve a more efficient removal of
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NOX, secondary technologies are normally applied: selective non-catalytic reduction (SNCR)
and selective catalytic reduction (SCR). In both processes, ammonia or urea is used with a
catalyst (e.g. platinum, rhodium, TiO,, and zeolites) in the latter process. SNCR delivers a
NOx removal over 60 - 80% while SCR provides a higher value of 90%. However, a concern

of ammonia leakage should be considered in the application of any of them (BAT, 2006).
1.7.5.3 Comparison of recycling and incineration

In the comparison of waste paper management options, Villanueva and Wenzel (2007)
identified important issues as an appropriate definition of system boundary, importance of

assumptions made, and consideration of different technology choices.

First of all, the most important requirement regarding the system boundary for a comparative
LCA is that the compared systems should be equivalent with respect to the goods and
services they provide to society (Villanueva and Wenzel, 2007). For examples, if incineration
is chosen instead of recycling the waste paper, then virgin paper production should be taken
into the system boundary of the incineration case in order to deliver the same amount of

paper products demanded by the society.

Secondly, the specificity of the life cycle of paper should be noted. Paper can be recycled but
only over a limited number of cycles (4 — 8 cycles). Recycling leads to a quality reduction in
recycled paper whose production always requires some additional virgin pulp input. In order
to quantify this effect, a term of ‘quality loss’ or ‘grade loss’ is derived that refers to the ratio
at which recycled material can displace virgin materials. This ratio can be varied from 1:0.5
to 1:1.

Reviewing 73 scenarios selected from LCA studies on waste paper management options,
Villanueva and Wenzel (2007) concluded that comparative results can vary significantly with

assumptions made in the LCA studies and summarised these as:

e Alternative use of land/wood including use of saved wood for energy

e Marginal electricity/steam supply in virgin paper and recycled paper production
e Energy export from virgin paper production

¢ Handling of rejects and de-inking waste

e Emissions from waste disposal

e Substitution of energy generated from incineration
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e Quality loss in paper reprocessing

One of the consequences from paper recycling is a reduction in the demand of virgin paper
production therefore a reduced use of land in forestry. This effect can be taken into account
by including land use as an impact category or expanding the system with an alternative use

of the forest land or the wood saved for energy production.

Weidema et al. (1999) suggested that marginal rather than average technologies/processes
should be included in the comparative studies. In the case of virgin paper production (e.g.
TMP and CMP), energy consumption is relatively high; therefore the assumptions made on
the sources for generating electricity would cause considerable differences in LCA results.
For example, hydropower/wind power electricity has a much better environmental profile
than the electricity produced from hard coal. The use of a marginal energy source can affect
the LCA results of paper reprocessing in a similar way. In the case of the excess net energy
generated in some virgin paper production systems, the avoided alternative energy production
is usually taken into account via ‘system expansion’ and a ‘credit’ is given to the paper
product. Therefore, the choice of energy source for the replaced energy production can
influence the impacts of virgin paper production. Similarly, the choice of what energy
generation is substituted by the energy produced from incineration can also cause significant
differences in the environmental profile of the incineration process and results of its

comparison with recycling.

Regarding the disposal of waste resulting from virgin paper production (e.g. paper sludge),
paper reprocessing (e.g. rejects and de-inking waste), and from wood residue incineration (e.g.
bottom ash), the various ways of handling them can alter the overall impacts of the process.
For example, bottom ash can be used to produce cement rather than being sent to landfill,

which can deliver environmental credits for the incineration process (Frees et al., 2005).

Additionally in a review by Ekvall (1999), the application of open-loop or closed-loop
systems for paper recycling is noted as being key. The former approach refers to recycling
processes where material is recycled to other product systems and undergoes a change to its
inherent properties. The latter one means there is no change in the inherent properties of the
recycled material. They both have been applied in LCA studies for paper recycling
(Baumann et al., 1992, SAEFL, 1998). The choice made between them should be fully

compatible with the goal of an LCA study and interpreted clearly under its scope.
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However, regardless of the choice made in the key assumptions discussed above which can
potentially alter results of the comparisons, some common findings can be drawn from
Villanueva and Wenzel’s review (2007): regarding energy related impacts e.g. global
warming potential, acidification potential, ozone layer depletion, abiotic depletion, and
photochemical oxidation potential, paper recycling generally required less energy input than
virgin paper production. Slightly less mass of waste is generated for paper recycling
compared with incineration where slag, ash and desulphurisation gypsum are generated. For
toxicity related categories, it was difficult to draw a representative conclusion because only

very few of the papers reviewed took toxicity related impact categories into consideration.
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Chapter 2 Characterisation of waste papers
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2.1 Introduction

As introduced in Section 1.3.3 (Chapter 1), TAPPI methods are more often applied for the
quality control of pulp and paper. On the other hand, the widely used NREL method for the
characterisation of lignocelluloses biomass is well established for biofuel research and
enables a direct comparison between the waste paper materials in this study with other
lignocellulosic biomass. It involves a primary hydrolysis with concentrated sulphuric acid
and a secondary hydrolysis with diluted sulphuric acid, converting polysaccharides to
monomeric sugars for quantification (Sluiter et al., 2008b). Prior to this acid hydrolysis, a
two-step extraction is recommended by NREL to remove extractives that may interfere with
the subsequent acid hydrolysis (Sluiter et al., 2008c). Lignin is partially dissolved during acid
hydrolysis. The acid soluble lignin (ASL) content is determined using UV-vis spectroscopy
and the acid insoluble lignin (AIL) is measured as the mass loss after ashing in a muffle

furnace of the post-hydrolysis solid residue (Hyman, 2007, Sluiter et al., 2008b).

This analytical approach has been well studied on woody and grass biomass but not on paper
materials. Thus, a main aim of this chapter is to develop appropriate methods for analysing
the composition of waste papers based on the NREL methods. The strategies include
evaluating the influences of extractives on the carbohydrate assay (Section 2.3.1) and lignin
content determination (Section 2.3.3) to investigate whether the water/ethanol extraction step

was essential for a reliable composition analysis of waste paper materials.

During the ASL content measurement, potential by-products generated during the acid
hydrolysis of paper materials, such as furfural and 5-hydroxymethyl-2-furfural (HMF) may
have significant absorbance across a wide UV-vis wavelength range. Therefore, choosing an
appropriate wavelength to minimise the interference caused by these by-products is very
important. The determination of an appropriate wavelength for paper materials and
absorptivity constants for four types of waste paper are presented in Section 2.3.2. Finally, a
full detailed compositional analysis according to the NREL method of the four types of waste

paper is given in Section 2.3.4.
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2.2 Materials and Methods

2.2.1 Waste papers

Waste papers were collected locally in London, UK. The newspaper was The London Paper
previously distributed free in the London city area; printed white office paper was obtained as
commercial waste from Imperial College London; glossy magazine paper was a mixture of
supermarket catalogues and waste packaging cardboard was from laboratory delivery

packaging.

2.2.2 Compositional analysis

Waste paper materials were sized to around 1 x 1 cm square. Moisture content was measured
by oven drying at 105°C according to NREL protocol ‘Determination of total solids in
biomass and total dissolved solids in liquid process sample’ (Sluiter et al., 2008a). A two-
stage extraction step using water and ethanol was performed prior to acid hydrolysis
following ‘Determination of extractives in biomass’ (Sluiter et al., 2008c). Total solids,
carbohydrates, acid insoluble lignin and ash were quantified on triplicate samples (Sluiter et
al., 2005, Sluiter et al., 2008b). High Pressure Liquid Chromatography (HPLC) with
refractive index (RI) detection using an Aminex® HPX-87P column was used to detect sugar
monomers for determining carbohydrate content. The amount of AIL was determined as the
mass difference after ashing of the solid residue from the acid hydrolysis step. The alkalinity
of each paper material was also measured following the TAPPI method (TAPPI, 2006) and
reported in terms of CaCOgs. Three replications were performed in the compositional analysis

for each type of paper.

2.2.3 Acid soluble lignin (ASL) measurement

The concentration of ASL can be determined by Beer’s law: ¢ = x| Where ¢ is ASL

concentration, A stands for absorbance measured using a UV-vis spectrophotometer at the
selected wavelength, ¢ is absorptivity constant at the selected wavelength, and | is the path

length through the sample.
2.2.3.1 Appropriate wavelength determination

Determining the appropriate wavelength for measuring acid soluble lignin followed a method
described by Johnson (2005). Hydrolysate obtained from the acidic hydrolysis was extracted
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by octane to remove furfurals and HMF. HPLC with UV detection using an Aminex® HPX-
87H column was used to determine the efficiency of removal (Martinez et al., 2000).
Comparative UV-vis spectra of hydrolysate with and without octane extraction were
undertaken to identify the appropriate wavelength.

2.2.3.2 Absorptivity constants determination

The hydrolysate obtained from the acid carbohydrate analysis assay was extracted by Methyl
Isobutyl Ketone (MIBK) which was then evaporated using a rotary evaporator (Buchi
Rotavapor R-124). Obtained ASL components were then weighed and dissolved in ethanol to
prepare a series of solutions with known concentration. The absorptivity constant ¢ was
determined by taking the intercept of the concentration curve of this series of ASL
components ethanol solutions (Hyman, 2007). Five replications were performed for the

wavelength and absorptivity constants determinations.
2.2.4 The effect of extractives on composition analysis

To express the influence of extractives on determinations of the carbohydrate contents, the
underestimation or overestimation of the polysaccharide content was calculated using the

equation below:

L (S,,—S4)
%Contribution = f s, x100 (2.1)
Where S, is polysaccharide content determined without the extraction and S is detected

after the extraction.

Similarly in the study of the effect of extractives on lignin contents determination, the
underestimation or overestimation of the lignin content was calculated from the following

expression:

seContribution = (1 ~ ) L, x100 (2.2)

Where Ly, means AIL or ASL content measured without the extraction and L¢s stands for

those after the extraction.

When the %Contribution is positive, the polysaccharide or the lignin content is then

overestimated without performing the extraction.
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2.3 Results

2.3.1 Effects of extractives on carbohydrate determination

Determined carbohydrate contents are expressed based on the oven dry weight of paper in
Table 2.1. The extractives accounted for 3.93% in newspaper, 2.55% in cardboard, 3.45% in
magazine and 1.97% in office paper. For all types of waste paper materials, the glucan, xylan,
glactan, mannan and arabinan contents measured with extraction (+E) are higher than those
measured without extraction (-E). A Student’s t-test was performed for the comparison (see
Table A.1 in Appendix A). For newspaper, p-values for glucan, xylan, galactan, arabinan and
mannan are 0.0015, 0.00049, 0.035, 0.57, and 0.0047. Except for the p-value for arabinan,
other p-values are all smaller than 0.05 (o) which means the differences between xylan,
galactan and mannan content for newspaper with and without the extraction are significant.
The exception for arabinan is likely to be because of its low concentration close to the
detection limit of the HPLC. For other three types of paper, similar t-test results were
obtained (see Table A.1 in Appendix A).

Table 2.1 Carbohydrates content of four types of waste paper materials determined
without extraction (-E) and with extraction (+E). (Note the data are the average of three
independent repeats with the standard errors shown in brackets)

Glucan mg/g Xylan mg/g Galactan mg/g Mannan mg/g Arabinan

mg/g
Newspaper
-E 461.49 (0.49) 69.34 (0.23) 18.22 (0.07) 71.68 (0.26) 12.93 (0.18)
+E 471.97 (0.52) 71.11(0.23) 18.97 (0.15) 73.08 (0.05) 18.58 (0.30)
% Contribution -2.2 -2.5 -3.9 -1.9 -30
Cardboard
-E 509.20 (1.05)  76.70 (1.08) 17.72 (0.14) 49.68 (0.18) 12.10 (0.09)
+E 526.06 (0.64) 82.26 (0.55) 18.88 (0.14) 50.69 (0.07) 15.46 (0.32)
% Contribution -3.2 -6.8 -6.1 -2.0 -22
Magazine
-E 346.03 (0.52) 42.46 (0.26) 18.71 (0.13) 54.74 (0.35) 13.27 (0.02)
+E 359.08 (0.80)  47.20 (0.56) 19.80 (0.24) 56.65 (0.36) 18.22 (0.25)
% Contribution -3.6 -10 -5.5 -3.4 -27
Office paper
-E 563.50 (0.75)  140.52 (1.00) 0.00 0.00° 0.00
+E 586.43 (0.54) 146.47 (0.78) 0.00 0.00 0.00

% Contribution -3.9 -4.1 - - -

Note: ? trace amounts present, below detection limit of HPLC.
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It can be seen that carbohydrate contents are significantly underestimated when extraction
was not performed prior to acid hydrolysis based carbohydrate analysis. For example, glucan
and xylan are underestimated by 2.2% and 2.5% for newspaper, 3.2% and 6.8% for cardboard,
3.6% and 10% for magazine, and 3.9% and 4.1% for office paper.

2.3.2 Determination of wavelength and absorptivity constants

An acid hydrolysate of newspaper was used to determine the appropriate wavelength for this
substrate. Figure 2.1 shows HPLC chromatograms of the hydrolysate without (Figure 2.1a)
and with extraction (Figure 2.1b) by octane at 278 nm where the maximum absorbance of
furfural occurs. The chromatograms show there is a substantial removal of furfural
(approximately 78%) but HMF levels are not affected.
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Figure 2.1 HPLC chromatograms of newspaper hydrolysate without (a) and with (b)
extraction by octane.
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To study the effect of furfurans on absorbance of hydrolysate, the hydrolysate with and

without octane extraction were scanned by UV-vis spectrophotometry (Figure 2.2).

Removal of furfural had a significant effect on the hydrolysate spectrum in the wavelength
range from 200 nm to 320 nm and negligible effect from 320 nm onwards. This suggests that,
in order to minimize possible interferences from furfural and HMF with acid soluble lignin
determination, a wavelength of 320 nm should be used. The same conclusion was obtained

for the three other types of paper materials by carrying out the same procedures as above.

—Without octane extraction

12 —With octane extraction

0.9 4

0.6 ~
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Figure 2.2 UV-vis spectra of newspaper hydrolysate without and with octane extraction.
(Note the hydrolysate was diluted 1:2 to water)

When determining absorptivity constants the acid soluble lignin components are dissolved in
ethanol. The UV-vis spectrum of this solution is shown in Figure 2.3. As Johnson (2005)
indicated that ASL is a group of many lignin-derived components (i.e. vanillin, ferulic acid,
and p-coumaric acid, etc.), similarly several peaks were detected. At 240 nm and 280 nm,
ASL components have significant absorbance; however, this is also the range that furfurans
absorb in (Figure 2.2). Nevertheless, ASL components have a stable and detectable

absorbance at 320 nm, which make the determination of ASL at 320 nm more reliable.
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Figure 2.3 The UV-vis spectrum of acid soluble lignin components dissolved in ethanol.

The absorptivity constant ¢ for four types of paper were determined following the steps
described above in the Section 2.2.3.2 and expressed as the average of five independent
repeats of 9.44 L/gecm (Standard error (SE) 0.22) for newspaper, 9.16 L/gecm (SE 0.09) for
cardboard, 8.63 L/gecm (SE 0.12) for magazine and 10.06 L/gecm (SE 0.09) for office paper.

2.3.3 Effects of extractives on lignin content determination

Analyses of both AIL content and ASL content were carried out on paper materials with and
without extraction. The influences of extractives on the lignin content quantification are
given in Figure 2.4 and Figure 2.5. These results show that both ASL and AIL are
overestimated when determined without extraction. For the overestimation of AIL levels,
volatile extractives, which resisted acid hydrolysis and were insoluble in the acidic medium
can contribute to the value. The overestimation of ASL in paper materials without extraction
might be also due to inclusion of the absorbance of extractives at 320 nm. The degree of
overestimation was calculated in terms of contribution and shown in Table 2.2. Without the
extraction, the overestimation of total lignin content in office paper reaches 44% while that
for other three types of papers are in the range of 5% to 17%.
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Figure 2.4 Acid soluble lignin (ASL) contents. (Note the data are the average of three
independent repeats with error bars denoting the standard errors)
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Figure 2.5 Acid insoluble lignin (AIL) contents. (Note the data are the average of three
independent repeats with error bars denoting the standard errors)

Table 2.2 The overestimation of lignin content of four types of waste paper without
extraction. (% based on levels in extracted material)

Acid insoluble lignin (AIL) Acid soluble lignin (ASL) Total Lignin

Newspaper 32.7 10.7 12.0
Cardboard 15.5 3.4 4.6

Magazine 10.4 17.6 17.1
Office paper 40.8 44.8 43.9
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2.3.4 Composition profile of waste papers

Following the recommended methods in this study, the full compositional analyses for four

types of paper materials were carried out (Table 2.3).

The contents of total carbohydrates as available sources for bioethanol production are in the
range of 50.1% to 73.3%. The variations in composition of these types of paper are due to the
different raw wood sources and paper making processes. With office paper as exception,
newspaper, magazine and cardboard contain considerable portion of xylan, galactan and
mannan indicating the presence of hemicellulose but in a lower fraction when compared with
woody materials containing between 20% -25% of hemicellulose (Lark et al., 1997). This is
because hemicelluloses are partially removed in thermo- or chemical- pulping during paper
making processes; and nearly all of them are dissolved in kraft pulping for making office
paper. The high ash content in newspaper (10.5%) and magazine (30.1%) are due to the

utilisation of paper fillers (e.g. kaolin and clay) and other additives.

Table 2.3 Composition of waste papers expressed based on as fresh weight. (Note the
data are the average of three independent repeats with the standard errors shown in brackets)

Newspaper Office paper Magazine Cardboard
Moisture 7.25 (0.03) 4.90 (0.01) 4.40 (0.04) 5.90 (0.03)
Glucan 43.78 (0.05) 55.69 (0.05) 34.35 (0.08) 49.56 (0.06)
Xylan 6.59 (0.02) 13.91 (0.08) 4.51(0.06) 7.75 (0.06)
Galactan 1.76 (0.02) 0.00 1.89 (0.02) 1.78 (0.01)
Mannan 6.78 (0.01) 0.00 5.42 (0.04) 4.78 (0.01)
Arabinan 1.73 (0.07) 0.00 1.74 (0.03) 1.46 (0.03)
Total 60.64 69.6 47.91 65.33
carbohydrates
ASL 0.98 (0.01) 1.34 (0.01) 0.94 (0.03) 1.50 (0.02)
AlL 15.84 (0.43) 4.44 (0.29) 13.25 (0.29) 13.36 (0.19)
Total lignin 16.82 5.78 14.19 14.86
Extractives 3.65 (0.05) 1.87 (0.05) 3.30(0.06) 2.40 (0.02)
CaCO, 1.98 (0.04) 7.71 (0.02) 2.52 (0.04) 3.96 (0.01)
Ash 9.49 (0.11) 7.57 (0.08) 28.83 (0.16) 9.32 (0.07)
Mass closure 100.09 97.44 101.15 101.76

2.4 Discussion and Conclusions

In this chapter, a detailed compositional analysis was carried out for four types of waste paper

(i.e. newspaper, office paper, magazine and cardboard). The suitability of widely used
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compositional analysis methods developed by NREL for lignocelluloses biomass was

investigated for these waste papers. The findings are summarised below:

1. The optimal wave length for quantifying ASL was determined as 320 nm to minimize the
interference caused by sugar breakdown products during the acid hydrolysis. The absorptivity
constants of four types of paper were also determined as 9.44 L/gecm for newspaper, 9.16

L/gecm for cardboard, 8.63 L/gecm for magazine and 10.06 L/gecm for office paper.

2. The effects of the presence of extractives on carbohydrate and lignin content
determinations were also investigated. Underestimation of the carbohydrate content (Table
2.1) and overestimation of lignin content (Table 2.2) was found without extraction, indicating
the necessity of the two-step water and ethanol extraction prior to compositional analysis.
These findings may be explained by the effects of the following: (1) Alkaline components (i.e.
CaCOg) in office paper (kraft pulp) may neutralise sulphuric acid, consequently lower
sulphuric acid concentration and the hydrolysis efficiency; (2) residual extractives from wood
with saturated structures (e.g. saturated fatty acid, sterols and steryl esters) after kraft pulping
may be resistant to acid (Shin et al., 2007); (3) Other paper additives including glue, ink
particles and coatings may act as physical barriers, interfering with acid hydrolysis of the
carbohydrates. These factors may result in an incomplete acid hydrolysis, which causes

underestimation of carbohydrates and overestimation of lignin content.

Overall, this work provides a basis for reliably determining bioethanol production potentials
of these waste papers based on their compositional analysis data. The data are also important
for complete environmental assessment in the following chapters. The work also indicates
potential for applying the NREL method (with some specific modifications, e.g. to

absorptivity constants) to develop compositional analysis data for novel biomass sources.
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Chapter 3 Enzymatic hydrolysis and kinetic

models
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3.1 Introduction

This chapter focuses on assessing the technological feasibility of bioethanol production from
waste papers. As discussed in Chapter 1, separate hydrolysis and fermentation (SHF) has
many advantages, such as allowing both enzymes and microorganisms to operate under their
optimum conditions. However, the technical performance and cost of enzymatic hydrolysis in
SHF are obstacles to commercial application. General strategies overcoming those barriers
include increasing substrate loading, decreasing enzyme loading and enhancing enzyme

activities.

The application of ‘high-solids’ loading enzymatic hydrolysis is motivated by a desire to
reduce volume and obtain a more concentrated sugar syrup, therefore lowering operating and
capital costs (Mohagheghi, 1992). However, the low density and high water holding capacity
of paper made achieving initial high-solids loadings challenging. Therefore, a step of wet
blending with water was proposed and investigated to study the impact of this size reduction

method on saccharification.

As mentioned earlier, another key step in lowering the cost of enzymatic hydrolysis is to
decrease enzyme usage. Theoretically, the sugar yield is increased at higher enzyme loadings
and prolonged retention times. However, accumulation of the final product glucose and the
intermediate product cellobiose can inhibit the enzyme. With the prolonged retention time,
enzyme activity may also be reduced because of the inefficient cellulase adsorption to
cellulose (Kristensen et al., 2009). From the economic point of view, higher enzyme loadings
and longer retention times will result in operational and capital costs. In order to optimise the
bioethanol process and assess its economic feasibility, understanding the performance of the

enzyme in saccharification is key.

Overall, two main subjects are investigated here: (1) the effect of a wet blending step on
saccharification (Section 3.3.3), (2) high-solids loading enzymatic hydrolysis using two
enzyme alternatives (Section 3.3.4), and (3) kinetic models validation. The two enzyme
alternatives are the widely used Celluclast 1.5L supplemented with Novozyme 188 and Cellic
Ctec 1, which is a new enzyme complex. Modified kinetic models for glucan hydrolysis and
xylan hydrolysis are validated in Section 3.3.4 and Section 3.3.5. The parameters of the
glucan hydrolysis model using both enzyme alternatives are compared and discussed in
Section 3.3.4.
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3.2 Materials and Methods

3.2.1 Materials

Celluclast 1.5L (Cellulase from Trichoderma reesei ATCC 26921) and Novozymes 188 (p3-
glucosidase from Aspergillus niger) manufactured by Novozymes A/S, Demark were
purchased from Sigma, UK. Cellic Ctec 1 (cellulolytic enzyme cocktail) was kindly donated
by Novozymes A/S, Demark.

3.2.2 Enzyme activity measurement

The filter paper unit (FPU) activity of Celluclast 1.5L and Cellic Ctec 1 were measured in
terms of FPU/mI (Adney and Baker, 2008). The B-glucosidase activity of Novozyme 188 was
determined using p-nitrophenyl-beta-D-glucoside (pNPGU) as substrate and expressed in
pNPGU/mI (Arnaldos, 1999). The Celluclast 1.5L supplemented with Novozyme 188
followed the activity ratio of 1:1 suggested in the NREL protocol ‘Enzymatic
Saccharification of Lignocellulosic Biomass’ (Selig et al., 2008). The density of Celluclast
1.5L and Novozyme 188 mixture is 1.22 g/ml and that of Cellic Ctec 1 is 1.15 g/ml. Enzyme
loadings were calculated and expressed in terms of final concentration (g/l) to be used in the
kinetic models. Xylanase activity (U/ml) was measured following the method of Ghose and
Bisaria (1987).

3.2.3 Blending

Shredded newspaper was blended with water at 15% (w/w) solids content for 5 mins and 10
mins in a laboratory bench-top blender (Osterizer™ Sunbeam). Shredded office paper,
magazine and cardboard were blended at 15% (w/w) solid content for 10 mins. Owing to the
alkalinity of these paper materials, 1M sulphuric acid solution was added to adjust the pH of
the slurry to 4.8 + 0.2 for Celluclast 1.5L and Novozyme 188, and 5.2 £ 0.2 for Cellic Ctec 1.

3.2.4 Enzymatic hydrolysis and sampling

To investigate the impact of ink particles on enzymatic hydrolysis, printed and unprinted
parts of newspaper were used for the enzymatic hydrolysis at a 5% (w/w) solids loading at
various enzyme loadings from 7.5 FPU/ g glucan to 20 FPU/g glucan, at pH 4.8 and 50°C in a
rotary shaker at 200 rpm for 3 days.
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The investigation on the effect of blending, a comparative saccharification at 5% (w/w) solids
loading at a total of 100g scale was performed on both blended slurry and raw newspaper
without blending using a Celluclast 1.5L and Novozyme 188 mixture at different enzyme
loadings in the range of 5 FPU/g glucan and 30 FPU/g glucan (equivalent to 1.78 g/l and
10.68 g/l enzyme concentration). Three independent saccharification replications were

carried out at pH 4.8 and 50°C in a rotary shaker at 200 rpm for 3 days.

Enzymatic hydrolyses at high-solids loadings (15% w/w) were performed in a glass container
with overhead stirring at 80 rpm at a total 200 g scale (Stuart® SS10 with an anchor paddle).
The reactor was submerged in a water bath to maintain the temperature at 50°C. The top was
sealed to prevent water loss by evaporation. Enzyme loadings were in the range of 96 to 192
mg of enzyme/g glucan (equivalent to 7.5 FPU/g glucan to 15 FPU/g glucan for Celluclast
1.5L/Novozyme 188, 10 FPU/g glucan to 20 FPU/g glucan for Cellic Ctecl). The hydrolysate
samples were taken at various time points (2, 4, 6, 8, 24, 27, 30, 33, 48, 52, 56, 72 hours) and
diluted 1:4 in water for HPLC analysis. There was no technical replication performed in the
high-solids loading enzymatic hydrolysis due to the limitation of time and equipment

capacity.

To analyse the sugars released from the saccharification reactions, 1 ml of hydrolysate was
collected and analysed for carbohydrates by HPLC (Agilent® 120 series, Agilent
Technologies Inc.). The HPLC was equipped with a Bio-rad Aminex® HPX-87P column

operating at 80°C with water as the mobile phase and a flow rate of 0.6ml/min.

3.2.5 Calculation

Glucan conversion efficiency, also known as glucose yield is calculated by the following

equation:

Released glucose/1.11

Glucan conversion efficiency = x 100% (3.2)

Initial glucan

Where 1.11 is the ratio of MW;y,cose (180.16 g/mol) to MWg;y,cqn (162.14 g/mol).

Similarly, xlyan conversion efficiency or xylose yield is calculated by

Released xylose/1.14

Xylan conversion efficiency = X 100% (3.2)

Initial xylan

Where 1.14 is the ratio of MW,,,45¢ (150.13 g/mol) to MWy ;4. (132.11g/mol).
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At low-solids loading (i.e. 5% wi/w), the volume of the insoluble fraction can be ignored and
the density of the liquid fraction can also be assumed to be the same as water. As the solids
loading increased, the density of the liquid fraction increased due to the higher sugar
concentration. An empirical correlation between liquid and sugar concentrations was
developed by Roche et al. (2009) as:

p1 = 0.456(cy + cop + ¢y) +0.998 (3.3)

Where ¢y, ¢, and c, are concentrations of glucose, cellobiose and xylose. Hodge et al. (2009)

derived an equation estimating the insoluble solid fraction as:

Ac Ac Ac
. (—9 b, Ax
S. = Si0~ 31 Tose T 1130)/ P 3.4
i ( . )
L 1— AC9+ACCb+ Acy
GartTose 1138/ P

Where Ac = ¢ — ¢, is the concentration change, 1.056 and 1.136 are the ratios of two glucan

units to Mchllobiose and Mnylose to Mnylan-

The volume of the liquid fraction is then expressed as:

MX(1-S;
Vl = —X(pl ) (3'5)

Glucan conversion efficiency or glucose yield for high solid loading hydrolysis was then
calculated from:

cgXVy/1.11

Initial glucan

Yieldgpcose = x 100% (3.6)

While xylose conversion efficiency or xylose yield was calculated from:

CxXVi/1.14
Initial xylan

Yieldyose = x 100% (3.7)

3.2.6 Kinetic models

A simple three parameter kinetic model of glucan hydrolysis based on the Langmuir
adsorption theory and the enzyme deactivation model was derived from that of Shen and
Agblevor’s work (2008).

Main reactions are expressed as:
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b, ok
S+E ES —S E+G
(_
k_1
Free enzyme (E) (g/l) in suspension adsorbs to glucan (S) (g/l) to form a complex ES (g/l).

Product glucose (G) (g/l) is produced and enzyme (E) is released.
k, is an adsorption constant L / (g-h) and k_, is a desorption constant L / (g-h).

k, (h) is a product formation constant. Applying mass balance and the quasi-steady-state
theory, a mathematical equation can be derived as follows:

dG _ k(So—G)E
dt ~ Ke+E

(3.8)

Where K, (g/L), the equilibrium constant was expressed as K, = p
1

A factor indicating the activation of enzyme was defined according to a similar definition of a

catalyst as:

daG
actual rate of substrate conversion by enzyme _ (E)

3.9)

" rate of substrate conversion by full ef fective enzyme - (%)t:o

Assuming that enzyme deactivation can be expressed as a second order correlation with time
then:

(3.10)

where k5 (h™) is the enzyme deactivation rate constant. Integrating equation (3.10) with the

boundary conditions a=1 at t=0 and a=a at t=t gives:

1

a= = (3.11)
According to equation (3.9), equation (3.8) can be re-written as:

ac dG _ k2SoEg 1 k2SoEq

w = aX (=0 =aX KotEy  1tket X KotEg (3.12)

Integrating equation (3.12) with the boundary conditions G=0 at t=0 and G=G at t=t yields:

G= k2SoEo
(Ke+Eg)Xks

In(1 + kst) (3.13)

83



Chapter 3 — High-solids loading enzymatic hydrolysis and kinetic models

It is observed that the model is not suitable for extrapolating the product concentration beyond
the experimental time since product concentration increases with the prolonged residence time

and approaches infinity as time approaches infinity.

Glucan hydrolysis data in this study was fitted using a binary (two dimension) regression
analysis using the curve fitting tool in MathWorks® Matlab (R2010a) rather than the unary
regression (one dimension) used in Shen and Agblevor’s study (2008). This is because unary
regression resulted in different rate constant values at different initial enzyme concentrations
but the rate constant values should be determined by enzyme and substrate properties rather

than initial enzyme concentrations.

The initial velocity of hydrolysis was obtained by differentiating Equation (3.13) as:

dG k3 SoE
Vo = (E)t=0 == (3.14)

Ke+Ey

Both enzyme alternatives have xylanase activity as well as cellulase activity. Therefore, it is
difficult to model xylan hydrolysis kinetics in a simple way similar to that of glucan
hydrolysis since Xxylanases have multiple binding sites (Zhang et al., 2009). A simple
correlation adopted from Zhang et al. (2009) was modified and validated using xylan

hydrolysis data obtained in the present study.
Xo
Tx =B XX (3.15)

Where ry and r; are xylan and glucan hydrolysis rates respectively. Xo and Sy were initial

xlyan and glucan concentrations. f was a dimensionless correlation factor. Introducing
rg = i—f into Equation (3.13) and integrating it with the boundary conditions G =0, X=0 att =
0and G =G, X=Xatt=t:

X=px%xg (3.16)
So

Xylan hydrolysis data was fitted using binary regression to obtain the value for f.
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3.3 Results

3.3.1 Enzyme activities

Cellulase activities of Celluclast 1.5L supplemented with Novozyme 188 and Cellic Ctec 1
are 95 FPU/ml and 120 FPU/ml respectively. The -glucosidase activity of Novozyme 188 is
520 pNPGU/mI. The xylanase activity of Celluclast 1.5L supplemented with Novozyme 188
and Cellic Ctec 1 are 1600 U/ml and 1400 U/ml, respectively.

3.3.2 The influence of ink particles on enzymatic hydrolysis sugar yields

Figure 3.1 shows a comparison of glucose conversion efficiencies for printed and unprinted
parts of newspaper at various enzyme loadings. A Student’s t-test was performed using
Microsoft Excel 2007 (Appendix A). The p-values of comparisons for four enzyme loadings
are 0.27, 0.38, 0.22, 0.59, all of which are much higher than 0.05 (a). This means the
difference of sugar yields for printed and unprinted parts of newspaper is not statistically
significant. In other words, ink particles do not have a significant impact on enzymatic

hydrolysis glucose yields.

70

W Printed

60 .
O Unprinted

50

40

30

20

Glucan conversion efficiency %

10

7.5 10 15 20
Enzyme loading FPU/g glucan

Figure 3.1 A comparison of glucose conversion efficiencies for printed and unprinted
parts of newspaper at various enzyme loadings (7.5 FPU/g glucan - 20 FPU/g glucan).
(Note the data shown is the average of three independent repeats with error bars denoting the
standard errors)
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3.3.3 The effect of blending on enzymatic hydrolysis sugar yields

The wet blending step reduced the volume of paper materials and water mixture, turning it to
slurry. A clear trend of increasing glucan conversion efficiency with longer blending times at
all enzyme loadings is shown in Figure 3.2. The increase in glucan conversion efficiency is
more obvious for the 10 FPU/g glucan and 15 FPU/g glucan enzyme loadings than at other
loadings, with around 5% and 10% increase in glucose yield with blending for 5 mins and 10

mins respectively at these two enzyme loadings.

Moreover, enzymatic hydrolysis with blending for 10 mins and 5 FPU/g glucan loading gave
relatively similar glucan conversion efficiency to that without blending at 10 FPU/g glucan.
This suggests that there is potential for saving on enzyme consumption by performing

blending prior to enzymatic hydrolysis.

80 = No blending
05 mins
70 10 mins
< 60 _ T =
)
g 50 =
2
5 40
3 .
2 30
[«5]
2
8 20
g
3 10
(O]
0
5FPU 10 FPU 15 FPU 20 FPU 30 FPU

Enzyme loading (FPU/g glucan)

Figure 3.2 Glucose yields at different enzyme loadings of newspaper after blending for
different time periods. (Note the data is the average of three independent repeats with error
bars denoting the standard errors)

3.3.4 Glucan hydrolysis model

3.3.4.1 Model validation

The experimental data appeared to fit the model (Equation (3.13)) very well with all
correlation coefficients R? over 0.99 (Figure 3.3). Parameters of the models are listed in
Table 3.1.
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Table 3.1 Kinetic model parameters for glucan hydrolysis for four types of paper and
the two enzyme alternatives.

Celluclast 1.5L/Novozyme 188 Cellic Ctec 1
Parameters kK, ks Ke R® ko ks Ke R®
(Unit) (h-1) (L/(h-g)) (9/L) - (h-1) (L/(h-9)) (g/L) -

Newspaper ~ 0.7900  2.324 25.30 0.9969 | 1.347 3.133 33.38 0.9994
Office paper 0.4188  1.452 11.58 0.9970 | 0.9295  3.477 11.79 0.9980
Magazine 0.2830  0.623 23.35 0.9919 |0.5650 1.165 28.09 0.9943
Cardboard 0.3408 0.9865  18.82 0.9923 | 0.6477  1.467 27.84 0.9953

Figure 3.3 shows that glucose concentrations increase with residence time and with increased
initial enzyme concentrations for both Celluclast 1.5L/Novozyme 188 and for Cellic Ctec 1.
Among the four types of paper, office paper achieved the highest glucose concentration of
85.25 g/l and 93.73 g/l for Celluclast 1.5L/Novozyme 188 and Cellic Ctec 1 respectively at
19.89 g/l enzyme loading. For newspaper, glucose concentration increased from 32.86 g/l to
51.99 g/l for Celluclast 1.5L/Novozyme 188 and 34.63 g/l to 57.80 g/l for Cellic Ctec 1 with
enzyme concentrations of 8.01 g/l to 16.02 g/l. Glucose concentrations from magazine were
41.83 g/l and 46.41 g/l for the two enzyme alternatives at 12.18 g/l initial enzyme
concentration while those from Cardboard were 63.4 g/l and 70.44 g/l at initial enzyme

concentration of 17.85 g/l.

Figure 3.4 represents the comparison for glucose yields from various types of waste paper
using the two enzyme alternatives at various enzyme concentrations. For each enzyme
alternative, office paper has the highest glucose yields. The glucose yields of the other three
paper types are broadly similar to one another. For example, glucose yield from office paper
reaches 82% when Cellic Ctec 1 was used while those for newspaper, magazine and

cardboard were 62%, 57% and 74% respectively.

For all types of waste paper, Cellic Ctec 1 resulted in higher glucose yields of between 5% to
15% greater than those at equivalent loadings of the Celluclast 1.5L/Novozyme 188. Thus,
Cellic Ctec 1 at a reduced enzyme loading can, because of its higher activity, be used to
obtain an equivalent glucose yield to the Celluclast 1.5L/Novozyme 188. For example,
reaching 70% of glucan conversion efficiency for used office paper there was a saving of 25%

in enzyme loading by switching from the Celluclast 1.5L/Novozyme 188 to Cellic Ctec 1.
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Figure 3.3 Kinetics of glucan hydrolysis for four types of waste paper using Celluclast
1.5L/Novozyme 188 or Cellic Ctec 1. (Note experimental data is shown as points, model
prediction shown as solid lines and Ey is initial enzyme loading).
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Figure 3.4 Glucan conversion efficiencies (%) at 72h for four types of paper using the
Celluclast 1.5L/Novozyme 188 or the Cellic Ctec 1. (Note enzyme loadings to achieve 70%
glucan conversion efficiency are marked with dotted lines)

The correlation between glucose yield and lignin content was estimated using predicted data
from the kinetic model within the enzyme concentration range of 10 g/l to 12 g/l (Figure 3.5).
Glucan conversion efficiency decreased linearly with increasing lignin content in the waste

papers for both enzyme alternatives.

Celluclast 1.5L and Novozyme 188 Cellic Ctec 1
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Figure 3.5 Relationship between the lignin content for four types of paper and glucose
yield at three different enzyme loadings for the Celluclast 1.5L/Novozyme 188 or the
Cellic Ctec 1.
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3.3.4.2 Analysis of initial hydrolysis velocity

Initial enzymatic hydrolysis velocity is an important parameter in studying Kinetics. It is
defined by equation 3.12 in Section 3.2.4. Figure 3.6 shows that Cellic Ctec 1 has a higher
initial velocity than the Celluclast 1.5L/Novozyme 188 for all types of waste paper. In
addition, the higher k; rate constants for product formation found with the Cellic Ctec 1 also
indicated its faster hydrolysis and, therefore, a potential for residence time savings to achieve

equivalent glucose yields.

Initial hydrolysis velocity (Vo) was found to correlate with initial glucan (Sp) concentration
with hydrolysis velocity increasing with initial glucan content. It can be seen from Figure 3.6
that office paper had the highest initial hydrolysis rate compared with other paper types,
presumably due to its higher glucan content and higher accessibility. Equation 3.12 also
indicates that initial hydrolysis velocity was increased at increasing initial enzyme

concentrations (Figure 3.6).

80 r

A Newspaper
® Office paper
70 t B Cardboard
X Magazine
60 - --- Celluclast 1.5L+ Novozyme 188
Cellic Ctec 1
~50
e
< 40
(@]
> 30
20
10
0 : ' ' | '
0 5 20 25

E,o/L

Figure 3.6 Initial velocities (V) of glucan hydrolyses of four types of paper using two
enzyme alternatives.

3.3.4.3 Analysis of enzyme deactivation

The model adopted in this study includes consideration of enzyme deactivation. The enzyme

activity remaining at any given time is defined as the factor ‘a’ calculated from Equation 3.9
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and is shown in Figure 3.7. Loss of enzyme activity was modelled to be continuous with
hydrolysis retention time. For the four types of paper, Cellic Ctec 1 has a faster deactivation
rate than the Celluclast 1.5L/ Novozyme 188. For both enzyme systems, deactivation of the
enzymes was found to be faster for the newspaper substrate, than for cardboard, used office

paper or magazine.
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Figure 3.7 The relationship modelled between remaining enzyme activity and time for
four types of paper using the two enzyme alternatives.

3.3.5 Xylan hydrolysis kinetic model

According to the relationship between the rate of glucose release and that of xylose in
Equation 3.16, xylose concentrations were fitted to the corresponding glucose model using
the unknown factor 3 (Table 3.2 and Figure 3.8).
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Figure 3.8 Kinetics of xylan hydrolysis for four types of paper using Celluclast
1.5L/Novozyme 188 or Cellic Ctec 1. (Note experimental data shown as points, model
prediction shown as dotted lines. Ej is initial enzyme loading g/l)
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Table 3.2 Kinetic model parameters for xylan hydrolysis for the four types of paper and
the two enzyme systems.

Celluclast 1.5L/Novozyme 188 Cellic Ctec 1
Parameters B R? B R?
Newspaper 1.0070 0.9969 1.0230 0.9938
Office paper 0.8561 0.9913 0.8710 0.9932
Magazine 0.7907 0.9921 0.8667 0.9943
Cardboard 1.0080 0.9928 1.0310 0.9953

Xylose yield was increased with prolonged hydrolysis time (Figure 3.9). For all four types of

paper, Cellic Ctec 1 gave higher xylose yield but with lower xylanase activity than Celluclast

1.5L/Novozyme 188. For instance, xylose yield reached 68% for both office paper and

cardboard, 63% for newspaper and 46% for magazine paper.
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Figure 3.9 Xylose conversion efficiencies (%) at 72h hydrolysis time for four types of
paper using Celluclast 1.5L/Novozyme 188 or Cellic Ctec 1.
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3.5 Discussion and Conclusions

The following strategies and the outcomes from the experimental and model validation

research in this chapter are summarised below:

1. A comparison of the enzymatic hydrolyses of printed and unprinted parts of newspaper
indicated that ink particles had no significant impact on glucose yields. This suggests it is not
essential to have an ink removal process prior to saccharification, thereby avoiding possible

additional energy consumption.

2. A wet blending step prior to enzymatic hydrolysis was demonstrated to increase glucose
yields by up to 10% at relatively low enzyme loadings (i.e. 10 FPU/ g glucan and 15 FPU/g
glucan). This most likely reflects a reduction in particle size during the blending process with
the longer time periods, with the better fibre dispersion producing a more accessible surface
area of paper fibres for the enzymes to act upon. However, the increase in glucose yields at
either high (i.e. 30 FPU/g glucan) or the low enzyme loadings (i.e. 5 FPU/g glucan) are not
dramatic. For enzyme loadings as low as 5 FPU/g glucan, the amount of enzyme applied may
be the principal limiting factor to effective contact between enzyme and substrate and so the
increase effect of an increased accessible surface area from blending may not be sufficient to
overcome this limitation. At enzyme loadings as high as 30 FPU/g glucan, the particle size
appears not to be limiting hydrolysis efficiency most likely as there is an excess of free
enzyme available in solution for binding to accessible cellulose. However, an important
observation was that the blending step effectively reduced the volume of slurry and made
enzymatic hydrolysis at a 15% solids loading achievable. Energy consumption in blending
may be considerable and further investigation into the relationship between the benefits
brought by increased glucose yields in comparison with such energy consumption is

recommended.

3. The glucose yields for the four types of paper were in the range of 32% (for magazine) to
75% (for office paper) using Celluclast 1.5L/Novozyme 188 at enzyme loading from 7.5
FPU/ g glucan to 15 FPU/ g glucan. Cellic Ctec 1 was found to increase glucose yield by up

to 10% when compared to Celluclast 1.5L/Novozyme 188 at the same enzyme concentration.

4. Glucose yields from the papers were found to be inversely linearly related to their contents
of lignin which has been widely recognised as a barrier for enzyme access to cellulose
(Ohgren et al., 2007, Yoshida et al., 2008). Most of the lignin in office paper is removed
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during the kraft pulping in the paper making process. However, the higher glucose yields
from office paper may also relate to its shorter fibre length and the reduced amount of paper

fillers present when compared with the other types of papers.

5. Experimental data with the high-solids loading (15% w/w) hydrolysis using two enzyme
alternatives and four waste paper feedstocks was used to validate a 3 parameter model for
glucan hydrolysis with parameter generation using a binary regression approach. This Kinetic
modelling approach provides a better understanding of the mechanism of enzymatic
hydrolysis at relatively high solids loading and also assists in distinguishing the enzymatic
digestibility of four types of paper by investigating some models-derived outcomes (e.g.

initial hydrolysis velocity and correlation between glucose yields and lignin contents, etc.).

6. Enzyme deactivation can be caused by pH, temperature, shear force, ineffective adsorption
of enzyme to substrate and product inhibition (Berlin et al., 2005, Andric, 2010). In all
hydrolyses presented here, pH and temperature were strictly controlled. The stirring speed
was kept at around 80 rpm which was far below the speeds that are reported to generate shear
force sufficient to significantly degrade enzymes (Ganesh, 2000). Product glucose and
intermediate product cellobiose are also considered as an inhibitor directly of B-glucosidase
(Andric, 2010). Cellic Ctec 1 was found to have a faster enzyme deactivation rate than the
Celluclast 1.5L/Novozyme 188. This could be due to the more rapid yielding of higher
concentrations of cellobiose and/or glucose and induction of earlier end-production inhibition
effects by the Cellic Ctec 1 than by the Celluclast 1.5L/Novozyme 188. Ineffective
adsorption could be caused by the possible binding of a proportion of the enzymes to either
impurities in the substrate, like ink particles, chemical fillers or lignin. The relatively high
rate of enzyme deactivation of newspaper hydrolysis is possibly because of its higher lignin
content, resulting in inefficient enzyme adsorption. Enzyme deactivation during hydrolysis of
office paper and cardboard may be due to the high concentrations of glucose product released.
Magazine paper has many impurities and a lower lignin content when compared to
newspaper. The relatively low degree of enzyme deactivation of magazine could be explained
by a combination of relatively low product inhibition and the less ineffective adsorption of

enzyme caused by paper fillers when compared to lignin.

7. For each type of paper, xylose yield using Cellic Ctec 1 was higher than with the Celluclast
1.5 L/Novozyme 188 with a lower xylanase activity. This may also be because of the more

efficient release of glucose with Cellic Ctec 1 creating a more porous fibre surface and so
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offering greater accessibility for xylanase contacting paper fibres.

8. A simple xylan hydrolysis model was also compared with the experimental data. However,
the mechanism of hemicelluloses hydrolysis by hemicellulase is more complicated than the
model described in this study. That is because xylanase enzymes are found to have multiple
catalytic binding domains, which enable binding both to cellulose and xylose (Collins et al.,
2005). Therefore, a more complicated xylan hydrolysis model might be generated in the

future to reflect these parameters.

Overall, these experimental results and modelling outputs have demonstrated the feasibility
of relatively high-solids loading saccharification of waste papers and provide new primary
experimental data for conducting process design work as a basis for economic and
environmental analyses. Modified kinetic models have been applied to advance our
understanding of enzymatic hydrolyses of waste paper feedstocks at these high-solids
loadings. The work also provides basis for future research on optimisation of bioethanol

production technologies.
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Chapter 4 Process design and economic

analysis
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4.1 Introduction

As introduced in Chapter 1, studies on the economic feasibility of bioethanol production from
different feedstocks such as corn stover, spruce, wheat straw, and short rotation coppice
willow have been presented in the literature (Aden, 2002, Sassner et al., 2008, Slade, 2009,
Stephenson et al., 2010). In these works, detailed process modelling was used to perform
economic analysis. Aden et al. (2002) presented a procedure including process design,
modelling and economic analysis on bioethanol production from dilute acid pre-treated corn
stover. This procedure and the corresponding process model have been widely distributed in
the bioethanol research community (Kemppainen and Shonnard, 2005, Dutta et al., 2010,
Stephenson et al., 2010). Similarly, in the present study the NREL model is also adapted,
modified and populated with experimental data presented in the earlier chapters of this thesis
to build base cases and two state-of-the-art scenarios for bioethanol production from waste

paper feedstocks.

Aspects of the technical feasibility of bioethanol production from various waste papers were
discussed in Chapter 3. Experimental data on sugar yields from various waste papers are used
to construct process configuration in this chapter. This chapter focuses on modelling the
production of bioethanol from various waste papers to explore the technological factors that
affect its production cost and commercial viability and also to compare these bioethanol
supply chains with petrol. There are three main elements investigated in modelling the
techno-economic potential of possible production systems for bioethanol from waste paper:
(1) a base case process design based on laboratory data (Section 4.3.3) and the NREL model
approach, (2) scenarios studies which investigates alternatives in the base case process design
(Section 4.3.1 and 4.3.2), and (3) two state-of-the-art cases study which analyses the potential
advantages and disadvantages of applying two pre-treatments within the bioethanol
production process using the minimum ethanol selling price (MESP) as an evaluation criteria
(Section 4.3.3). The MESP is the selling price of bioethanol that makes the net present value
of biomass to bioethanol process equal to zero with a 10% discounted cash flow rate of return
over a 20 year plant life (Aden, 2002). All the cost elements of the system were modeled on
prices in Pounds Sterling (£) and on taxation rates applicable in 2009. In Section 4.4,
bioethanol produced from various waste papers with the whole-supply chain cost considered
is compared with petrol. A sensitivity analysis is also performed to study the influence on the

MESP caused by cost and process parameters (Section 4.5).
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4.2 Methods

4.2.1 Bioethanol supply-chain model

In order to compare bioethanol produced from waste papers with petrol, the whole supply-
chain of bioethanol production was modelled (Figure 4.1). Bioethanol cost at the pump
(excluding tax) includes raw material transportation cost, bioethanol production cost and
distribution expenses. The starting point is the market price of waste papers ready to be
transferred to the bioethanol plant. This price reflects the costs of their collection, sorting and
storage, and market effects on price due to demand (e.g. for recycling). The transportation
cost of the waste papers to the bioethanol plant is determined by the distance travelled and the
transportation mode. The bioethanol production was modelled in-house (Section 4.2.2). The
transport and distribution cost of bioethanol has been estimated as 0.032 $US/I by Slade et al.
(2009). The pump price of bioethanol is determined by adding fuel duty (0.352 £/I in 2009)
and 15% Value Added Tax (VAT, in 2009) to the pump cost.

Waste paper price £/1 Transportation cost £/1
|
Feedstock cost at plant £/1 Bioethanol production cost £/1
|
Bioethanol cost at plant £/1 Distribution cost £/1
|
Fuelduty £/1 Bioethanol cost at pump £/1 Tax VAT £/1

Bioethanol price at pump £/1

Figure 4.1 The bioethanol price at pump elements. (Unit: £/1)

The capacity of the bioethanol plant was designed as 2000 dry tonne/day (0.7 million
tonnes/year) waste paper which was adopted from the NREL process (Aden, 2002). The
amount of collected waste paper available in London was estimated as 2 million tonnes in
2010 which could supply the designed bioethanol plant (\Vanderpuye, 2007). The location of
the bioethanol plant was assumed at 50 km away from Greenwich which is the location of
one of the main material recycling facilities (MRF) in London (Metcalfe, 2008). The waste
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papers are assumed to be delivered by truck for 50 km to the bioethanol plant from the waste
paper storage facility. The cost for a truck with a full load was estimated at 0.04 £/tonne-km
and for a truck with less-than-truck load at 0.11 £/tonne-km (Madariaga, 2004). An average
value of 0.08 £/tonne-km was used in this study.

4.2.2 Process configuration

The process configuration was based on modifications of the NREL model (Aden, 2002) and
simulated using ASPEN PLUS™. In Section 4.2.2.1, the original schematic process flow
diagram of the NREL model is described. The required modifications of this flow sheet for
developing bioethanol production from waste papers are explained in Section 4.2.2.2. In the
NREL process product recovery area evaporators are used to condense the distillation
bottoms from the distillation column. Since they are very costly, the usage of evaporators
might not be economically favourable. In Section 4.2.2.2.1, two alternative process designs
with different approaches to dealing with distillation bottoms in newspaper-to-ethanol
production were investigated. In Section 4.2.2.2.2, the effects of enzyme loadings and
enzymatic hydrolysis residence time were modelled. An economic comparison of bioethanol
production processes from various paper materials using two enzyme alternatives are
discussed in Section 4.2.2.2.3. Application of pre-treatments prior to enzymatic hydrolysis
can increase bioethanol yield but can also introduce higher operating and capital costs. Two
state-of-the-art case studies involving pre-treatment technologies on office paper and

newspaper are investigated and discussed in Section 4.2.2.3.
4.2.2.1 NREL process

Figure 4.2 shows a schematic process flow diagram of the NREL process where corn stover

is the feedstock.
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Figure 4.2 Process flow diagram of the original NREL process design. (Bioethanol
production from dilute acid pre-treated corn stover) (Aden, 2002)

The process begins with feedstock handling (A100) where the corn stover is unwrapped,
shredded and washed. In the dilute acid pre-treatment area (A200) hemicelluloses are
partially released under the conditions of 30% solids loading, 12.1 atm (177 psia) pressure,
190°C and 1.1% sulphuric acid concentration for 2 minutes. The liquid fraction of
hydrolysate obtained by filtration is sent to overliming where excess lime is added to detoxify
the liquid hydrolysate. The detoxified liquid combining with solid cake from the filter
separation is re-acidified by adding sulphuric acid and sent to the enzymatic hydrolysis area
(A300). Approximately 10% of the saccharified slurry is then sent to two batch mode seed
trains to generate Z. mobilis inoculums for fermentation. The remaining 90% of the
saccharified slurry, added nutrients and Z . mobilis inoculums are sent to fermentation (A400)
at 41°C. The ethanol product is purified 99.5% (w/w) in the product recovery area (A500)
and then stored in A700. The distillation bottoms are sent to evaporators to generate
combustible solid cake and syrup. The condensate from evaporators is sent to waste water
treatment (A600) to produce biogas and the treated water which is recycled in the plant. The

syrup, filtered solids from the distillation bottoms, the biogas from anaerobic digestion (AD)
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and the cell mass from aerobic digestion are combusted in a combined

burner/boiler/turbogenerator (A800) to generate electricity and steam for the process.
4.2.2.2 Waste papers -to-bioethanol process base case(s)

The main changes (Figure 4.3) in the base case designs for waste papers-to-bioethanol are (1)
replacing the dilute acid pre-treatment by a wet blending step (A200), and (2) removing the

evaporators in product recovery area (A500).

In the base case process, the feedstock handling area (A100) includes unwrapping waste
paper bales, unloading and metals removal of waste papers. Wet blending at 15% (w/w)
solids loading is performed in a pulper in A200. A high consistency batch pulper is used with
a cycle time of 15 minutes including 10 minutes of blending and 5 minutes of feeding time.
The energy consumption was estimated as 30 kW/dry tonne (Fabry and Carre, 2002). The
maximum capacity for high consistency (15% w/w) is 10.43 dry tonne/day according to the

vendor’s information (Roberts, 2011).

Diammonium phosphate (DAP)
Corn steep liquor (CSL)

Recycled Purchased Recycled water
H250 water enzyme 7 mobilis 1 Co2
v oo v NAN |
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9 hydrolysis
Feedstock ] I . R\el\‘l:;’t‘:fd Steam l
v U S S — LA S — -
( A — \
A100 | w 600 L iquid A500 |
Feedstock | aste water fraction of Product recovery |
handling | treatment distillation |
|
| Biogas] W Solid fuel bottom  4ig fuel lEthanoI |
\\ ______________________________________ //,
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. A700
A.9'0.0 Combustor/Boiler/
Utilities Turbine Storage

Figure 4.3 Schematic process flow diagram of base case. (Bioethanol production from
waste papers. The dotted box highlights the process where the distillation bottom is treated)
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Table 4.1 Summary of seed incubation and fermentation conditions.

Seed train

Organism strain Zymomonas mobilis strain
Temperature 41°C

Corn steep liquor (CSL) level 0.5%

Diammonium phosphate (DAP) level 0.67 g/L fermentation broth
Inoculum level 10%

Batch time 24 hours

Number of trains 2

Fermentation

Temperature 41°C

Corn steep liquor (CSL) level 0.25%

Diammonium phosphate (DAP) level 0.33 g/L fermentation broth
Inoculum level 10%

Batch time 36 hours

Number of trains 1

The resulting paper slurry is then digested by enzyme(s) at 50°C in the enzymatic hydrolysis
area (A300). The sugar yield data generated experimentally (Chapter 3) was used as an input
to the enzymatic hydrolysis process design. Saccharification is carried out in a number of
reactors arranged as a continuous train. The number of reactors is determined according to
the saccharification residence time. Process conditions, nutrient consumption, by-product
yields and bioethanol yields in the seed incubation and the fermentation area (A400) were
adopted from the NREL process (Table 4.1 and Table 4.2). Fermentation is modelled at 41°C
for 36 hours using a recombinant Z. mobilis which converts both pentoses and hexoses to
bioethanol. The required inoculum level of 10% has been experimentally determined by
NREL. The latest technology update from NREL demonstrated that the fermentation
conversion efficiency for glucose reaches 95%, for xylose it is in the range of 76% to 80%
and for galactose, arabinose and mannose from 0 to 40% (Humbird and Aden, 2009). The
upper bound values from these data ranges are used in the process design in the present study.
A sensitivity analysis of the impacts of fermentation conversion efficiency is presented in
Section 4.4.2. Total sugar lost due to contamination is assumed to be 7% according to the
NREL process (Table 4.3).

The ethanol obtained from fermentation is then purified to 99.5% (w/w) by a distillation
column, rectification column and molecular sieve adsorption in A500. Waste water is treated
in A600 by anaerobic and aerobic digestion. The NREL model assumes a removal of 90% of

chemical oxygen demand (COD) in the anaerobic digestion and a maximum biogas yield of
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350 L (standard temperature pressure) per kg COD removed (0.229 kg/kg at 25°C). These
assumptions are higher than many of the upper bound values for anaerobic digestion (AD)
efficiencies available in the public domain. Table 4.4 lists the results from a data-mining
study on the COD removal efficiency and the biogas production rates from AD of stillage
from cellulosic feedstocks. The average values were used in this study. A sensitivity analysis

in Section 4.4.2 considers the impacts of various anaerobic digestion efficiencies.

Table 4.2 Summary of seed incubation and fermentation reactions and conversions.

Reaction Reactant Fraction converted to
products
Seed train  Fermentation
Glucose — 2 Ethanol +2 CO, Glucose 0.90 0.95%
Glucose + CSL + 0.018 DAP — 6 Z. mobilis + Glucose 0.04 0.02
24H,0+030,
Glucose + 2 H,O0 — 2 Glycerol + O, Glucose 0.004 0.004
Glucose + 2 CO, — 2 Succinic acid + O, Glucose 0.006 0.006
Glucose — 3 Acetic acid Glucose 0.015 0.015
Glucose — 2 Lactic acid Glucose 0.002 0.002
3 Xylose — 5 Ethanol + 5 CO, Xylose 0.80 0.80°
Xylose +0.835 CSL + 0.015 DAP —5 Z. mobilis + Xylose 0.04 0.019
2H,0+050,
3 Xylose + 5 H,O0 — 5 Glycerol + 2.5 O, Xylose 0.003 0.003
3 Xylose + 5 CO, —» 5 Succinic acid + 2.5 O, Xylose 0.046 0.046
Xylose + H,O  —— Xylitol +9.5 0, Xylose 0.009 0.009
2 Xylose — 5 Acetic acid Xylose 0.014 0.014
3 Xylose — 5 Lactic acid Xylose 0.002 0.002
Galactose — 2 Ethanol + 2 CO, Galactose 0.40 0.40%
Galactose + CSL + 0.018 DAP — 6 Z. mobilis + Galactose 0.04 0.02

24H,0+030,

Mannose = — 2 Ethanol + 2 CO, Mannose 0.40 0.40°
Mannose + CSL + 0.018 DAP — 6 Z. mobilis + Mannose 0.04 0.02
24H,0+030,

3 Arabinose — 5 Ethanol + 5 CO, Arabinose  0.40 0.40%
Arabinose + 0.835 CSL + 0.015 DAP —» Arabinose  0.04 0.019

5Z. mobilis + 2 H,0 + 0.5 0;

Note ® These data are the upper bound values for sugar yields experimentally validated by NREL (Humbird
and Aden, 2009). The remaining data are from Aden (2002).

104



Chapter 4 — Process design and economic analysis

Table 4.3 Summary of fermentation contamination loss reactions.

Reaction Reactant Fraction converted to product
Glucose — 2 Lactic acid Glucose 0.07
3 Xylose =~ — 5 Lactic acid Xylose 0.07
3 Arabinose — 5 Lactic acid Arabinose 0.07
Galactose =~ — 2 Lactic acid Galactose 0.07
Mannose — 2 Lactic acid Mannose 0.07

Biogas from the digester is assumed to contain 75% methane and 25% carbon dioxide on a
dry molar basis. Cell mass is produced at a yield of 30 g per kg COD removed (Aden, 2002).
37 g of nutrients containing 90% of sodium hydroxide and 10% of urea are added per kg of
COD (Mu et al., 2010). The liquid from the AD is pumped to aerobic digestion where 90% of
the remaining soluble organic matter is converted with 60% of them producing water, carbon
dioxide, nitrous oxide and sulphur dioxide in stoichiometric amounts while 30% of them
being modelled to produce cell mass. A polymer at a rate of 1.7 g per kg COD is added to
assist dewatering in a filter separation in the AD. Overall, 93% of COD is reduced in the AD
followed by a further 90% reduction of the remaining COD in aerobic digestion to produce
treated water with a COD concentration of approximately 0.1 g/L. This treated water is
combined with process make-up water and so is recycled within the plant. Fresh well water is
used to cool the fermentation reactors and is then split, (1) to provide clean water to the boiler

feed water make-up and (2) to the scrubber.

Table 4.4 Reported values for anaerobic treatment of stillage from cellulosic feedstock.

Biomass Temperature % of COD Methane yield References
°C removal L/kg COD
removed

Wood (Eucalyptus) 35 86.6 270 (Good et al., 1982)

Wood (Eucalyptus) 35 85.5 230 (Good et al., 1982)

Wood (Pinus radiata) 37 86 302 (Callander et al.,
1987)

Wood (Pinus radiata) 37 90 313 (Callander et al.,
1986)

Average 87 279

The combustor/boiler/turbine system is used to generate electricity. The moisture content of
the feed to combustor is controlled to below 52% to ensure efficient operation (Aden, 2002).

A circulating fluidized bed combustor (CFBC) operates at around 870°C in this process
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design with a combustion efficiency generally as high as 99% (Liu and Gibbs, 2002). Boiler
feed water is pre-heated to 510°C in the heat exchanger circuit to produce steam. High
pressure steam (13 atm), low pressure steam (4.4 atm) and very low pressure steam (1.7 atm)
are extracted from the turbine for injection into heat exchangers in the distillation and
evaporation processes. The remaining steam is condensed and pumped back to the boiler
system. Flue-gases from the CFBC are cleaned by adding limestone to remove SO,. The
weight ratio of limestone to S in the combustion flue-gases is 3:1 (UNEP, 2007). The turbine
efficiency is set as 85% adopted from the NREL process (Aden, 2002). In addition to the
electricity generated used for process requirements, the surplus electricity is exported and
sold to the national grid. The utilities provided (A900) include cooling water, plant

instrument air, process water and the clean-in-place system.
4.2.2.2.1 Alternative process designs for treatment of distillation bottoms

Two alternative designs for dealing with the distillation bottoms were modelled here. The
distillation bottoms contain insoluble organics which are a source for heat generation by
combustion and soluble organics which can be converted in anaerobic digestion to biogas. It
is important to utilize these streams for energy generation to improve the economics of the
process. In the NREL original process, the solid fraction of the distillation bottoms is sent
directly to the combustor whilst the liquid fraction is concentrated by evaporators and then
sent to the combustor as well. However, evaporators require significant capital investment
and evaporation is energy intensive. As an alternative, the removal of the evaporators was
considered in our model. The two alternative processes studied here are (1) distillation
bottoms sent to evaporators but with removal of the AD, and (2) distillation bottoms directly
sent to waste water treatment (WWT).

The effects of these two alternative processes on the process economics were assessed by
considering the resulting MESP of each design. Two alternative designs were modelled on a
newspaper-to-bioethanol process under hydrolysis conditions of 192 mg/g glucan (15 FPU/g
glucan) enzyme loading (Celluclast 1.5L/ Novozyme 188) and 72 h residence times.

Detailed flowsheets for the NREL process and the two alternative process designs are shown
in Figure 4.4: In the original NREL process (Figure 4.4a), the distillation bottoms are sent to
the first evaporator. The evaporator is heated by condensing the reflux vapour in the
rectification column and by adding very low pressure steam (1.7 atm [25 psia]). The
concentrated liquid from the first evaporator enters a press filter. The resulting solids are sent
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to the combustion area for heat generation. The filter liquid is sent to the following two
evaporators and concentrated to form a syrup which is then also sent to the combustors
(A800). The final vapour is condensed and sent to the waste water treatment area which
consists of both anaerobic digestion and aerobic digestion (Area 600). The biogas generated
in the anaerobic digestion and the micro-organism cell mass generated from the aerobic

digestion are both sent to the combustor.

| (a) NREL process

Evaporator i
Evaporator Evaporator p _‘.:> Biogas

Distillation —>
bottom Anaerobiqdigester  Aerobic digester Press Filter
Steam from

e .
rectification E %I %D% 9“%‘¢ Solid fuel
column @ 7

Very low —|:> Press Filter ‘——I:> Recycled water
pressure steam . <=> Syrup
Solid conveyer .
T : 2 ::> Solid fuel
| (b) Alternative Process 1 |
Evaporator Evaporator Evaporator

Distillation N

bottom Aerobic digester Press Filter

Steam from = .
rectification — —T> —> —> Solid fuel
column

Press Filter
Very low —|:> :=> Recycled water
pressure steam _I :=> Syrup
Solid conveyer
— - - —L) Solid fuel
| (c) Alternative Process 2 |
Press Filter
Distillation Solid conveyer _
bottom ¢ 2 Solid fuel
Biogas
Anaerobic d| ster  Aerobic digester Press Filter
Solid conveyer
\ﬂ %«: @% : : —) Solid fuel
—.':> Recycled water

Figure 4.4 Original NREL process and (a) newspaper-to-ethanol processes (192 mg/g
glucan, Celluclast 1.5L/Novozyme 188, 72 h) with two alternative ways of dealing with
the distillation bottoms: (b) distillation bottoms to evaporators without AD (c)
distillation bottoms to WWT.

Two alternative processes are: (1) distillation bottoms are sent to the evaporators as in the
original NREL process but the subsequent AD step is removed because the COD of the
condensed vapour stream is low at around 1.0 g/L and aerobic digestion is deemed sufficient
for clean-up (Chan et al., 2009), (2) the three downstream evaporators are eliminated and the
distillation bottoms are directly sent to the press filter. The obtained liquid with a COD of
14.5 g/L goes to WWT including both anaerobic and aerobic digestion. The solids from the
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filter, the biogas from anaerobic digestion and the cell mass from aerobic digestion are sent to

the combustor.
4.2.2.2.2 Effects of enzyme loading and enzymatic hydrolysis residence time on MESP

The sugar yields can be increased by adding more enzymes or extending the enzymatic
hydrolysis residence time. The change in enzyme loading directly affects enzyme cost and
bioethanol yield and so the MESP. On the other hand, a longer residence time increases
demand for reactor capacity and so higher capital costs. An analysis was carried out to assess
the overall effect of enzyme loading and residence time on MESP. The experimental sugar

yield data from Chapter 3 are used in this analysis.

4.2.2.2.3 Comparison of MESP for bioethanol productions from various waste papers

using two enzyme alternatives

Under the selected conditions (160 mg/g glucan, 72 h enzymatic hydrolysis), the bioethanol
production processes were developed for four types of waste papers using two different
enzyme alternatives. Sugar yield data obtained experimentally (Table 4.5) were used for these

process designs.

Table 4.5 Glucose, xylose and cellobiose yields of waste papers after enzymatic
hydrolysis. (Conditions: an enzyme loading of 160 mg/g glucan for 72h residence times)

Celluclast 1.5L/Novozyme 188 Cellic Ctecl

Glucose Xylose Cellobiose | Glucose Xylose Cellobiose
Newspaper 51.3% 50.6% 1.2% 55.5% 57.7% 3.2%
Office paper 69.0% 60.0% 3.5% 76.1% 62.8% 4.7%
Cardboard 55.5% 56.4% 2.0% 62.2% 61.8% 2.2%
Magazine 46.2% 35% 0.0% 49.8% 41.8% 2.2%

Mannose Galactose Arabinose | Mannose Galactose Arabinose
Newspaper 53.7% 58.2% 24.0% 56.2% 57.0% 28.3%
Office paper - - - - - -
Cardboard 56.0% 54.9% 35.5% 62.4% 60.1% 31.7%
Magazine 42.5% 43.1% 14.8% 44.8% 46.7% 19.6%

4.2.2.3 State-of-the-art cases with pre-treatment technologies
4.2.2.3.1 Cases selection

A summary (Table 4.6) of literature reports of pre-treatments on waste papers showed that
the dilute acid worked well on office paper and the oxidative lime treatment on newspaper,
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while ammonia fibre explosion (AFEX) and ammonia treatment appeared not to efficiently

improve the enzymatic hydrolysis (Capekmenard et al., 1992, Holtzapple et al., 1992, Chang
et al., 2001, Kim and Chun, 2004, Kim et al., 2007). Therefore, two state-of-the-art cases

including pre-treatments of waste papers were selected for study and compared with the base

cases. They are (1) bioethanol production from office paper with a dilute acid pre-treatment,

and (2) bioethanol production from newspaper with an oxidative lime pre-treatment. The

detailed schematic flow sheets for the pre-treatment areas of these two state-of-the-art cases

are presented in Figure 4.5.

Table 4.6 Summary of chemical pre-treatments on waste papers.

Feedstock  Pre-treatment Enzymatic  Sugar yield Sugaryield Reference
conditions hydrolysis without pre- with pre-

conditions treatment % treatment%

Office paper Dilute acid, 0.5% 125FPU/g 69 91 (Capekmenard et
(wiw) HySOy, glucan al., 1992)
220°C, 2 min

Newspaper AFEX,25gNHx/g 5FPU/g 27 40 (Holtzapple et
biomass, 87 °C, 3 h glucan al., 1992)

Newspaper AFEX,2.8gNHs/g 5FPU/g 27 40 (Holtzapple et
biomass, 65 °C, 10 glucan al., 1992)
min

Newspaper  H,0,+NHs, 4% 15 FPU/ g 50 55 (Kim and Chun,
(w/w) Ammonia glucan 2004, Kimet al.,
+2 % (w/w) H,0,, 2007)
40°C,3h

Newspaper  Oxidative Lime, 7.5 FPU/g 33 78 (Chang et al.,
1.875 % (w/w) glucan 2001)

Ca(OH),, 7.1 bar
(absolute) O,,140
°C,3h
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Figure 4.5 Schematic flow sheets for the two state-of-the-art scenarios with pre-
treatment: (a) dilute acid pre-treatment on office paper (a) oxidative lime pre-treatment
on newspaper.

4.2.2.3.2 Dilute acid pre-treatment on office paper

Pre-treatment can be helpful to increase the initial solids loading in enzymatic hydrolysis
because it partially removes insoluble solids. Therefore, a 30% solids loading was designed
for the dilute acid pre-treatment. Prior to the pre-treatment, office paper passes through a
shredder for size reduction and then is heated to 100°C by low pressure steam in a pre-
steamer. Conditions of the pre-treatment are listed in Table 4.5. They were adopted from
Capekmenard et al.’s study (1992). The sugar release data during pre-treatment was not
reported. Therefore, the experimentally demonstrated sugar yields data in dilute acid pre-
treatment of corn stover by NREL were used as an assumption. 7% of glucan and 75% of
xylan were assumed converted to monomer sugars and 8% of xylan were degraded to by-
products (Humbird and Aden, 2009). The reactions and conversions are summarized in Table
4.7. A sensitivity analysis is performed in Section 4.4.2 to study the impact of these

assumptions on the MESP.
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The liquid fraction is then filtered from the treated slurry and mixed with lime to adjust the
pH to over 10 and re-filtered again. Gypsum is sent to landfill. The obtained liquid is then re-
adjusted to pH 5 with H,SO,4, combined with the solid separated from the pre-treated slurry,
and sent to the enzymatic hydrolysis area. Enzymatic hydrolysis is designed according to the
sugar vyields (91% for glucan and xylan) from Capekmenard et al.’s work (1992).
Fermentation is designed based on the original NREL process (Table 4.2).

Table 4.7 Summary of pre-treatment reactions and conversions.

Reaction Reactant Fraction Converted to
Product

(Glucan), + nH,O0 — n Glucose Glucan 0.07

(Glucan), + m H,O — m Glucose Oligomer Glucan 0.007

(Glucan), + %2 n H,O—> % n Cellobiose Glucan 0.007
(Xlyan),+nH,O — n Xylose Xylan 0.75°

(Xylan), + mH,O — m Xylose Oligomer Xylan 0.025

(Xlyan), — n Furfural + 2n H,0 Xylan 0.08°

(Lignin), — n Soluble Lignin Lignin 0.05

Note * Xylose yield and by-products fractions are as demonstrated by NREL (Humbird and Aden, 2009). The
other of the conversion efficiencies are projections by NREL (Aden, 2002).

Due to the presence of sugar degradation products generated in the pre-treatment, the COD of
the distillation bottoms is as high as 50 g/l which challenges the capacity of the waste water
treatment system. Thus, evaporators are required to concentrate the liquid fractions of
distillation bottoms to a syrup which is then sent to the combustor. The moisture content of
the feed stream entering the combustor should be controlled to below 52% in order to
maintain combustion efficiency (Aden, 2002). The generated electricity and steam are
utilised in the plant but they are not enough to meet the requirement. Extra heat required is
provided by high pressure steam which is modelled to be purchased from the nearby
biorefinery plant and extra electricity is purchased from the National Grid.

4.2.2.3.3 Oxidative lime pre-treatment on newspaper

The initial solids loading for oxidative lime pre-treatment is also designed as 30%. Shredded
newspaper is pre-heated by low pressure steam to 100°C and then transferred to the pre-
treatment reactor operating at 140 ‘C where a 1.875% (w/w) Ca(OH), solution and
compressed air at 32 bar are injected (Chang et al., 2001). During 3 hours of pre-treatment,

20% of the lignin is dissolved, 10% of the xylan is hydrolysed to xylose and less than 1% of
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glucan is hydrolysed to glucose. These proportions are calculated based on a kinetic model of
the oxidative lime pre-treatment on poplar wood (Sierra et al., 2011). The liquid fraction
separated from the treated slurry is injected with CO, (from fermentation) to precipitate
CaCOg at a recovery rate of 21% for calcium (Chang et al., 2001). The recovered lime is
modelled to go to landfill and CaCl; effluent is released to environment. The sugar yield from
saccharification at an enzyme loading of 7.5FPU/g glucan (72 mg/g glucan Cellic Ctecl
equivalent) reaches 78% (Chang et al., 2001). Similarly to the dilute acid pre-treatment,
evaporators are introduced to condense the liquid fraction of the distillation bottoms to a

syrup before sending it to the combustor.

4.2.3 Economic analysis

The economic analyses were performed to evaluate the following processes:

e Newspaper-to-bioethanol production with alternative treatment of distillation bottoms.

e Newspaper-to-bioethanol production with various enzyme loadings and enzymatic
hydrolysis residence times.

e Comparison of bioethanol production from four types of waste paper and using two
enzyme alternatives.

e Two state-of-the-art cases: office paper-to-bioethanol with dilute acid pre-treatment

and newspaper-to-bioethanol with oxidative lime pre-treatment.

The total project investment (based on total installed equipment cost) as well as variable
operating and fixed operating costs, were calculated for each alternative process. Based on
these costs, a discounted cash flow method was used to determine the MESP. The MESP is
the selling price of bioethanol that makes the net present value of a biomass to bioethanol
process equal to zero with a 10% discounted cash flow rate of return over a 20 year plant life
(Aden, 2002). In other words, the MESP refers to the ethanol price at break-even point, that is,
at this price, annual costs and income are equal. This does not include any fuel tax or
government subsidy. The details of the analysis method (i.e. materials and chemicals cost,
equipment costs calculation methods and parameters used in discount cash flow analysis) are

described in the following subsequent sections.

The methodology chosen for the economic analysis are adopted from NREL. 2009 is chosen
as the reference year. The average exchange rate in 2009 of GBP to USD (0.693) is used to

convert any $US cost to £ where appropriate.
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4.2.3.1 Total project investment

Total project investment is calculated using following expressions:

Total Project Investment = Total Capital Cost + Other Costs (4.2)
Total Capital Cost = Total Installed Cost + Indirect Cost (4.2)

Total Installed Cost = Total Installed Equipment Cost + Warehouse + Site Development

(4.3)
Equipment purchase and installation costs were estimated based on process specifications.
The purchase cost of individual equipment was estimated by one of following methods: (1)
using ASPEN Economic Analyzer (also as known as Aspen ICARUS); (2) scaling up or
down based on the same equipment from the NREL process with known cost but of a
different size using the following exponential scaling expression (Aden, 2002):

_ Sizeynknown
COStunknown - COStknown ( . Fscate (4-4)
Sizegnown

Where the exponential factors f,.q;. are adopted from NREL.

The calculated cost of purchased equipment from equation (4.4) was transformed to the year
of interest using the Chemical Engineering Index (CEPI, 2011). The installed equipment cost
was calculated from the estimated equipment cost and the multiplying installation factors
listed in Table 4.8.

Other components of the total installed cost include warehouse and site development, etc.
Indirect costs include construction regulation fees, field expenses and a project contingency
of 3% of the total installed cost. The rates used for estimating these additional costs are in
Table 4.9.
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Table 4.8 Installation factors.

Equipment

Installation factors

Agitators - Carbon Steel (CS)/ Stainless Steel (SS)

Boilers

Compressors

Cooling tower

Distillation columns - Carbon Steel (CS)/ Stainless Steel (SS)
Filters

Heat exchangers - Carbon Steel (CS)/ Stainless Steel (SS)
Pumps, Lobe

Pumps, Centrifugal - Carbon Steel (CS)/ Stainless Steel (SS)
Pressure Vessels - Carbon Steel (CS)/ Stainless Steel (SS)
Tanks, Field Erected - Carbon Steel (CS)/ Stainless Steel (SS)
Tanks, Field Erected - Carbon Steel (CS) with Lining

Solid Handling Equipment

Turbogenerator

1.3/1.2
1.3
1.3
1.3
3.02.1
14
21
1.2
2.8/12.0
2.8/1.7
1.4/1.2
1.6
1.2-14
15

Table 4.9 Additional costs used for determining total project investment.

Item Value
Warehouse 1.5% of total installed equipment cost
Site Development 9% of total installed equipment cost

Prorateable cost

Field expenses

Home office and construction
Project contingency

Other cost

10% of total installed cost
10% of total installed cost
25% of total installed cost
3% of total installed cost
10% of total capital cost

4.2.3.2 Variable operating costs

Variable operating costs (costs for raw materials, waste disposal, utilities purchased, and by-

product credits) are incurred only when the process is operating. Table 4.10 summarises the

raw materials, chemicals and energy inputs in the process model with their data sources.
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Table 4.10 Variable operating costs for materials, chemicals and energy.

Biomass/Chemicals/Utilities Amount value Cost Reference
Waste paper cost * 83333 dry MT/h 44 £/ton (Madariaga, 2004,
(average) WRAP, 2010b)
Sulphuric acid From model 34.65£/ton (ICIS, 2011)
HCI 36% (w/w) From model 83.17 £/ton (ICIS, 2010)
Lime (Ca(OH),) From model 71.94 £/ton (Miller, 2010)
Corn steep liquor 0.5% (w/w) seed 48.51 £/ton (Aden, 2002, Salgado
train et al., 2009)
0.25% (w/w)
fermentation
Diammonium phosphate (DAP)  0.67 g/L 244 £lton (Aden, 2002, World
r seed train Bank Commodity,
0.33g/L 2011)
fermentation
Celluclast 1.5 L/Novozyme 188 7.5-15 FPU/ g 1.416 £/10° FPU (Sassner et al., 2008)
glucan
Cellic Ctec 1 From model 74% lower (Andersen, 2010)
compared w/
Celluclast 1.5L
Cooling water From model 0.2-0.4 £/ton (Ulrich and
Vasudevan, 2006)
BFW chemicals 0.00525 kg/kg 2062 £/ton (Aden, 2002)
cooling water
Cooling water chemicals 0.01 kg/kg cooling 1559 £/ton (Aden, 2002)
water
WWT chemicals 37 g/kg COD 554 £/ton (Aden, 2002)
WWT polymers 1.7 g/kg COD 3000 £/ton (Aden, 2002)
Low pressure steam (4.4 bar) From model 0.144 £/ton (Ulrich and
Vasudevan, 2006)
High pressure steam From model 0.152 £/ton (Ulrich and
(13.2 bar) Vasudevan, 2006)
Ash landfill From model 24.5 £/ton ® (HM Revenue &
Customs UK, 2010)
Gypsum landfill From model 170 £/ton (Stephenson et al.,
2010, WRAP, 2010a)
Electricity From model 0.09819 £/kWh (Department of

Enegry and Climate
Change, 2011)

Note: # includes waste paper at 40 £/ton (average of various types of waste paper) and transportation cost at 4 £/ton.
% includes landfill cost at 22 £/ton and tax at 2.5 £/ton.
¢ includes landfill cost for hazardous waste at 130 £/ton and tax at 40 £/ton.

4.2.3.3 Fixed operating costs

Fixed operating costs including labour and various overhead items are fully incurred
regardless of the operating production capacity. The number of operation personnel for each
section was adopted from the NREL (Aden, 2002). Salary was estimated according to the

Institute of Chemical Engineers (IChemE) salary survey in the UK (Stalker, 2008) and listed
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in Table 4.11. General overhead was 60% of total salary. 2% of the value of the installed
equipment cost was assumed as a maintenance fee and 1.5% of total installed cost as
insurance & taxes adopted from NREL (Aden, 2002). The general expenses including
administrative costs (15% of total labour cost), marketing cost, (2% of the product cost, in
this case, the MESP) and R&D cost (2% of the MESP) are taken into account as well. The
sum of total salary, general overhead, general expenses, maintenance and insurance & taxes

formed the fixed operating costs.

Table 4.11 Total salary costs.

Annual Salary

Number of Personnel
(annual £/personnel)

Plant Manager 57000 1
Plant Engineer 49400 1
Maintenance Supervisor 43900 1
Lab Manager 38400 1
Shift Supervisor 29300 5
Lab Technician 22000 2
Maintenance Technician 27500 8
Shift Operators 22000 20
Yard Employees 18000 32
General Manager 61800 1
Clerks & Secretaries 18000 5

4.2.3.4 Discounted cash flow approach

A discounted cash flow analysis was applied using Microsoft® Excel to determine the MESP
which was used as the economic criterion to evaluate the process scenarios. The parameters
used for the discounted cash flow analysis were adopted from the NREL process and are

summarised in Table 4.12.
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Table 4.12 Discounted cash flow method parameters.

Parameters Values
Plant life 20 years
Discounted rate 10%
General plant depreciation 200% declining balance
General plant recovery period 7 years
Steam plant depreciation 150% declining balance
Steam plant recovery period 20 years
Corporation tax rate * 28%
Financing 100% equity
Construction period 2.5 years

1*' 6 months expenditures 8%

Next 12 months expenditures 61%

Last 12 months expenditures 31%
Working capital 5% of total capital investment
Start-up time 6 months

Revenues 50%

Variable costs 75%

Fixed costs 100%

Note: ® From HM revenue & customs (2011).

In the expression of the costs breakdown, a capital recovery charge (CRC) is calculated from
Equation 4.5 (Frank, 1999). That is a proxy for the ownership costs of assets with a
productive life greater than one year.

LADT 4y x (4.5)

@+pn-1 "

Capital Recovery Charge (CRC) = (Vo — V) *

Where V is the total project cost at the beginning of year 1, n is the plant life time, V, is the

value at the end of useful life, i is the interest rate, 10% is set in the current study.
4.3 Results

4.3.1 Comparison of two alternative process designs for treatment of the
distillation bottoms

Two process designs for dealing with the distillation bottoms as alternatives to the original
NREL process are investigated. In one process, the distillation bottoms are sent to the
evaporators where the liquid faction of the distillation bottoms is concentrated and then sent
to the combustor for heat generation. In addition, the AD step is removed from the waste

water treatment area.
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In another alternative design, the liquid fraction from the distillation bottoms is sent to
anaerobic digestion directly and the downstream evaporators are not required. Biogas
generated in the AD is used as a fuel for the combustor. However, the capacity required for
the anaerobic and aerobic digesters are increased as well as their associated chemical and

polymer consumption.

Table 4.13 Economic comparison of two alternative designs for dealing with distillation
bottoms. (Note conditions for newspaper enzymatic hydrolysis are 192 mg/g glucan and 72 h
residence times)

(1) Distillation (2) Distillation
bottoms to bottoms to WWT
evaporator

Minimum ethanol selling price (E/L) 0.48 0.41

Electricity by-product (£/L) 0.14 0.20

Total operating cost breakdown (pence/L)

Other raw materials 7.9 8.1

Waste disposal 2.0 2.0

Fixed operating cost 5.0 5.0

Installed equipment cost breakdown (EMM)

Product recovery 19.7 19.0

Waste water treatment 3.7 6.0

Combustor/boiler/Turbogenerator 43.2 43.1

Utilities 11.8 10.2

Total equipment cost 106.6 106.3

Total project investment 185.8 185.3

The economic comparison of these two alternative designs is shown in Table 4.13. As
expected for design (2), the installed equipment cost in the product recovery area decreased
due to the removal of downstream evaporators but that in WWT was increased because of the
increased load of waste water. The WWT operating cost also increased because of the
additional waste water treatment chemicals and polymers consumption. More surplus
electricity was obtained in design (2) because of effective utilisation of organics by
combusting both the insoluble organics and the biogas generated from the soluble organics.
Overall, the capital savings from the removal of the evaporators and the greater electricity
credits are more than adequate to compensate for the increase in WWT expenditure and
operating costs. Therefore, design (2) delivers a lower MESP. In addition, the treated water
from WWT in design (2) has a lower COD (0.12 g/L) than the COD (0.16 g/L) from design
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(1). Thus, it is a more favourable option for distillation bottoms from the proposed waste

paper-to- bioethanol process to be routed directly to wastewater treatment.

4.3.2 Effects of enzyme loading and enzymatic hydrolysis residence time on
MESP

The MESPs of newspaper-to-bioethanol processes with various enzyme loadings and

enzymatic hydrolysis residence times are given in Figure 4.6.

71 0.70
1 0.65
1 0.60
1 055

MESP £/L

0.50
1 0.45

0.40

192

Figure 4.6 MESPs for newspaper-to-bioethanol processes with various enzyme loadings
and enzymatic hydrolysis residence times.

The longer the residence time is, the more reactor capacity is needed and consequently the
higher is the capital cost. However, the results in Figure 4.6 indicate a reduction in MESP
with longer residence times at the same enzyme loading. This is because the benefits of
higher bioethanol yields overcome the extra capital cost for reactor capacity under the model
assumptions. For residence times of 24 and 48 h, the MESP increased with lower enzyme
loadings. At a residence time of 72 h, the overall lowest MESP of all scenarios at 0.40 £/L
occurred at an enzyme loading of 160 mg/g glucan (12.5 FPU/ g glucan) because the benefits
brought from the higher ethanol yield at 192 mg/g glucan (15 FPU/ g glucan) enzyme loading
were insufficient to overcome the additional enzyme cost compared with operating at 160

mg/g glucan loading. Therefore, the enzymatic hydrolysis conditions (160 mg/g glucan and

119



Chapter 4 — Process design and economic analysis

72 h saccharification) are the most favourable of those modelled and were used for the

remaining comparisons and the state-of-the-art processes investigation.

A cost breakdown of the newspaper-to-bioethanol process (at Celluclast 1.5L/Novozyme
loading of 160 mg/ g glucan 188 and 72 h saccharification) for each process area is shown in
Figure 4.7. The contribution of the various cost elements is shown as a percentage of the
MESP.
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Figure 4.7 Cost contributions from each process as a percentage of the MESP for the
newspaper-to-bioethanol process. (at 160 mg/ g glucan, Celluclast 1.5 L/Novozyme 188, 72
h saccharification)

Biomass cost contributes 61.3% of the MESP and enzyme cost 13.3%. Capital recovery
charge for the combustor and electricity generator accounted for 16.7% of the total cost in
this area. This area makes a net negative contribution to MESP (-48.2%) due to the surplus
electricity sold to the National Grid. If the surplus electricity contribution is excluded,
approximately 30.1% of the MESP is caused by this process area. The blending area has the
highest electricity consumption which is 18% of total plant process electricity. Enzymatic
hydrolysis and fermentation shared 25.2% of the MESP costs via capital recovery charges
which indicates a potential of combining these two steps together as simultaneous

saccharification and fermentation to reduce the capital cost.
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Since the cost of the waste paper is the dominant contributor to the bioethanol production
cost, the variation in waste paper price will influence the MESP. Similarly, electricity price
will affect the surplus electricity credit and consequently the overall MESP. A sensitivity
analysis is carried out in Section 4.5.1 to investigate these impacts.

4.3.3 MESP of bioethanol production from various paper wastes with two
alternative enzymes

Bioethanol productions from various waste papers under equivalent conditions (160 mg/g
glucan and 72 h saccharification) are compared in Figure 4.8. Each column shows the
contribution of various costs to the MESP. A negative contribution indicates the credit for
surplus electricity export. For each type of waste paper, the left column shows the bioethanol
production cost using the Celluclast 1.5 L/Novozyme 188 while the right column shows that
for using Cellic Ctec 1. The MESPs are indicated.

By comparing the four types of waste paper using the Celluclast 1.5 L/Novozyme 188, it is
shown that office paper-to-bioethanol delivered the lowest MESP of 0.38 £/l equivalent to
2.06 $/gallon. In this process, bioethanol is produced at the rate of 20.59 ton/h which is the
highest among four types of waste paper. However, there is nearly no surplus electricity
credit due to the low heat generation as result of its low lignin content. Cardboard paper-to-
bioethanol process has a higher MESP of 0.39 £/1 when compared to that of office paper
derived bioethanol. In this process, bioethanol is produced at the rate of 14.53 ton/h. Steam
and electricity produced are more than is needed for the process and 31.23 MW of export
electricity is available as credits. For newspaper, the highest electricity surplus of 36.92 MW
is obtained, however, the lower bioethanol productivity of 12.63 ton/h made this process with
an MESP of 0.40 £/l, less economically competitive than bioethanol produced from
cardboard or office paper. Magazine-to-bioethanol had the highest MESP of 0.75 £/l (4.12
$/gallon) due to its low bioethanol production rate (8.21 ton/h) and its relatively low surplus
electricity credits (21.4 MW).
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Figure 4.8 Comparison of bioethanol production from various waste papers using
Celluclast 1.5 L/Novozyme 188 (Left) and Cellic Ctec 1 (Right) with MESPs (£/L)
indicated *. (Note the conditions of enzymatic hydrolysis are 160 mg/g glucan and 72 h
saccharification)

The contribution of the enzyme to the bioethanol production cost using Cellic Ctec 1 is
reduced significantly compared with the Celluclast 1.5L/Novozymel88. The MESPs of
bioethanol from four types of waste paper are reduced by around 10% using Cellic Ctec 1
because of the increased ethanol yield and also the lower unit price for the enzyme. The
MESP of office paper-to-bioethanol is reduced to 0.32 £/1 while that of cardboard-to-
bioethanol goes down to 0.33 £/. Newspaper-to-bioethanol has a higher MESP of 0.35 £/I
and magazine-to-bioethanol has the highest MESP of 0.66 £/1. The surplus electricity credit is

smaller when using Cellic Ctec 1 due to less sugar being available for combustion.

The example process flow diagrams (PFD) for bioethanol production from newspaper using
Cellic Ctec 1 are given in Appendix B and MESP calculation sheets for this process are given

in Appendix C.

4.3.4 State-of-the-art cases study

Table 4.14 shows (1) a comparison of office paper-to-bioethanol production without pre-

treatment at 160 mg/g glucan and with pre-treatment at 120 mg/g glucan, and (2) a
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comparison of newspaper-to-bioethanol production without pre-treatment at two enzyme
loadings of 96 mg/g glucan and 160 mg/g glucan and with a pre-treatment and enzyme

loading of 72 mg/g glucan.

Applying a dilute acid pre-treatment can increase the yield of bioethanol from office paper
from 240 to 294 million litres per year but with no significant reduction in the MESP. For the
process with the dilute acid pre-treatment, the capital cost was increased by 25% mainly
because of the extra equipment costs in the pre-treatment and the utility area where more heat
exchangers were required. Additional electricity and high pressure steam were also required
because of the reduction in heat generation. This is because the amount of lignin and
polymerised sugar fed to the combustor was decreased. Non-feedstock material costs and
waste disposal costs were higher in the process with the dilute acid pre-treatment when
compared with the process without pre-treatment. This are due to the increased sulphuric acid
consumption and consequently larger amount of gypsum sent to landfill. However, these
additional costs are overcome by the increased bioethanol production and therefore, a lower
MESP occurred when compared with office paper-to-bioethanol production without the pre-

treatment.

For newspaper-to-bioethanol, the MESP is reduced to 0.31 £/I from 0.50 £/I by applying
oxidative lime pre-treatment. Furthermore the annual bioethanol yield is more than doubled
from 91 to 203 million litres. The reduction in the installed equipment cost of the combustor
area overcome the increase in the cost of the pre-treatment area, resulting in a similar total
installed capital cost when compared with the process without pre-treatment. In the process
with pre-treatment, the significant increase in the non-feedstock cost was caused by the
consumption of hydrochloride acid. Electricity and steam generated in the combustor can
meet the demand of the plant. Comparing this process with that under conditions of higher
enzyme loading (160 mg/g glucan) but without pre-treatment, the former process still has a
lower MESP (0.35 £/1). This means that the benefit brought by increased bioethanol yield and
reduced enzyme consumption can overcome the increased expense in raw materials and
capital costs as a result of applying a pre-treatment. Therefore the newspaper-to-bioethanol
process with oxidative lime pre-treatment and a lower enzyme loading (72 mg/g glucan,
equivalent to 12 FPU/g glucan) is more economically competitive than that with a higher

enzyme loading and without pre-treatment (i.e.160 mg/g glucan).
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Table 4.14 Comparison of bioethanol production (office paper and newspaper) with and without pre-treatment using Cellic Ctecl.

OP? without ~ OP with dilute NP without NP with oxidative lime NP without pre-treatment
pre-treatment acid pre-treatment  pre-treatment  pre-treatment (higher enzyme loading)
Conditions
Feedstock rate (dry metric ton/day) 2000 2000 2000 2000 2000
Initial solid loading 20% 30% 20% 30% 20%
Pre-treatment - Dilute acid, 0.5% - Oxidative Lime, 1.875% -
(W/w) HzSO,, (w/w) Ca(OH)y, 7.1 bar
220°C, 2 min (absolute) 0,,140 °C, 3 h
Enzymatic hydrolysis 160 mg/g 120 mg/g glucan, 96 mg/g 72 mg/g glucan, 160 mg/g glucan, 72 h
glucan, 72h  72h glucan, 72 h 72 h
Bioethanol yield (l/ dry ton feedstock) 343 419 141 290 212
Bioethanol production (million I/ year) 240 294 91 203 148
Cost
Installed equipment cost breakdown (million £)
Blending/Pre-treatment 1.3 16.5 1.3 27.3 1.4
Product recovery 17.7 18.5 18.3 22.3 18.8
Waste water treatment 7.4 6.1 5.3 4.3 6.5
Combustor/boiler/turbogenerator 29.9 24.6 47.9 38.3 42.7
Utilities 6.7 13.7 13.6 19.9 9.8
Total installed equipment cost (million £) 90.2 103.8 115.1 128.8 105.8
Total project investment (million £) 157.3 181.1 194.6 224.7 184.4
Non-feedstock costs (million £) 8.70 8.3 4.13 9.2 5.6
Waste disposal (including gypsum) (million £) 4.9 121 2.8 19 3.6
Surplus electricity (£/1) 0.009" -0.006" 0.375 0.129 0.184
Imported steam (kg/ I) - 3.84 - 0 -
Bioethanol MESP (£/1) 0.32 0.31 0.50 0.31 0.35

Note:  OP-Office paper, NP- Newspaper; ° a negative value means electricity is needed.
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4.4 Comparison of bioethanol from waste papers with petrol

4.4.1 Comparing bioethanol and petrol price

In order to determine the degree of competitiveness for the bioethanol industry, it is
important to compare the derived bioethanol costs with petroleum prices (premium unleaded
petrol). The minimum price of bioethanol at pump is comprised of the MESP, the
transportation and distribution cost as well as the tax. In the comparison of bioethanol with
petrol, the MESPs are converted to the petrol equivalent based on that 1 litre of bioethanol
replaces around 0.68 litres of petrol due to their different energy contents (21.2 MJ/L for
bioethanol and 31.2 MJ/L for petrol). Figure 4.9 shows a summary of the pump price of
bioethanol produced from various waste papers using two enzyme alternatives and with
alternative pre-treatment technologies. The average price of premium unleaded petrol in 2009
in the UK is used as a reference.
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Figure 4.9 A summary of the pump price of bioethanol produced from various waste
papers. (Note CB- cardboard, OP- office paper, MG- magazine, NP- newspaper; CN-
Celluclast 1.5L/Novozyme 188, CT1- Cellic Ctec 1; and OPAC- office paper with dilute acid
pre-treatment, NPOL- newspaper with oxidative lime pre-treatment; the bioethanol is petrol
equivalent)

With the exception of magazine paper, the overall pump prices of bioethanol produced from
waste papers are close to that of petrol. Bioethanol from cardboard, office paper with and

without dilute acid pre-treatment, and newspaper using Cellic Ctec 1 are economically
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competitive with the petrol price at pump, demonstrating a greater economic feasibility of
bioethanol produced from waste papers. However, the pre-tax MESPs (petrol equivalent) of
all bioethanol derived from waste papers are higher than the petrol pre-tax price. That means
that the economic competiveness of bioethanol to petrol is favourable under the assumptions
modelled because of the lower fuel tax (fuel duty of 0.352 £/I and 15% VAT) when compared
to petrol (fuel duty of 0.562 £/l and 15% VAT).

4.4.2 The impact of decreasing plant capacity

In all cases studied, the plant capacity was assumed to be 2000 dry tonne per day (83.3 dry
tonne per hour), which is recognised as being at a commercially favourable scale. However,
knowledge in pilot scale (100 dry tonne/day) and demonstration scale (200 and 500 dry
tonne/day) for feasibility study. Thus, an investigation in the impacts of decreasing plant
capacity on the bioethanol price at the pump (including fuel duty and tax) was performed
here. The waste paper transportation distance is assumed to be unaffected by the plant scale.
The MESPs of bioethanol production from various waste papers using Cellic Ctec 1 at

different plant capacities are shown in Figure 4.10.

The bioethanol price at pump is sharply decreased with increasing plant capacity in the range
of 100 and 500 dry tonnes per day. This trend becomes less significant gradual when the
plant capacity is over 500 dry tonne per day. Magazine derived bioethanol is less competitive
than bioethanol produced from other waste papers as well as petrol regardless of the plant
capacity. When the plant capacity is over 1000 dry tonnes per day, office paper-derived
bioethanol becomes economically competitive with petrol. However, the methodology of
pricing bioethanol will depend on the size of the total bioethanol market, political support
(government subsidy) and the availability of feedstocks locally. Consideration of these

factors will influence the investor’s decision on the size of the bioethanol plant.
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Figure 4.10 The pump price of bioethanol produced from various waste papers using
Cellic Ctec 1 at different plant capacities. Petrol price at pump (in 2009) is shown as
reference.

4.5 Sensitivity analysis

Assumptions made on cost and process parameters are influential factors for the MESP
estimation. A sensitivity analysis is essential to assess these influences. The analyses are
classified into two: cost-parameter and process-specific sensitivity analysis. The cost-
parameter sensitivity analysis studies the impact of raw material cost, electricity credit,
enzyme price and capital investment on the MESPs (Section 4.4.1). The process-specific
sensitivity analysis investigates the influence of fermentation efficiency, anaerobic digestion

and pre-treatment performance on the MESPs (Section 4.4.2).

4.5.1 Sensitivity analysis on cost parameters

The cost parameters included in the sensitivity analysis are listed in Table 4.15. They vary
over a range of values and the change in MESPs are recorded in a spider diagram (Figure
4.11) where the change in the result is shown as a function of the percentage change in the
parameters. The baseline case studied here is the newspaper-to-bioethanol process using

Cellic Ctec 1 at the enzyme loading of 160 mg/g glucan (12.5 FPU/g glucan).
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Table 4.15 Cost parameters included in sensitivity analysis.

Parameters % Variation related to Remark References
baseline case
Min Max
Total capital 0.7 1.3 A range of +/-30% was (Slade, 2009)
cost considered sufficient to cover
uncertainties in capital cost
Cost of waste 0.5 15 A range of +/- 50% obtained in  (WRAP, 2010b)
papers the survey of waste papers price
in the UK
Enzyme cost 0.5 1.5 A range of +/- 50% was (Slade, 2009)

considered reasonable given the
uncertainties in the costs of
enzyme production

Surplus 0.9 1.2 A range of - 10% to + 20% (Department of
electricity price obtained in the survey of the Enegry and
electricity price for the UK Climate Change,
2011)

The results of the sensitivity analysis are similar for all other waste papers (data not shown).
In Figure 4.9, lines that rise from the left to the right show a positive correlation between the
result and a change in input parameter and vice versa. The gradient indicates the extent of
impacts of these parameters on results: the steeper the line, the greater change in that
parameter will affect the result. The length of the line indicates the range of the parameters
change over. It is shown that total capital cost, electricity price and biomass cost have great
influence on the results. Capital cost affects the MESP significantly and is in a closer range of
uncertainties when compared to enzyme and biomass cost. In contrast, the enzyme cost has
relatively little impact on the MESP though it is highly uncertain. This can be explained by
the MESP breakdown shown in Figure 4.7. Enzyme cost contributes a relatively small
fraction of the overall process cost and therefore, the influence of quite a wide range of
change in enzyme price is small. The surplus electricity price is negatively correlated to the
MESP because the surplus electricity brings in credits which lower the MESP. This
parameter varies over a limited range of values; however, it has a great impact on the MESP.
These results indicate that it is important to secure a low cost supply of waste paper
feedstocks, keep capital costs to a minimum and also have access to high prices for the

surplus electricity produced.
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Figure 4.11 The sensitivity of newspaper-derived bioethanol MESP to changing input
cost parameters. (Cellic Ctec 1 at the enzyme loading of 160 mg/g glucan)

4.5.2 Sensitivity analysis on process parameters

In this section, a sensitivity analysis on process parameters was performed on base cases of
waste papers-derived bioethanol production using Cellic Ctec 1 and on state-of-the-art cases
including pre-treatments. Table 4.16 lists the detailed parameter values used in this sensitivity

analysis.

For saccharification, the solids loading of 15% (w/w) was successfully achieved in
saccharification experimentally and is used in baseline scenarios. A higher boundary of 20%
(w/w) is used in the sensitivity analysis according to the maximum consistency of the pulper
(18% +/- 2% w/w). The pulping time for this solids-loading is estimated as 30 minutes and
energy consumption is 15 kW dry tonne (Fabry and Carre, 2002). On the other hand, 10%
(w/w) is selected as a lower boundary in the sensitivity analysis. Assumptions of achieving

the same sugar yields at these various solid loadings are made.

For fermentations, xylose conversion efficiency was reported varying from 76% to 80%
while those for mannose, galactose and arabinose are varied from 0 to 40% (Humbird and
Aden, 2009). The data used in the baseline scenarios are the upper bound of these

experimental data ranges. The minimum values used in the sensitivity analysis are the lower
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bounds of the data ranges while the maximum values used are 85% which are projected to be
achievable in 2012 by NREL (Aden, 2002).

For anaerobic digestion, the range of efficiency data in Table 4.4 indicating the performance

of the waste water treatment is used in this sensitivity analysis.

For office paper with dilute acid pre-treatment, the data range of xylan conversion efficiency
is adopted from the updated NREL report (Humbird and Aden, 2009). For newspaper with
the oxidative lime pre-treatment, the data predicted by a kinetic model was in the range of +/-
10% of experimental data (Sierra et al., 2011). Therefore, this range is used in the sensitivity

analyses of the xylan conversion efficiency and the fraction of lignin dissolved.

Table 4.16 Process parameters used for sensitivity analysis.

Parameter Value References
Min Used in baseline Max
scenarios

Saccharification

Solid loading 10 15 20 (Fabry and Carre, 2002,
Fan and Lynd, 2007)

Fermentation

Xylose fermentation 76 80 85 (Aden, 2002, Humbird
efficiency % and Aden, 2009)
Other sugars fermentation 0 40 85

efficiency %

Anaerobic Digestion

COD removal % 85.5 87 90 (Good et al., 1982,

Biogas L / kg COD removed 230 279 313 Callander et al., 1986,
Callander et al., 1987)

Office paper with dilute acid

pre-treatment

Xylan conversion efficiency to 33 75 90 (Aden, 2002, Humbird

xylose in pre-treatment % and Aden, 2009)

Newspaper with oxidative lime

pre-treatment

Xylan conversion efficiency to 0 10 20 (Chang et al., 2001, Sierra
xylose in pre-treatment % etal., 2011)
Fraction of lignin dissolved % 10 20 30

The results of the sensitivity analysis are shown in Figure 4.12. The MESPs of all waste
papers-derived bioethanol are sensitive to the variation in the solids loading in
saccharification. The MESPs of bioethanol are decreased by up to 20% when the solids
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loading increases to 20%. That is due to 1) the reduction in energy consumption for
distillation attributing to the more concentrated bioethanol product stream, and 2) the reduced
capital costs because of the smaller capacity of waste water treatment. In contrast, the MESPs

of bioethanol increase by up to 40% when the solids loading is lowered to 10%.
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Figure 4.12 The sensitivity analysis on process parameters for base cases and state-of-
the-art cases. (Note: Cellic Ctec 1 used for all processes; saccharification conditions for
cardboard, magazine, office paper, newspaper and office paper with dilute acid (DA) pre-
treatment are 120 mg/g glucan enzyme loading and 72 h saccharification; that for newspaper
with oxidative lime (OL) pre-treatment is 72 mg/g glucan enzyme loading and 72 h
saccharification)
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For fermentation and anaerobic digestion, the MESPs of bioethanol from office paper without
and with pre-treatment are not sensitive to changes in these two processes. This is because
office paper has negligible amount of mannose, arabinose and galactose and consequently the
variations in fermentation efficiencies of these sugars will not affect the MESPs significantly.
Similarly, due to the low contents of these sugars and the relative high fermentation
efficiencies of glucose and xylose, the amount of organics flowing to anaerobic digestion is
low. Therefore, the impact caused by variations in anaerobic digestion performance is
insignificant. For the other three types of waste paper without pre-treatment and newspaper
with oxidative lime pre-treatment, MESPs are more sensitive to fermentation efficiency and
less sensitive to anaerobic digestion performance. The fermentation has the most significant
impact on the MESPs of magazine-derived bioethanol: its MESP is reduced by 8% when
conversion efficiencies of sugars except for glucose reach 85%. The influence of anaerobic
digestion performance on the MESP for all types of waste papers without pre-treatment

varies but was in a small range of +/- 3%.

It is also found that the variation in technology adopted will affect the choice of preferable
waste paper feedstock for the bioethanol production. For example, cardboard is also
becoming a preferred feedstock in addition to office paper under the condition that higher

solids loading of enzymatic hydrolysis is achieved.

For newspaper with oxidative lime pre-treatment, the MESP of bioethanol is more sensitive
to the fraction of lignin removed when compared to xylose yield in pre-treatment. This is
because the more lignin removed, the less heat can be produced and therefore the less surplus

electricity generated.

Overall, among these process parameters studied the solids loading is the most sensitive

factor for the MESPs of waste papers-derived bioethanol.

4.6 Discussion and Conclusions

Economic evaluations on base cases (i.e. bioethanol production from various waste papers)
and two state-of-the-art cases (i.e. office paper-to-bioethanol with dilute acid pre-treatment
and newspaper-to-bioethanol with oxidative lime pre-treatment) were performed based on
experimentally generated data for sugar yields. The outcomes are summarised and discussed

below:
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1. In the newspaper-to-bioethanol process, the effect of several parameters: alternative ways
of dealing with distillation bottoms, enzyme loadings and enzymatic hydrolysis residence
times on the MESP were investigated. Evaporators are recommended to be removed,
resulting in a lower MESP because the reduction in capital costs can overcome the increased
operating costs of waste water treatment as a result of the removal of evaporators. Conditions
for the enzyme loading of 160 mg/g glucan (Celluclast 1.5L/Novozyme 188) and 72 h
saccharification residence times gives newspaper-to-bioethanol production a lowest MESP of
0.40 £/1; therefore they are applied in other base cases.

2. A cost breakdown analysis for the above process reveals: the main contributors to the gross
MESP are biomass (61%), the combustor and electricity generator area (30%), the product
recovery area (17.1%) and the enzyme cost (13.2%). The gross MESP over 100% is offset by
the negative contribution from the electricity generated (-79%). These findings are supported
by an economic analysis on corn sotver-based bioethanol production by Tao and Aden (2009)
that biomass cost is the dominant contributor and responsible for 34% of the net MESP while
enzyme cost accounts for 7% of the net MESP. Considerable contributions to the net MESP
are found for the saccharification area (15.1%) and the fermentation area (10.1%). This
suggests a possible combination of these two steps as SSF may be helpful to reduce costs.
This suggestion is supported by a techno-economic evaluation on softwood based bioethanol
production where SSF reduced bioethanol production cost by 11% when compared with SHF
(Wingren et al., 2003).

3. Among bioethanol produced from four types of waste paper, the office paper-to-bioethanol
scenario had the lowest MESP of 0.38 £/I using Celluclast 1.5 L/Novozyme 188 and 0.32 £/I
using Cellic Ctec 1 (with 2009 as the reference year). This presents office paper as potentially
the most beneficial feedstock for bioethanol from waste paper. Utilisation of Cellic Ctec 1
with its lower price which achieves higher sugar yields when compared to the conventional
enzyme mixture (Celluclast 1.5L/Novozyme 188) introduces considerable reductions in the
MESPs of waste paper-derived bioethanol. As a result, bioethanol from waste papers except

for magazine paper are economically competitive with petrol at pump prices.

4. Two state-of-the-art cases were undertaken for newspaper and office paper by including
pre-treatments which intend to enhance the bioethanol yields. With the dilute acid pre-
treatment, the annual bioethanol yield from office paper can achieve 419 litres per dry tonne

but without a significant reduction in its MESP (0.01 £/1). This is because the increased
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capital costs, additional cost for process heat, and the extra gypsum disposal cost would
counterbalance the benefits from increasing the bioethanol yield. With oxidative lime pre-
treatment, the MESP was reduced by 38 % under the conditions of enzyme loading of 72 mg
enzyme/g glucan and 72 h enzymatic hydrolysis residence time to 0.31 £/I. This is as a result
of benefits brought from the greater bioethanol yield overcoming the increase in expenses of

additional chemicals and capital costs.

The MESPs of bioethanol produced from waste papers using two alternatives are in the range
of 0.32 £/l (0.46 $/1) to 0.75£/1 (1.09 $/I) which is consistent with those for bioethanol
produced from other lignocellulosic biomass varied from 0.57 $/I to 1.17 $/I (Sassner et al.,
2008, Humbird and Aden, 2009, Dutta et al., 2010).

5. A comparison of the prices at the pump of waste paper-derived bioethanol and petrol
shows that the bioethanol from waste papers using Cellic Ctec 1, except for the magazine
papers, are economically competitive with petrol. Their minimum prices at pump for
bioethanol (petrol equivalent, in 2009) are in the range of 0.98 £/L to 1.71 £/L. These results
also suggest that office paper and cardboard are more favourable as bioethanol feedstocks

than newspaper and magazine.

6. The sensitivity analysis of the MESPs on cost parameters shows that MESPs are sensitive
to capital cost, biomass cost and surplus electricity selling price. These conclusions suggest
that it is important to secure a cheap waste paper source, to minimise the capital investment
and to sell surplus electricity at a higher price to enhance the economic competitiveness of
waste paper-derived bioethanol. For example, the utilisation of mixed waste paper before

sorting with a lower quality but also a lower price may be favourable.

7. The sensitivity analysis on process-specific parameters (i.e. solids loading, fermentation
efficiency, anaerobic digestion and pre-treatment performances) shows that the solids loading
has a more significant influence than fermentation efficiency or AD efficiency on the MESPs
of bioethanol from waste papers. This suggested that finding ways to increase solids loading
will make a considerable positive contribution to reducing bioethanol price. However, the
consequence of an increase in the solids loading on saccharification efficiency has not been
considered in this sensitivity analysis. Therefore a more detailed experimental demonstration
of these parameters is suggested for future refinement. For newspaper with oxidative lime
pre-treatment, the degree of lignin removal is found to affect the MESP more significantly
than xylose yield during the pre-treatment.
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Overall, this chapter has described the results and findings from a detailed economic
feasibility analysis of bioethanol production from various waste papers. It shows cardboard,
office paper and newspaper derived bioethanol using enzyme Cellic Ctec 1 can be
economically competitive with petrol at pump prices (2009). State-of-the-art case studies
suggest that pre-treatments will enhance the economic feasibility of bioethanol. Sensitivity
analyses point out that variations in selected cost and process parameters would influence the
economic performance of bioethanol production and suggestions for the potential process

improvements are made.

This research has been focussed on waste paper-to-bioethanol system. Taking a wider
perspective on overall options for the management of waste paper, a comparison of the
economic variability of bioethanol production, paper recycling and paper incineration for
electricity or/and heat generation is suggested to be of considerable future interest for both
researchers and policy makers.
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Chapter 5 Life Cycle Assessment (LCA) of

bioethanol production from waste papers
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5.1 Introduction

As introduced in Chapter 1, LCA is a promising approach for assessing the environmental
sustainability of bioethanol and has been used in many studies to evaluate the potential of
different lignocellulosic feedstocks, to screen new bioethanol production technologies, to
identify the key contributor to the environmental profile of bioethanol, and therefore to
address the potential improvements (Sheehan et al., 2003, Spatari et al., 2005, Gabrielle and
Gagnaire, 2008, Gnansounou et al., 2009, Stichnothe and Azapagic, 2009, Gonzélez-Garcia
et al., 2010, Stephenson et al., 2010). During reviewing these literatures, some key
parameters potentially affecting outcomes from LCAs are also discovered such as the type of
biomass, scope of study, system boundary, allocation method, and impact categories
considered. They are suggested ought to be properly defined and closely compatible with the
goal of the LCA study. Furthermore a sensitivity analysis is also recommended to assess the

potential effects of these parameters on LCA results.

In this Chapter, energy, water and carbon balances of bioethanol production processes are
firstly introduced in Section 5.2.1. Then section 5.2.2 defines the goal of the LCA study, the
production system boundary and covers most of general requirements for conducting a LCA
study. Based on information obtained from process models and data from the public domain,
the inventory for whole life cycle of bioethanol was generated and analysed (Section 5.3.2.3).
An impact assessment was then carried out to assess the environmental profile of bioethanol

production from various waste papers (Section 5.3.3).
5.2 Methods

5.2.1 Energy analysis, water and carbon balance of bioethanol production
process

5.2.1.1 Energy balance analysis

An energy analysis was performed to calculate the energy efficiency which is defined as the
proportion of the energy available in the products (bioethanol and co-produced electricity) to

the maximum energy potential available from the waste paper feedstock. In energy balance

analysis, other energy inputs besides biomass feedstocks are also included.

Three contributions are considered in the potential energy of the material streams (Aden,
2002):
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e A chemical potential energy defined as its higher heating value (HHV) at a reference
temperature of 25°C.

e A sensible heat effect to account for its process temperature being different from this
reference temperature (i.e. well water).

e A latent heat effect to account for a volatile component being in a phase condition
difference from its phase condition at the reference temperature (i.e. cooling tower

water)
5.2.1.2 Water and mass balance

Large amounts of water are consumed throughout the waste paper-to-bioethanol process.
Detailed water balances for the main processes and the entire plant in the newspaper-to-
bioethanol production using Cellic Ctec 1 were derived from the ASPEN simulations.

The moisture content of newspaper was measured as 7.25% of as received weight (see
Chapter 2, Section 2.3.4). The information about the water content of enzymes is confidential
and provided by Novozymes A/S, Denmark (Nielsen, 2010a). The water content of corn
steep liquor is 46% (w/w) (White and Johnson, 2003).

The term of ‘water difference’ is calculated by subtracting output water flow from the total of
input water flow and water consumption/generation. Water balance closure is the proportion
of output water flow out of input water flow. Similarly, the term of ‘mass difference’ is the
difference between total input and total output mass flow. Mass balance closure is expressed

as the percentage of output mass flow of input mass flow.
5.2.1.3 Carbon balance

Carbon balance is conducted via carbon counting based on mass flow derived from ASPEN
PLUS simulation and reaction stoichiometry. Carbon content of components in streams was

estimated based on their formula.

The carbon contents of polymeric and monomeric hexose were calculated as 44.4% and 40%
(formula (C¢H100s)n and CgH1206). Those of polymeric and monomeric pentose were 45.4%
and 40% (formula (CsHgO4), and CsH100s). Lignin was estimated to contain 60% C (ECN,
2010). Corn steep liquor composition is listed in Table 5.1 (White and Johnson, 2003). C
contained in protein was estimated as 54.6% based on the formula C1H240sN4 (Rittmann and

Mccarty, 2001). C in phytic acid was calculated as 11% (formula C¢H150,4P¢) and lactic acid
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(formula C3HgO3) 53.3%. Composition of oil in corn steep liquor was derived from the
Phyllis database (76% C content dry basis) (ECN, 2010). C contained in the enzyme was
calculated as 24% based on the information provided by Novozymes A/S, Denmark (Nielsen,
2010a). C in Z. mobilis was estimated as 34.7% (formula CHig OpsNo2) (Wooley and
Putsche, 1996).

Table 5.1 Corn steep liquor composition.

Major components Percentage composition % dry weight
Ash 17

Crude protein 47

Oil 0.4

Lactic acid 26

Phytic acid 7.8

Reducing sugars (as dextrose) 2.5

Total Carbon 41.7

Total Nitrogen 7.5

The amount of carbon dioxide generated by fermentation was estimated based on the reaction
stoichiometry. In anaerobic digestion, the average process data (87% of COD removal and
biogas yield of 279 L/kg COD removed) were used in the process design (Chapter 4, Section
4.2.1.2). The carbon balance closure was calculated as the quantity of output carbon divided

by the input carbon expressed as a percentage.
5.2.2 LCA modelling methods
5.2.2.1 Goal

The goal of this study was to determine the environmental profile of bioethanol production
from various waste papers through several scenario studies including product systems using

enzyme alternatives and involving pre-treatments.
5.2.2.2 Scope
5.2.2.2.1 Function of product system and Functional unit

The functional unit for LCA of bioethanol production system is ‘1 kg bioethanol produced
from waste paper used to drive a Flexible-fuel vehicle (FFV)’. A compact passenger car is

used as the reference vehicle type.
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5.2.2.2.2 Product system and system boundary

The bioethanol production system and unit processes are presented in Figure 5.1. The
detailed unit processes specific to an individual life-cycle-phase are considered in detail in
subsequent sections. The following unit processes are included in the system boundary: (1)
collection and transport of waste papers, (2) conversion of waste papers to bioethanol and
electricity, (3) distribution of bioethanol to retail fuelling station, and (4) use of bioethanol in

the form of E100 in a flexible-fuel, light-duty passenger car.

Waste paper
Collection
Energy Sorting Byproduct
Water G Waste to treatment

Transportation

Infrastructure —E> G —E> Emissionsto air

Raw materials issi
Conversion Emissionsto water
Intermediate @ Emissions to soil
products
Ethanol
distribution
End use

Figure 5.1 Diagram for whole life cycle of bioethanol produced from waste papers.
(Dotted line indicates system boundary and solid lined boxes shows unit processes)

It is assumed that the waste paper feedstocks are post-consumer wastes and, therefore, the
environmental burdens associated with the upstream processes for the original paper
production and use are not included within the bioethanol system boundary. This assumption
is consistent with other LCA studies of biofuel produced from waste papers (Stichnothe and
Azapagic, 2009, Mu et al., 2010). Combustion emissions for fuels in a representative FFV
were derived from the literature and were included within the system boundary. Manufacture,

maintenance and disposal of the FFV were excluded from the system boundary. The full life
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cycle assessment of waste papers derived bioethanol can be considered as being on a ‘Cradle

-to-grave’ basis.

The inputs for the bioethanol production system include raw materials, process energy, and
process water, etc. The outputs contain final product, co-product, emissions to air, water and
soil. Environmental burdens associated with human labour and land use were excluded from

the system boundary.
5.2.2.3 Allocation procedures

In the present study, multiple products were produced (bioethanol and exported electricity),
therefore, an allocation procedure was applied to share upstream environmental burdens
amongst these products. The 1ISO 14040-44 series recommends avoiding allocation whenever
possible either through subdivision of certain processes or by expanding the system to
include the additional functions related to the multi-products (ISO 14040, 2006). If ‘avoiding’
allocation is not possible, the ISO series recommends using methods that reflects the physical
relationship such as mass and energy content or other relevant variables, such as economic

value of the products (Guinée, 2004) .

For some inputs, whose inventory data were adopted from the Ecoinvent database (e.g. petrol,
corn steep liquor, etc.). The allocations were taken as currently implemented in the Ecoinvent

database.
5.2.2.3.1 System expansion

In the case where excess electricity is generated in addition to the bioethanol, the allocation
method of ‘system expansion’ was employed. It was assumed that this electricity would

substitute the corresponding amount supplied by the National Grid.

For enzyme production, inventory data from Novozymes A/S Denmark and the allocation
methods used is ‘system expansion’ where the allocation is not avoided (Nielsen et al., 2007,
Nielsen, 2010a). For example, soy meal, which is a by-product of soybean oil, is used in
Novozyme 188 production. Therefore the usage of soy meal inducing the extra soybean oil

production will affect the marginal supplier of vegetable oil in the current market.
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5.2.2.3.2 Carbon counting

Biogenic CO; inputs and biogenic carbon-based emissions in the life cycle are special cases
that cannot be adequately allocated through economic value. Otherwise, serious
misrepresentations in the prediction of carbon sequestration and release between main and
co-products can be introduced. Therefore, a carbon counting approach was applied to
determine: (1) carbon sequestration into the waste paper (i.e. biogenic carbon from the
original woody biomass), (2) carbon sequestration into enzyme protein (i.e. biogenic carbon
from biomass derived sugar media to grow Trichoderma reesei and Aspergillus niger which
secretes the enzyme proteins), (3) carbon sequestration into other inputs containing biogenic
carbon, and (4) downstream release of these carbon atoms during subsequent product
processing and end use stages of the life cycle. The C sequestered into the relevant input
material flows are calculated based on their carbon content and expressed as CO,. This
‘sequestered’ carbon thus represents a ‘negative’ GHG (greenhouse gas) balance on a ‘cradle
to-grave’ basis and may be released ultimately back to atmosphere or other locations in

environment in various ways (e.g. CO,, CO, CH4 and TOC, etc.).
5.2.2.4 Data categories

The data categories in this study include: (1) raw material inputs, e.g. CO, from the
atmosphere, cooling or process water, (2) Energy inputs or outputs such as coal, natural gas,
electricity, (3) Intermediate products, e.g. corn steep liquor, diammonium phosphate (DAP),
sulphuric acid, urea and sodium hydroxide, (4) Final product and co-product, such as
bioethanol and electricity, (5) Emission to air, water and soil: CO,, NOx etc., and (6) Waste

to be treated e.g. gypsum to landfill.
5.2.2.5 Criteria for initial inclusion of inputs and outputs

Production of inputs (i.e. process energy) or receiving of the outputs (i.e. landfill of gypsum)
were also included. However, not every input and output can be modelled (1SO 14041, 1998).
Therefore, criteria for inclusion of inputs and outputs in this study were: (1) Data availability.
Data unavailable for inputs/outputs are defined as missing data. (2) No specific cut-off rule
(e.g. 2% by mass). In other words, as much relevant data as possible for the product systems

were sought and 95- 98% of the mass and energy flow for all systems was achieved.
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5.2.2.6 Data quality requirements

Data quality parameters used in the present study are as defined in ISO standard (ISO 14049,
2000):

(1) Time related coverage: the reference years in this study are 2008-2011. Primary data
collected from companies are less than 5 years old prior to 2008 while secondary data from
public domain are generally within 10 year prior to 2008.

(2) Geographical coverage: site-specific primary data were collected via consultation (i.e.
enzyme production inventory data). UK sources were preferred for secondary data, EU or

global data was used where UK data is not available.

(3) Technology coverage: primary data was from defined manufacture processes via
consultations, laboratory scale and/or software associated process simulation (data
development). Secondary data was from government reports and trade associations. Where
neither was available, a different technology was used as a surrogate.

5.2.2.7 LCIA methods

Characterisation is used to assign LCI results to environmental impact categories and presents
the outcome in the form of a numerical indicator results. Normalisation is used to calculate
the magnitude of the diverse category indicator results relative to reference information.
Detailed introduction on LCIA approaches and characterisation models have been included in
Chapter 1.

The CML 2 baseline 2000 V2.05 factors were used as the ‘default’” method which includes
the following impact categories:

e Abiotic depletion potential: the consumption of non-living natural resources
(including energy resources) such as minerals or crude oil. Reference unit: kg
antimony equivalents.

e Global warming potential: effects of air emissions on heat absorption in the
atmosphere, expressed as global warming potential (GWP) using a hundred years
timeframe (GWP 100). Reference unit: kg CO, equivalent.

e Ozone layer depletion (ODP) potential: emissions with the potential to adversely

impact the stratospheric ozone layer. Reference unit: kg CFC-11 equivalents.
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e Human toxicity: emissions which can impact human health. Reference unit: kg 1,4-
dichlorobenzene equivalent.

e Ecotoxicity potential (fresh water/marine aquatic/terrestrial): measured separately for
each of the ecosystems. Refers to the toxicity of emissions to the three discrete
environments.

e Photochemical oxidation potential (POCP): potential of pollutants such as volatile
organic compounds (VOCs) and nitrogen oxides (NOy) to generate ozone. Reference
unit: kg ethylene equivalents.

e Acidification potential: environmental damage caused by acidic compounds, formed
from pollutants such as sulphur oxides. Reference unit: kg SO, equivalents.

e Eutrophication potential: accumulation of nutrients such as nitrates and phosphates in
water, which enhances biomass formation and reduces oxygen concentration.

Reference unit: kg PO,4 equivalents.

In the present LCIA, Marine Aquatic Ecotoxicity, was excluded from the impact categories
because problems with biased normalisation results have been reported in the past (Heijungs
etal., 2007).

Another LCIA method, Eco Indicators 99 (a damage-oriented approach), was also applied to
analyse the sensitivity of the LCIA results to the LCIA method choice. The indicator for land

use was excluded from Eco Indicator 99.

5.3 Results

5.3.1 Energy analysis, water balance and element tracing

5.3.1.1 Energy analysis

It should be noted that the liquid water in the process has a zero contribution to the chemical

potential energy of any steam since the HHV used as a reference.

Figure 5.2 shows a scheme of energy flow in and out of the bioethanol production process
using newspaper-to-bioethanol (Cellic Ctec 1) as an example. The negative energy flow
values are due to their negative heat of combustion (i.e. heat is required to convert sulphuric
acid to its combustion products). Process steam and electricity generated in the plant are
sufficient for the overall process. The combined energy value of the bioethanol and by-
product electricity produced is 39% of the HHV of the waste newspaper feedstock input. The
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energy loss from combustion exhaust (flue gas) and the cooling tower is relatively large at
about 45% of the feedstock HHV value. These suggest a substantial potential for improving

the energy recovery system.

0.7% -0.6%
Waste newspaper Paper slurry Hydrolysate

100% : 100% Enzymatic 101% -
—C> Pulpin —C> . _|:> Fermentation
Ping hydrolysis

Broth
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Enzyme | H,SO, Nutrients
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Ambient vent 4.5% <——————— BHEEE LR K }— Distillation Etf;anol
treatment Distillation bottom S025
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l Total
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Waste water treatment 0.3 % <]
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Figure 5.2 Energy analysis of the newspaper-to-bioethanol using Cellic Ctec 1 process. (%
represents the energy of stream from the HHV of waste newspaper feedstock)

Figure 5.3 represents a comparison of energy efficiencies of bioethanol production from
various waste papers using two enzyme alternatives. The left column shows the waste
papers-to-bioethanol production using Celluclast 1.5L/Novozyme 188 while the right one is
the process using Cellic Ctec 1. Overall, Cellic Ctec 1 improves the energy efficiency through
higher levels of conversion of carbohydrates to bioethanol rather than combusting
unrecovered materials to generate electricity. The relative ‘inefficiency’ is because of the
relatively low combustion efficiency and heat loss as well as work loss during combustion
and in the turbine/generator. For various types of waste paper, office paper achieved the
highest overall energy efficiency (50% for Celluclast 1.5L/Novozyme 188 and 65% for
Cellic Ctec 1) while the magazine paper had the lowest (30% for Celluclast 1.5L/Novozyme
188 and 32% for Cellic Ctec 1). Similarly, this is due to the delivery of high bioethanol yields

from office paper but low yields from magazine paper.
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Figure 5.3 A comparison of energy efficiencies of bioethanol production from various
waste papers using two enzyme alternatives. (Note CB-cardboard, MG-mgazine, OP-office
paper, NP-newspaper, CN-Celluclast 1.5L/Novozyme 188, and Ctecl- Celli Ctecl)

5.3.1.2 Water balance

Table 5.2 represents the major water inputs and outputs to the overall newspaper-to-
bioethanol plant. The water consumption and generation in major processes are also listed in
Table 5.2. Well water is used to make up cooling tower evaporative water, input water to
process and boiler feed water. Water consumed in saccharification is because of the
hydrolysis reactions that converts polymeric sugar to monomeric sugars. The oxidation
reactions of carbohydrates in aerobic digestion and during combustion also generate water.

The overall mass and water closures are over 99%.
5.3.1.3 Carbon balance

Figure 5.4 represents carbon balance of newspaper-to-bioethanol production using Cellic
Ctec 1. Major exiting carbon flows are combustion exhaust (69%), bioethanol (21%) and
scrubber vent (10%). Due to the large amount of lignin, carbohydrates residue and biogas
being combusted, over 99.9% of carbon flow is attributed to carbon dioxide while only less
than 0.1% resulted from carbon monoxide. In the scrubber vent stream, all carbon is in the
form of carbon dioxide generated from fermentation. Carbon flow in the aerobic digestion
vent is because of the formation of CO, in oxidation reactions of organic carbon. Less than 1%

ash residue from combustion represents its 0.6% carbon flow.
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Table 5.2 Newspaper-to-bioethanol plant water balance.

Total Mass Flow (kg/h) ~ Water flow (kg/h)
Process Inlet
Newspaper feedstock 89,376 6,042
Enzymes 6,314 2,904
Chemicals & nutrients 6,173 1,178
Air 420,297 5,464
Well water 202,508 202,508
Inlet total 724,668 218,096
Water consumption/generation
Saccharification -499
Combustion 29,281
Wastewater treatment 250
Water consumption/generation Total 29,032
Process outlet
Bioethanol product 13,926 78
Evaporative losses 163,875 159,815
Vents to atmosphere 533,142 84,020
Solid to landfill 13,451 1,709
Outlet total 724,394 245,622
Mass/ Water difference 274 1,506
Mass/ Water Balance closure 99.9% 99.4%

E Enzyme 1.8 ‘%

Newspaper-to-
ethanol plant

Ethanol 2194

E CSL 0.8 % >

<

0 3%
o S =
3 3 2o
c o =g
25 oo
o = > 2
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Scrubber vent
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Figure 5.4 Carbon balance of newspaper-to-bioethanol process (Cellic Ctec 1) based on
total carbon in waste newspaper feedstock.
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The carbon balance closure of this process is 99%. The model methods used in simulating
waste water treatment and treated water recycling, contribute to the small error. Anaerobic
digestion was designed using a chemical oxygen demand (COD) method for the waste water,
which only ensures the mass closure and not the component molar balance. The pure water
replacing treated water was designed to be recycled to the plant. In that case, the trace carbon

compounds exiting from the treated water mixing tank were not considered.

5.3.2 LCA of bioethanol production from waste papers

5.3.2.1 Function and functional unit

This section focuses on the bioethanol production phase of the life cycle. Therefore, LCIA

results are presented on the basis of 1 kg of bioethanol produced from various waste papers.
5.3.2.2 Product system and system boundary

The bioethanol production system starts from the collection of waste papers. 2009 was
selected as the reference year. The boundary for this unit process was specified as ‘to plant

gate’, which includes the operations shown in Figure 5.5.

Unit process
Waste paper
Collection
Energy G
Sorting Waste to treatment
Water
Infrastructure G Emissionstoai
— Transportation -
S et G Emissions to water
. Emissions to soil
Intermediate Ethanol plant
products

§ 4

Ethanol Electricity

Figure 5.5 Unit processes for bioethanol production.
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As shown in Figure 5.5, the inputs include raw materials (i.e. enzyme, nutrients, chemicals
and water), diesel consumed for transporting these raw materials and collecting waste papers
to the bioethanol plant, and infrastructure (i.e. manufacture and maintenance). The air
emissions associated with diesel combustion are CO,, CH4 and N,O etc. Though the carbon
sequestration in waste papers is the main carbon input, that in intermediate products was also
considered to ensure carbon balance of the product system. Similarly, nitrogen and sulphur
balances are also performed in order to determine the air emissions in subsequent processes

correctly.
5.3.2.3 Life Cycle Inventory (LCI) analysis
5.3.2.3.1 Inventory for waste paper collection, transportation and sorting

The inventory data for collecting, transporting and sorting waste papers was adopted from
literature. Kerbside and co-mingled are the two most commonly used waste collection
methods. Figure 5.6 shows the differences in the two waste collection systems. In the
kerbside collection method, recyclables were collected and separated in the vehicles and then
transferred to a waste transfer station where sorted material is deposited in bunkers and
bulked up for transportation. In the co-mingled system, unsorted materials are deposited in a
number of similar bunkers and bulked up for onward carriage to the material recycling
facility (MRF).

— Waste
Co he_ctllon > transfer Transport [—>
venicles stations
Co-mingled
_ Waste Material
Collection transfer Transport recycling Transport [
vehicles stations facilities

Figure 5.6 Kerbside and co-mingled waste collection systems.

In all the scenarios studied, co-mingled was selected as the waste collection method and a

sensitivity analysis on the impact of waste collection choice is presented in Chapter 7.
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Inventory data for the two collection methods published in a council report of the London
Borough of Camden with reference year 2005-2007 were adopted for this study (Metcalfe,
2008). All vehicles used in collection and transportation are trucks unless specified. Table
5.3 represents the inventory data for energy consumption in kerbside and co-mingled
collection methods from various data sources. In Metcalfe’s study (2008), the breakdown
data are also available. The diesel consumption in waste collection is based on total
recyclables. Therefore, mass allocation was applied to allocate the environmental burdens of
collection to waste papers. The weight fraction of waste paper/cardboard is 67.5% for
kerbside and 68.98% for the co-mingled method. Since bioethanol production potentials from
various waste papers are examined in the present study, a sorting step was included and the

Ecoinvent database (v2.2, EU) was used.

Meanwhile, a study including inventory data on these two waste collection systems in Aarhus
and Herning, Denmark (Larsen et al., 2009) with reference year 2006-2007 is also shown and
compared with the UK data in Table 5.3. In this study, the range of diesel consumption in
kerbside waste paper collection covers the value in the UK based study while that in co-

mingled collection is close to the UK case value.

The inventory data for transportation vehicles, electricity production (the UK average), and
infrastructure were adopted from the Ecoinvent database (v2.2, EU). The module ‘Waste
paper sorting plant (EU average)’ with an annual capacity of 33 k tonne for a 55 year life
time was used. Air emissions caused by fuel combustion in these vehicles are calculated

according the emission factors presented in Section 5.3.2.3.3.
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Table 5.3 Inventory data of energy consumption in kerbside and co-mingle waste
collection systems. (Diesel consumption per tonne waste in collection and transport sections,
electricity consumption in MRF)

(Metcalfe, 2008), UK (Larsen et al., 2009), Denmark

Energy consumption in Kerbside

Collection

Diesel L /tonne waste paper 4.68 3.4-6.6
Waste Transfer Station

Diesel L /tonne waste paper 0.5

Electricity kWh /tonne waste paper 1.39

Total

Diesel L /tonne waste paper 5.18

Electricity kWh /tonne waste paper 1.39

Energy consumption in Co-mingled

Collection

Diesel L /tonne waste paper 3.25 3.7
Waste Transfer Station

Diesel L /tonne waste paper 0.32

Electricity kWh /tonne waste paper 0.69
Waste Transportation to MRF

Diesel L /tonne waste paper 1.35
MRF

Diesel L /tonne waste paper 1.19
Electricity kWh /tonne waste paper 20.69
Total

Diesel L /tonne waste paper 6.11

Electricity kWh /tonne waste paper 21.38

5.3.2.3.2 Carbon dioxide input and other input

The biogenic carbon contents of waste papers were calculated according to their
compositions as 42.03% (dry w/w) for newspaper, 38.02% (dry w/w) for office paper, 32.40%
(dry w/w) for magazine, and 41.45% (dry w/w) for cardboard. Carbon contained in corn steep
liquor and other nutrients were calculated using their carbon containing components (Section
5.2.1.3). Carbon sequestration in terms of CO, is then estimated based on the carbon content

of all inputs.

Nitrogen and sulphur content for four types of waste paper are listed in Table 5.3. They are
varied because of different paper making process and chemicals involved. The average value

of nitrogen and sulphur content for each type of paper is used.
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N and S in enzyme were estimated as 18% and 1% based on the formula CHj 57 No2g Oo31
So.007 (Wooley and Putsche, 1996). N in Z. mobilis was estimated as 11.4% (formula CHy g
OosNo2) (Wooley and Putsche, 1996). Diammonium phosphate (DAP) contains 21.2%
nitrogen (formula (NH4),HPQO,4) while corn steep liquor has 7.5% N (Table 5.2). Urea is used

as a waste water treatment chemical that contains 46.7% N (formula CH;N0).

The inventory data for production of other inputs such as nutrient (e.g. diammonium
phosphate and urea), chemicals (e.g. lime, sulphuric acid and sodium hydroxide) and energy
inputs (e.g. electricity and heat) are derived from the Ecoinvent database (v2.2). Normally,
condensed fermented extractives combined with corn gluten feed, by-products from corn wet
milling, which are sold as corn steep liquor (Davis, 2001). It contains 20-25% protein on a
45-50% solids basis. In the production of 1 kg of maize starch, 0.39 kg of CSL is produced.
However, the economic allocation method was applied instead of mass allocation among
these by-products and main product maize flour in the present study, which is consistent with
Ecoinvent database. 8% and 78% of the total environmental burdens are allocated to corn
steep liquor and maize starch respectively except for carbon atom. The inventory data for

maize starch production was adopted from the Ecoinvent database (v 2.2).
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Table 5.3 Nitrogen and sulphur content of various waste papers.

Type of N content Scontent High Heat Low Heat References
paper (dry) % (dry) % Value (air Value (air dry)
dry) MJ/kg MJ/kg
Newspaper  0.17 0 15.87 NA (Grammelis et al., 2009)
0.1 0.2 12.70 NA (Goel, 2007)
0.11 0.03 19.3 NA (Serum et al., 2001)
0.11 0.03 NA NA (Bhuiyan et al., 2009)
NA NA NA 11.60 (lonescu et al., 2010)
NA NA NA 14.57 (Merrild et al., 2008)
Average 0.1225 0.065 15.96 13.09
Office paper 0.21 0 13.82 NA (Grammelis et al., 2009)
NA 0.25 NA NA (Wu et al., 2002)
NA NA NA 9.84 (lonescu et al., 2010)
NA NA NA 11.24 (Merrild et al., 2008)
Average 0.21 0.125 13.82 10.54
Cardboard 0.2 0 14.48 NA (Grammelis et al., 2009)
0.3 0.2 NA NA (Ahmed and Gupta, 2009)
0.2 0.1 18.235 13.69 (Goel, 2007)
0.25 0.34 NA NA (Heikkinen et al., 2004)
0.11 0.13 16.9 NA (Serum et al., 2001)
NA NA NA 12.80 (lonescu et al., 2010)
NA NA NA 15.70 (Yang et al., 2007)
NA NA NA 12.22 (Merrild et al., 2008)
Average 0.177 0.128 17.54 13.60
Magazine 0.45 0 12.34 NA (Grammelis et al., 2009)
0.1 0.1 12.65 NA (Goel, 2007)
0 0.04 NA 11.94 (Heikkinen et al., 2004)
0.14 0.05 10.4 NA (Serum et al., 2001)
NA NA NA 10.62 (Merrild et al., 2008)
Average 0.173 0.0475 11.80 11.28

5.3.2.3.3 Atmospheric emissions from fuel combustion

Here the atmospheric emissions from diesel combustion were estimated based on methods
recommended in the 2006 IPCC Guideline (IPCC, 2006a) and 2009 EMEP/EEA Guidebook
(previously referenced as EMEP/CORINAIR) (EMEP/EEA, 2009). The equation applied for
calculation of three GHGs (CO2/CH4/N20) from road transportation (> 28t lorry assumed in
this study) is:

Emission = ), Fuel; X EF; (5.1)
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Where Fuel; is fuel consumed, EF; is GHG emission factors, j is fuel type.

Other emissions were estimated based on a Tier 1 approach in the EMEP-EEA Guidebook:

Epollutant = queltype FCfueltype X EFpollutant,fuel type (5-2)

Where Eponutant is the emission of the specific pollutant; FCre type is the fuel consumption
for field operation; EFpoiuant, fuel type is the emission factor for specific pollutant for each
fuel type.

The default EFs recommended by 2006 IPCC Guideline and EMEP-EEA guidebook were
used and compared with EFs from the Ecoinvent database v2.2 (Table 5.4). The highest GHG
(CO,, CHy, and N,0) emission factors were found in the IPCC approach which assumed that
100% of the carbon present in fuel is oxidized during or immediately following the

combustion process.

Table 5.4 Emission factors (EFs) for diesel combustion in road transport. (heavy duty
lorry)

IPCC Default (2006)* EMEP/EEA (2009)°  Ecoinvent v2.2

CO; (kg/MJ) 7.410E-02 7.235E-02 7.287E-02
CH, (kg/MJ) 3.900E-06 1.464E-06 8.595E-07
N,O (kg/MJ) 3.900E-06 1.406E-06 7.244E-07
CO (kg/MJ) NA 1.843E-04 1.415E-04
NH; (kg/MJ) NA 3.456E-07 4.110E-07
NMVOC (kg/MJ)  NA 3.687E-05 2.856E-05
NOX (kg/MJ) NA 8.525E-04 7.189E-04
PM10 (kg/MJ) NA 2.765E-05 2.444E-05
PM2.5 (kg/MJ) NA 2.765E-05 1.939E-05
SO, (kg/MJ) NA 9.217E-07° 2.304E-06

Notes: * NA= not available

b Diesel net calorific value was 43.4 MJ/kg (MacLeay, 2011)

¢ All S in the diesel is assumed to be transformed completely into SO,. Typical S content in diesel was 40 mg/g (EMEP/EEA,
2009).

Emission factors of heavy metals to air derived from the EMEP-EEA guidebook were used

and compared with EFs from the Ecoinvent database v2.2 listed in Table 5.5.

Based on equations 5.1 and 5.2, atmospheric emissions for combustion of diesel in kerbside
and co-mingled waste paper collection methods are calculated and listed in Table 5.6.
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Table 5.5 Emission factors for heavy metals to air for diesel combustion in road
transport. (heavy duty lorry)

EMEP/EEA® Ecoinvent v2.2
Cadmium (kg/MJ) 2.304E-10 2.460E-10
Copper (kg/MJ) 3.917E-8 7.124E-8
Chromium (kg/MJ) 1.152E-9 1.624E-9
Nickel (kg/MJ) 1.613 E-9 2.017E-9
Selenium (kg/MJ) 2.304E-10 2.296E-10
Zinc (kg/MJ) 2.304E-8 5.547E-8
Lead (kg/MJ) 7.488E-10 2.312E-9

Note: * (EMEP/EEA, 2009)

Table 5.6 Emissions to air for diesel combustion in kerbside and co-mingled waste
paper collection methods.

Emission kg/tonne waste paper collected Kerbside Co-mingled
CO; 3.26E-01 3.85E-01
CH, 1.72E-05 2.03E-05
N,O 1.72E-05 2.03E-05
(6{0) 8.11E-04 9.57E-04
NH; 1.52E-06 1.79E-06
NMVOC 1.62E-04 1.91E-04
NOXx 3.75E-03 4.43E-03
PM10 1.22E-04 1.44E-04
SO, 4.06E-06 4.79E-06
Cadmium 1.01E-09 1.20E-09
Copper 1.72E-07 2.03E-07
Chromium 5.07E-09 5.98E-09
Nickel 7.10E-09 8.38E-09
Selenium 1.01E-09 1.20E-09
Zinc 1.01E-07 1.20E-07
Lead 3.30E-09 3.89E-09

Notes: ? Diesel density is 0.85 kg/L (MacLeay, 2011).
b Emission factors for CO,, CH,, and N,O are 7.410E-02, 3.900E-06, and 3.900E-06 respectively.

5.3.2.3.4 Inventory for enzyme production

Enzymes used in bioethanol production processes in the present study include Celluclast 1.5L
(Cellulase from Trichoderma reesei, Novozymes A/S Denmark), Novozyme 188 (B-
glucosidase from Aspergillus niger, Novozymes A/S Denmark), and Cellic Ctec 1
(cellulolytic enzyme cocktail, Novozymes A/S Denmark). Due to the lack of specific
information of the production of these enzymes, a diagram of general industrial enzyme

production at Novozymes is presented in Figure 5.7.
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Figure 5.7 Main processes of industrial enzyme production at Novozymes. (Nielsen et al.,
2007)

Four main processes are included in enzyme production at Novozymes: (1) growth of pure
micro-organisms in the nutrient medium, (2) recovery of extracellular enzymes from biomass
via separation, (3) preservation and standardisation of enzyme products by adding
formulation chemicals, and (4) production of soil improver by inactivating micro-organisms

and drying the biomass (Nielsen et al., 2007).

Enzymes are produced by micro-organisms supplied with carbohydrates (sugars and starch),
nutrients including minerals, proteins and vitamins in fermentation tanks. The extracellular
enzyme and micro-organisms in the fermentation broth are separated by centrifugation and
filtration. The concentration of enzyme in the final product is standardized by adding water,
or drying via vacuum evaporation. Electricity is required for mixing, pumping, centrifugation

etc.

The inventory data of the enzymes used in the present study were site-specific and provided
by Novozymes A/S Denmark by way of a system aggregated dataset rather than a set of unit
process-specific data due to commercial confidentiality needs (Nielsen, 2010b). The product
system is ‘cradle-to-gate’, i.e. all processes from production of raw materials to the final
enzyme product at Novozymes’ gate (Nielsen et al., 2007). The functional unit refers to the

saleable liquid form, including water and formulation chemicals. Within the enzyme
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production system boundary, machinery and infrastructure are included and land use is
excluded. The allocation approach of system expansion is used whenever applicable (Nielsen,
2010b). All significant consumptions of electricity, steam, ingredients, and water, as well as
waste treatment are included (Nielsen et al., 2007, Nielsen, 2010b).

Inventory data of ingredients and materials production used in enzyme manufacture are from
the Ecoinvent database, suppliers and the public domain. Enzyme production is an energy
intensive process. Energy sources for producing three enzyme products in the present study

are national grid, oil, natural gas and coal (Nielsen, 2010b).
5.3.2.3.5 Inventory for bioethanol production and unit processes

Figure 5.8 represents the unit processes of the bioethanol production system. Several case
studies are included in the assessment: (1) Bioethanol production from various waste papers
(i.e. newspaper, office paper, magazine and cardboard) using Celluclast 1.5L/Novozyme 188
mixture at a loading of 160 mg/g glucan, (2) Bioethanol production from various waste
papers using Cellic Ctec 1 at a loading of 160 mg/g glucan, (3) State-of-the-art bioethanol
production from office paper with dilute acid pre-treatment, (4) State-of-the-art bioethanol

production from newspaper with oxidative lime pre-treatment.

In the bioethanol production system without a pre-treatment process, received waste papers
entering the bioethanol plant are blended with water at a solids loading of 15% (dry w/w)
which is established experimentally (Chapter 4). The slurry is then pumped to the
saccharification tanks where enzymatic hydrolysis takes place. Hydrolysate containing sugars
is transferred to a fermentation area to produce bioethanol by Z. mobilis. The assumed
efficiencies of fermentation are 95% for glucose, 80% for xylose and 40% for other sugars.
The bioethanol is then purified to 99.5% in a distillation process. Solid residue (distillation
bottoms) is sent to combustor/boiler/turbine generator for producing steam and electricity.
Liquid residue from the distillation bottom goes to waste water treatment (WWT) for
generating biogas which is sent to the combustor as well. Treated water is pumped back to
the blending process and recycled in the plant. Combustion ash is assumed to be sent to
landfill.
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Figure 5.8 Main processes in bioethanol production.

In the case of bioethanol production from office paper with dilute acid pre-treatment, the wet
blending process is replaced by pre-treatment at 30% (w/w) solids loading and using dilute
sulphuric acid (0.5% wi/w) at 220 °C for 2 minutes. In this process, 7% of glucan and 75% of
xylan are projected to be converted to monomer sugars with some degradation of xylan to by-
products (8%) according to the NREL report (Humbird and Aden, 2009). The treated paper
slurry is detoxified by an overliming process by adding an excess amount of lime. The
detoxified stream goes to saccharification followed by fermentation and other subsequent

processes described above.

In another state-of-the-art bioethanol production from newspaper with oxidative lime pre-
treatment, newspaper is pre-treated with 1.875% (w/w) Ca(OH), solution under 32 bar air
pressure at 140°C for 3 hours. During this pre-treatment, 20% of lignin is projected to be
dissolved, 10% of xylan is to turned to xylose and less than 1% of glucan converted glucose
(Sierra et al., 2011). In the filtrate separation from the treated paper slurry, CO, (obtained

from fermentation) is injected to precipitate and recover 21% of CaCO3 which is projected to
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landfill while CaCl, solution is eluted to the atmosphere. Downstream processes are similar

to the other cases.

More detailed process designs of these cases are described in Chapter 4, Section 4.2.2.2.
Mass and energy balances are derived from ASPEN PLUS simulations associated with
experimental data for saccharification using two enzyme alternatives and literature data for
pre-treatments. Table 5.7a-Table 5.7c represent summaries of material and energy flows in
waste papers-to-bioethanol production system for the four cases 1-4 with a projected plant

capacity of 2000 dry tonne waste paper/day.

Table 5.7a Summary of material and energy flows in waste papers-to-bioethanol
production system using Celluclast 1.5L/ Novozyme 188 mixture. (Case study 1, 160
mg/g glucan, Unit: kg/hr if not specified)

Newspaper Office paper Magazine Cardboard

Output

Bioethanol kg/hr 12625 20589 8214 14532
Electricity kwh 36918 4045 21407 31227
Input

Paper feedstock (wet) 89375 87417 87000 88250
Well water 214943 152189 173792 198070
Purchased enzyme 6314 7844 4802 7038
Sulphuric acid 3240 12250 3910 6120
Corn steep liquor 1372 1397 1346 1377
Diammonium phosphate (DAP) 181.1 184.4 178.0 182.0
Wastewater treatment chemicals

Urea 16.2 27.7 15.5 14.3
NaOH 145.6 249.0 139.8 128.8
Lime 279.7 434.3 280.4 442.3
Waste

Ash to landfill ® 13423 23974 30343 16836

Note: # Includes combustor bottom ash, gypsum due to SO, removal and lime residue.
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Table 5.7b Summary of material and energy flows in waste papers-to-bioethanol
production system using Cellic Ctec 1. (Case study 2, 160 mg/g glucan, Unit: kg/hr if not

specified)

Newspaper Office paper Magazine Cardboard
Output
Bioethanol kg/hr 13926 22536 8973 16245
Electricity kWh 33134 1701 19184 26543
Input
Paper feedstock (wet) 89375 87417 87000 88250
Well water 202508 159216 166121 184325
Purchased enzyme 6314 7844 4802 7038
Sulphuric acid 3230 12237 3900 6107
Corn steep liquor 1383 1409 1353 1388
Diammonium phosphate (DAP) 182.5 186.0 178.7 183.5
Wastewater treatment chemicals
Urea 28.90 31.49 19.53 28.42
NaOH 260.1 283.41 175.73 255.76
Lime 268.0 419.3 225.0 427.4
Waste
Ash to landfill 13408 23946 30326 16615

Table 5.7c Summary of material and energy flows in office paper-to-bioethanol with
dilute acid pre-treatment and newspaper-to-bioethanol with oxidative lime pre-
treatment. (Case study 3, Cellic Ctec 1 at 120 mg/g glucan and 72 mg/g glucan respectively,

Unit: kg/hr if not specified)

Office paper with dilute

Newspaper with oxidative lime

acid pre-treatment

pre-treatment

Output

Bioethanol kg/hr 27553
Electricity kWh -2617°
Input

Paper feedstock (wet) 87417
Well water 249168
Purchased enzyme 5854
Sulphuric acid 14340
Corn steep liquor 1088
Diammonium phosphate (DAP) 143.4
Lime 1535
HCI -°
Wastewater treatment chemicals

Urea 8.81
NaOH 79.33
Heat, GJ/hr 362.58
Waste

Ash to landfill 23993
Gypsum to landfill © 5100

19037
31616

89375
388093
2827

1014
134

3575
6672

4.38
39.44
0

9233

Note: * Negative value indicates electricity input.

b The chemical is not used in this process.

¢ Gypsum generated due to the neutralisation in pre-treatment process.
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The inventory data of process heat required for office paper-to-bioethanol with pre-treatment
process is generated from a fuel mix of 15% coal, 82% natural gas and 3% fuel oil according
to energy statistics data from the UK Department of Energy and Climate Change
(Department of Enegry and Climate Change, 2010).

Pollutants are emitted to air mainly in fermentation and combustion of solid fuel and biogas.
Emissions were estimated based on ASPEN PLUS simulation associated with emission

factors determined via a data-mining study. These emissions include:

e CO, emission from fermentation.
e CO, and CH,4 emission from waste water treatment.

e Emissions from combustion.

CO;, generated from fermentation was estimated according to fermentation reaction

stoichiometry.

In the waste water treatment process, 87% COD removal efficiency and a biogas yield of 279
L/kg COD removed were used in modelling anaerobic digestion (Section 4.2.2.2). Fugitive
loss of methane is difficult to estimate via measurements. IPCC suggested a range between 0
to 10% of the produced methane, but also states that ‘where technical standards for biogas
plants ensure that unintentional CH, emissions are flared, CH4 emissions are likely to be
close to zero’ (IPCC, 2006b). Others estimated the average fugitive loss is 3% of the
produced methane which was used in the present case studies (Mgller et al., 2009). The 60%
of the 10% remaining carbon entering the open-top aerobic digestion is oxidised to CO,

which is emitted to atmosphere as derived from ASPEN PLUS simulation.

In combustion, CO emission due to the incomplete oxidation was estimated according to a
CO emission factor (Table 5.8). All S in the anaerobic digestion feed stream from the
feedstock and sulphuric acid were assumed to be converted to hydrogen sulphide and
completely oxidised to SO, in combustion. 1% of SO, was assumed to become sulphuric acid
(Aden, 2002). All N in the combustion feed was assumed to be converted to NOx, N,O and
harmless N,. The formation of these compounds follows a complicated mechanism and
depending on the type of combustor, feed and combustion temperature, etc. Therefore, a data-
mining study on NOx and N,O emission factors was performed to estimate their emissions
(Table 5.8).
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Emission factors for combustion were adopted from three studies in which woody biomass
was the fuel for CFBC under similar conditions to the combustion in the bioethanol
production process. The average values were used and compared with the USEPA-AP42
data of biomass fired boiler emissions (USEPA, 2003). Average emission factors of PM,
NOx, CO, and VOC are in the range of the USEPA data while those of and N,O are very
close to USEPA database value.

Table 5.8 Emission factors of biomass combustion in CFBC. (Unit: kg/GJ if not specified)

Fuel PMy NOx CO VOC N,O Reference

Wood 0.06 0.032 0.043 0.00215 NA (Beauchemin and
Tampier, 2008)

Urban waste wood + 0.012 NA 0.00015 NA NA (Grass and Jenkins,

Agricultural waste 1994)

Pruning, Urban waste ~ NA 0.082 0.00003 NA NA (Grass and Jenkins,

wood, mill waste 1994)

Pruning, Urban waste ~ NA 0.00293 NA NA (Grass and Jenkins,

wood, nuts shell 1994)

Agricultural waste, NA 0.098 0.033 NA NA (Grass and Jenkins,

mill waste 1994)

Wood bark NA 0.123 0.0127 NA 0.01 (Korhonen et al.,
2001)

Wood NA 0.1 NA NA 0.0043 (EMEP/CORINAIR,
2003)

Average kg/GJ 0.036 0.104 0.0153  0.00215 0.007

Wood 0.043 0.095 0.073 0.0073 0.006 (USEPA, 2003)

(0.0043- (0.01- (0.007-  (3.69E-10-
0.227)  0.551) 0.405)  0.009)

When compared to coal combustion, pollutant emissions from biomass combustion are
relatively low. Emission factors for NOx from coal combustion are in the range of 0.31-0.59
kg/GJ (with a concentration of 225-1300 mg/m® in flue-gases) while those for SO, are
between 0.44-1.99 kg/GJ without any control (with a concentration of 1600-2700 mg/m? in
fuel gas) (EMEP/CORINAIR, 2003). Reduction of NOx in flue-gases can be achieved by
enhancing mixing, increasing excess air and injecting ammonia. The CFBCs are normally
considered to have lower NOx and CO emissions because of better mixing and higher
combustion efficiency (Aden, 2002). The calculated NOx concentrations in flue-gases are in

the range of 95 mg/m® to 190 mg/m?®, within the limit suggested by the European Commission
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Large Combustion Plant Directive (Ritchie et al., 2005). Therefore, additional NOx emission

controls were not included for the combustion process in bioethanol production.

Due to introducing sulphuric acid to adjust the pH of waste paper slurry, the S in the
combustion feed stream (0.39% w/w dry and ash free for cardboard) is higher than for the
raw biomass (0.06% wi/w dry and ash free) but lower than coal (0.6% -6.2% w/w dry and ash
free) (EMEP/CORINAIR, 2003, ECN, 2010). However, the concentrations of SO, in flue-
gases from combustion in waste papers-to-bioethanol production are in the range of 245
mg/m? (newspaper) to 579 mg/m?® (office paper). These SO, emission concentrations exceed
the guidelines of UK Government (200 mg/m®) and are far above the newly increased
emission limit for sulphur dioxide for UK biomass plants (50 mg/ m®) (Ritchie et al., 2005,
EPA, 2011). To control SO, emission, a widely used method using lime/lime stone injection
with an efficiency of reducing of SO, emission by over 90% was adopted in all bioethanol
production cases (EMEP/CORINAIR, 2003). The suggested weight ratio of limestone
(CaCO:s) to sulphur in feed is 3:1 (UNEP, 2007). The limestone consumption, SO, removal,

and gypsum and CO; generation follow the stoichiometry below:
CaC03=Ca0+CO;, (5.3)
Ca0+S0,+1/2 O,= CaSO, (5.4)

Overall, the atmospheric emissions of combustion are normalised and expressed as kg per kg
bioethanol (Table 5.9a-5.9c¢).

Table 5.9a Emissions to air in waste papers-to-bioethanol production using Celluclast
1.5L/Novozyme 188. (Case study 1, at enzyme loading of 160 mg/g glucan with SO,
removal, Unit: kg/kg bioethanol if not specified)

Newspaper Office paper Magazine Cardboard

CO, with SO, control ? 8.525 3.741 10.554 6.926

NOx 5.87E-3 2.02E-3 7.16E-3 4 55E-3
N,O 3.87E-4 1.33E-4 4.72E-4 3.02E-4
Methane 2.41E-3 1.75E-3 2.38E-3 2.29E-3
Co 8.45E-4 2.90E-4 1.03E-3 6.61E-4
SO, 1.38E-3 1.34E-3 1.78E-3 1.94E-3
H,SO, 1.01E-3 7.13E-4 1.54E-3 1.02E-3
Ethanol 9.58E-4 1.04E-3 9.38E-4 1.01E-3
PMy, 1.99E-3 6.82E-4 2.43E-3 1.55E-3
VvOC 1.19E-4 4.07E-5 1.449E-4 9.28E-5

Note: # Emission includes CO, generated from SO, removal by adding limestone.
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Table 5.9b Emissions to air in waste papers-to-bioethanol production using Cellic Ctec 1.
(Case study 2, at enzyme loading of 160 mg/g glucan with SO2 removal, Unit: kg/kg
bioethanol if not specified)

Newspaper Office paper Magazine Cardboard

CO, with SO, control 7.475 3.224 9.414 5.954

NOX 5.01E-3 1.58E-3 6.2E-3 3.75E-3
N,O 3.30E-4 1.03E-4 4.12E-4 2.49E-4
Methane 2.68E-3 1.82E-3 2.76E-3 2.27E-3
Cco 7.20E-4 2.26E-4 9.00E-4 5.44E-4
SO, 7.42E-4 1.19E-3 6.16E-4 1.21E-3
H,SO, 8.36E-4 5.88E-4 1.26E-3 8.22E-4
Ethanol 4.90E-3 1.02E-3 2.56E-3 3.70E-3
PMyg 1.70E-3 5.31E-4 2.12E-3 8.22E-4
VOC 1.41E-4 3.17E-5 1.26E-4 7.64E-5

Table 5.9c Emissions to air and emissions to water in office paper-to-bioethanol with
dilute acid pre-treatment glucan and newspaper-to-bioethanol with oxidative lime pre-
treatment using Cellic Ctec 1. (Case study 3, at enzyme loading of 120 mg/g glucan and 72
mg/g glucan respectively with SO, removal, Unit: kg/kg bioethanol if not specified)

Office paper with dilute acid Newspaper with oxidative lime
pre-treatment pre-treatment
Emissions to air
CO, with SO, control 2.431 5.149
NOXx 9.22E-4 3.17E-3
N,O 4.25E-5 2.13E-4
Methane 4.13E-4 1.98E-4
Co 1.36E-4 4.66E-4
SO, 9.42E-4 5.63E-4
H,SO, 3.01E-3 5.69E-5
Ethanol 1.01E-3 1.74E-4
PMyg 1.06E-4 3.66E-4
VOC 1.91E-5 6.55E-5
Emissions to water
Ethanol -2 8.80E-4
HCL - 6.98E-3
COD - 9.49E-3
CaCl, - 0.35

Note: ® Close water system, therefore no emissions to water.

Combustion bottom ash is sent to landfill. It is comprised of the residual material from paper
residue combustion and the gypsum generated from sulphuric acid reacting with CaCOs in
paper. The amount of each component is extracted from ASPEN PLUS model. Hydrated
cement is used to solidify the residual material at a weight ratio of 1:1. For transportation of
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waste papers to the bioethanol plant, the fuel consumption depends upon the distance
travelled which was assumed as 50 km by diesel lorry (>28 t). For delivery of other materials
except enzymes, 150 km by diesel lorry (20-28 t) and 100 km by rail were assumed according
to the Ecoinvent database (v 2.2). An additional 800 km by ship was assumed for delivering

enzymes from Denmark to the UK.

Inventory data for the infrastructure inventory data for a bioethanol plant is rarely available.
The module ‘ethanol fermentation plant, at distillation’ developed by Ecoinvent for a
Switzerland bioethanol plant with a production capacity of 90,000 tonnes bioethanol per year
and with the lifetime of 20 years is used here. This dataset doesn’t include downstream
wastewater treatment and combustor/boiler/turbine generator processes, therefore,
infrastructure of these two processes are considered separately. For wastewater treatment, the
Ecoinvent infrastructure inventory of a raw sewage sludge treatment plant with 5 million m*
per year with a lifetime of 30 years was used as a surrogate. For the combustor/boiler/turbine
generator process, the infrastructure inventory data from Ecoinvent of a cogeneration plant

burning wood for heat and electricity with a lifetime of 20 years was used as a surrogate.

Co-produced electricity was treated as an ‘avoided product’ to subtract the environmental
burdens of producing the electricity conventionally. In the UK, the electricity is currently
produced from a mix of energy source (i.e. 41% from natural gas, 34% from coal, 2% from
hydropower 2% from nuclear, 1% from oil and 1% from CHP) (Dones et al., 2007). In these
processes, the inputs and outputs for the equivalent quantity of electrical power generated by
the average electricity generation supply mix for the UK grid are allocated as a ‘credit’ to the

bioethanol systems modelled.
5.3.2.3.6 Inventory for fuel distribution

According to consultation with BP Biofuels, bioethanol is distributed locally, in parallel with
conventional petrol (Joyce, 2010). Figure 5.9 shows the unit process of bioethanol

distribution and end-use.
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Unitprocess
Water

To storage Waste to treatment
Infrastructure —E> iyt —E> Emissionsto air
Raw materials To forecourt Emissions to water
Inte(;mediate G Emissions to soil
products ——

Combustion in FFV

Figure 5.9 Distribution and end-use of bioethanol.

The biofuel distributor also indicates the Renewable Energy Directive (RED) default values
for the distribution of biofuels are distance from bioethanol plant to storage (160.8 km) and
that from storage to forecourt (160.8 km) (Joyce, 2010). Bioethanol is likely to be stored in
the same local depot prior to transport to forecourts, therefore the same values for transport
from storage to forecourt were also used for delivering petrol for comparison. A 28t lorry was
assumed to be used for bioethanol transportation. Some assumptions were made according to
Ecoinvent database v2.2 report (Jungbluth, 2007):

e 0.5 g/kg fuel is assumed as losses to air. The fugitive emissions to air have to be
adapted to the fuel properties.
e Infrastructure, water and electricity use in storage and transportation were included

and adopted from Ecoinvent database v2.2.
5.3.2.3.7 Inventory for fuel end use

The inventory data for the combustion of fuels in representative vehicles are adopted from the
literatures. According to Equation 5.1 and 5.2 in Section 5.2.3, Table 5.10 summarises the
calculated lower heating value of fuels and the amount required to drive the representative

vehicle 1 km.
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Table 5.10 LHV of fuels and the amount required to drive the representative vehicle 1
km.

Petrol E100
LHV MJ/kg? 44.7% 27.4°
Fuel required g/km 69.9° 114

Note * LHV is derived from Sheehan (Sheehan et al., 2003) while fuel required for driving 1 km is calculated in Chapter 6,
Section 6.2.2.2.1.

Table 5.11 Emission factors for petrol combustion derived from Ecoinvent v2.2 (EU
average). (Represented value is to combust 1 kg petrol)

Ecoinvent, EU average 2005 (Spielmann

et al., 2007)

Combustion emissions

CO, kg/kg 3.129

CO g/kg 2.738E-2
CH, g/kg 1.992E-2
NMVOC g/kg 4.640E-2
NOx kg/kg 7.485E-3
Acetaldehyde g/kg 4.953E-5
Formaldehyde g/kg 1.122E-4
SOx (as SO,) ” kg/kg 1.000E-4

Note: ? To determine CO, emission for petrol, a conversion factor of 3.712 kg CO,/kg petrol is applied assuming the C-
content of petrol is 85.6% w/w. The final value for the inventory is then derived by subtracting carbon fixed in CO-emission.
(Spielmann et al., 2007).

b For SO, emission for low-sulphur petrol, a S-content of 50mg/kg petrol is used to estimate SO, by assuming sulphur are
fully oxidised. (Spielmann et al., 2007).

Table 5.11 summaries air emission factors for petrol combustion which are adopted from the
Ecoinvent database v2.2. However, CO, and SOx (as SO,) emissions are calculated based on
carbon and sulphur content of petrol. The metal emissions and emissions to water are not
reported here but included. Thus, the inventory data of a driving passenger car using petrol
from the Ecoinvent database v2.2 (EU average) was modified with these emission factors
(Table 5.11) and then used in this study. For E100, emissions to air were estimated
theoretically. All carbon in bioethanol is assumed turned to CO; in combustion. No other air

emission occurred due to the high purity of E100.
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5.3.3 LCIA of waste paper derived bioethanol over the whole life cycle

5.3.3.1 LCIA results of bioethanol production
5.3.3.1.1 Contribution analysis

The characterised LCIA profiles for bioethanol production from newspaper using the
Celluclast 1.5L/Novozyme 188 mixture are given in Figure 5.10 and Tables 5.12-5.13, using
Cellic Ctec 1 in Figure 5.11 and Tables 5.14-5.15. Those for two state-of-the-art cases
involving pre-treatment are shown in Figures 5.12-5.13 as well as Table 5.16-5.19.
Bioethanol production from newspaper is chosen as a representative example because
bioethanol production from other three types of paper (office paper, magazine and cardboard)

have similar characterised LCIA profiles to that of newspaper.

In the characterisation results (Figure 5.10), the biggest indicator score among impact
categories is normalised to 100% and the remaining indicator results are scaled down
accordingly. The ‘above-the-line’ scores for each category indicate environmental burdens.
The carbon sequestrated in newspaper is indicated as the purple ‘below-the-line’ score. The

other negative score of ‘grey column’ is the credit brought by surplus electricity.
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Figure 5.10 Characterised LCIA profiles for bioethanol from newspaper using
Celluclast 1.5L/Novozyme 188. (Unit: 1 kg bioethanol)
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The process ‘1 kg Ethanol-NP-CN, distillation’ includes the upstream of saccharification,
fermentation and distillation. The electricity consumption in bioethanol production is
balanced with the electricity generated, resulting in the overall surplus electricity reported.
From Figure 5.11 and Table 5.13, enzyme production and combustion process are found to be
the main contributors to most of the impact categories except for GWP1qy, Terrestrial
ecotoxicity potential and POCP. Regardless of environmental savings from the substitution of
the grid electricity, enzyme production contributes 95% to ODP, 87% to Abiotic depletion
potential 73.4% to Eutrophication potential and 49% to POCP, 52% to Acidification
potential , 65% to Human toxicity potential, 38% to Fresh water aquatic ecotoxicity potential
and 31% to the positive burdens on GWPyq. This is because enzyme production is an energy
intensive process. The burdens of enzyme production on Abiotic depletion are because of
natural gas consumption. Those on Acidification potential and POCP are due to SO, emission
in energy combustion where fossil based CO, and methane are the main contributors to
GWP190 and ODP. The small contribution of enzyme production in Terrestrial ecotoxicity
potential is due to the credit brought from the Novozyme 188 production where soy meal is
one of inputs. The induced co-product soybean oil caused by extra required soy meal for
enzyme production was treated as a substitution of vegetable oil in the market (Nielsen,
2010b).

On Acidification potential, 20% of the environmental burdens are caused by combustion
emissions to air, mainly SO, and NOx. Another approximately 20% is attributed to sulphuric
acid production which is used to adjust the saccharification pH. On Eutrophication potential,
contributions (12.8%) by the combustion process are mainly due to emitted NOx to
atmosphere and bottom ash landfill where phosphate leaches to water. On GWP1q,
combustion causes 57.1% of impacts due to the emissions to air whilst CO, emission from
the fermentation vent included in ‘distillation process’ contributes approximately 8% of
impacts. Infrastructure of waste paper storage plant makes a 12% contribution to the Human
toxicity potential category due to the heavy metals involved in plant construction. On Fresh
water ecotoxicity potential, burdens from the combustion process make a dominant
contribution of 38% which is mainly due to bottom ash landfill. On Terrestrial ecotoxicity
potential, the impacts of wastewater treatment are largely from NaOH production where
mercury from brine cells is the element causing most impacts on this category. However, the
credit brought by surplus electricity replacing grid electricity balance the burdens caused by

other processes, resulting in a net negative score. On POCP, a total 37% of impacts
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(‘distillation process’) is caused by ethanol emitted to air in fermentation venting and

sulphuric acid consumption.

The environmental impacts savings due to the substitution of electricity based substantially
on fossil fuels are important for Abiotic depletion potential where coal production dominants;
on Acidification potential and POCP where SO, emission is the main cause; on
Eutrophication potential where phosphate emitted from ash landfill is responsible for most
impacts; on toxicity categories where heavy metals (i.e. selenium, mercury and nickel) are the

main contributors.

—
Abiotic éep\euun Acidification Eutmpr‘ucauun Globalw arming Ozone layer Human ‘luxn:\ty Fresh w ater Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

I | kg Ethanol-NP-Ctec, with C, production """ 1 kg Ethanol-NP-Ctec, enzyme

I 1 kg Ethanol-NP-Ctec, distillation [ 1 kg Ethanol-NP-Ctec, WWT

I 1 kg Ethanol-NP-Ctec, combustion 11 kg Ethanol-NP-Ctec, paper collection, co-mingled

I | kg Ethanol-NP-Ctec, transport """ 1 kg Ethanol-NP-Ctec, surplus electricity

[ 1 kg Ethanol-NP-Ctec, C sequestration

Analysing 1 kg '1 kg Ethanol-NP-Ctec, with C, production’;
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 5.11 Characterised LCIA profiles for bioethanol from newspaper using Cellic
Ctec 1. (Unit: 1 kg bioethanol)

In bioethanol production using the Cellic Ctec 1 system (Figure 5.11 and Table 5.14), a
similar distribution of processes is found and enzyme production is also found to be a
dominant contributor to some of impact categories such as Abiotic depletion potential,

Acidification potential, ODP and Human ecotoxicity potential.

On GWP1q, the carbon sequestrated in newspaper balances the impacts of other processes
due to a reduced impact in enzyme production, giving a net negative score. For the
Eutrophication category, the impact of enzyme production was also smaller (0.00112 kg PO4

eq.) when compared to that in bioethanol production using Celluclast 1.5L/Novozyme 188
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(0.00525 kg PO4 eq.). This is because 20% of the impacts are attributed to the production of
the Novozyme 188 enzyme in the latter case. In contrast, a higher burden is found for
Terrestrial ecotoxicity potential in the Cellic Ctecl system because there is no by-product
credit; however, the ‘below-the-line’ scores of substituting grid electricity results in an

overall net negative impact.

Figure 5.12 shows the characterised LCIA profile of the office paper-to-bioethanol with
dilute acid pre-treatment case. It indicates that the required process heat is the main
contributor to Abiotic depletion potential (50%), ODP (55.4%), and Terrestrial ecotoxicity
potential (40%). The impacts of process heat production on Abiotic depletion are primarily
due to natural gas production while those on ODP, GWP150 and Human toxicity are caused by
combustion emissions of methane, CO, and polycyclic aromatic hydrocarbons (PAH)
respectively. Burdens from coal production and combustion are the main contributors to the
other impact categories.

Enzyme production remains a key component causing impact on Human ecotoxicity potential
(34%). Combustion is still delivering the most burdens for Fresh water aquatic ecotoxicity
potential (38%) due to the landfill of bottom ash and also is a significant contribution to
GWPygo ‘above-the-line’ score (30.4%) due to direct air emissions. The impacts from
combustion processes on the Eutrophication potential category are mainly due to the bottom
ash disposal and direct air emissions. The distillation process here excludes the pre-treatment
area. Its dominant contribution to POCP (45%) is due to fugitive ethanol emissions from
fermentation. Pre-treatment accounts for 30% of Acidification potential impact and 21% of

POCP burden respectively both because of gypsum landfill where SO, leaches.
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Table 5.12 Characterised LCIA profiles of bioethanol produced from newspaper using Celluclast 1.5L/ Novozyme 188.

Impact Abiotic Acidification Eutrophication GWP ODP Human Fresh water Terrestrial POCP

categories depletion ecotoxicity  aquatic ecotoxicity ecotoxicity

Unit kgSbeg. kgSO;eq. kg PO, eq. kg CO, kg CFC-11 kg 1,4-DB kg 1,4-DB eq. kg 1,4-DB kg C,H, eq.
eq. eq. eq. eq.

Waste papers 1.77E-3 7.09E-4 2.11E-4 1.34E-1 2.12E-8 1.59E-1 2.08E-2 6.85E-4 3.42E-5

collection

Distillation *# 4.85E-4 4.31E-3 3.39E-4 1.03 6.98E-9 8.53E-2 3.10E-2 6.45E-4 5.41E-4

Enzyme 2.81E-2 1.19E-2 5.25E-3 4.13 1.37E-6 7.96E-1 1.68E-1 1.58E-4 7.03E-4

Combustion 1.67E-4 4.61E-3 8.80E-4 7.6 3.80E-9 7.37E-2 1.31E-1 5.57E-5 9.26E-5

WWT 2.25E-4 2.08E-4 1.11E-4 1.94E-1 2.07E-9 2.90E-2 1.84E-2 5.57E-4 2.79E-5

Transportation ~ 1.63E-3 1.21E-3 3.21E-4 2.23E-1 3.62E-8 5.51E-2 4.69E-2 4.71E-4 4.29E-5

Surplus -1.38E-2  -6.13E-3 -2.05E-3 -1.74 -4.06E-8 -5.07E-1 -3.22E-1 -5.72E-3 -2.45E-4

electricity

C sequestration 0 0 0 -10.4 0 0 0 0 0

Table 5.13 Contribution analysis of bioethanol produced from newspaper using Celluclast 1.5L/ Novozyme 188. ?

Impact categories  Abiotic Acidification Eutrophication GWPy,, ODP Human Fresh water aquatic Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity
Unit % % % % % % % % %
Waste papers 5.48 3.09 2.97 1.01 1.48 13.27 11.28 26.63 2.37
collection
Distillation ® 1.50 18.75 4,76 7.71 0.49 7.12 7.45 25.08 37.55
Enzyme 86.77 51.94 73.82 31.05 95.11 66.44 40.44 6.13 48.74
Combustion 0.52 20.05 12.37 57.09 0.26 6.15 31.40 2.17 6.43
WWT 0.69 0.91 1.56 1.46 0.14 2.42 442 21.65 1.94
Transportation 5.05 5.26 451 1.68 2.52 4.60 5.01 18.33 2.98
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Note: ? percentage of the indicator results out of ‘above-the-line’ score for each unit process. The marked component is the main contributor to the ‘above-the-line’ scores for each impact
category; ° including upstream blending, saccharification, fermentation and distillation.
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Table 5.14 Characterised LCIA profiles of bioethanol produced from newspaper using Cellic Ctec 1.

Impact Abiotic Acidification Eutrophication = GWP,qq ODP Human Fresh water aquatic  Terrestrial POCP

categories depletion ecotoxicity  ecotoxicity ecotoxicity

Unit kg Sb eq. kg SO; eq. kg PO, eq. kg CO,eq. kgCFC- kg1,4-DB kg 1,4-DB eq. kg 1,4-DB kg C,H,
11 eq. eq. eq. eg.

Waste papers 1.61E-3 6.43E-4 1.91E-4 1.22E-1 1.92E-8 1.44E-1 4.25E-2 6.21E-4 3.10E-5

collection

Distillation * 4.42E-4 3.90E-3 3.09E-4 1.02 6.36E-9  7.81E-2 2.83E-2 5.90E-4 5.64E-4

Enzyme 1.50E-2 1.20E-2 1.12E-3 1.99 9.72E-8  6.15E-1 1.17E-1 1.55E-3 5.73E-4

Combustion 1.26E-4 3.95E-3 7.52E-4 6.53 3.00E-9  6.24E-2 1.16E-1 2.77TE-5 8.61E-5

WWT 3.47E-4 2.80E-4 1.63E-4 2.14E-1 3.18E-9  4.13E-2 2.74E-2 8.76E-4 2.56E-5

Transportation ~ 1.49E-3 1.10E-3 2.93E-4 2.04E-1 3.30E-8  5.02E-2 1.90E-2 4.30E-4 3.91E-5

Surplus -1.13E-2 -4.99E-3 1.67E-3 -1.41 -3.30E-8 -4.13E-1 -2.62E-1 -4.65E-3 -1.99E-4

electricity

C sequestration 0 0 0 -9.46 0 0 0 0 0

Table 5.15 Contribution analysis of bioethanol produced from newspaper using Cellic Ctec 1.°

Impact categories Abiotic Acidification Eutrophication GWPyqq ODP Human Fresh water aquatic Terrestrial POCP

depletion ecotoxicity  ecotoxicity ecotoxicity

Unit % % % % % % % % %

Waste papers 8.44 2.94 6.77 1.21 11.87 14.53 12.11 15.18 2.35

collection

Distillation ° 2.32 17.84 10.92 10.12 3.92 7.88 8.07 14.41 42.79

Enzyme 78.94 54.80 39.64 19.78 60.00 62.06 33.44 37.82 43.42

Combustion 0.66 18.09 26.58 64.75 1.85 6.29 33.14 0.68 6.53

WWT 1.82 1.28 5.75 2.13 1.96 4.16 7.82 21.41 1.94

Transportation 7.82 5.04 10.35 2.02 20.38 5.07 5.42 10.50 2.97

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Note: ® percentage of the indicator results out of ‘above-the-line’ score for each unit process. The marked component is the main contributor to the ‘above-the-line’ scores for each impact
category; ?including upstream blending, saccharification, fermentation and distillation.
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Figure 5.12 Characterised LCIA profiles for office paper-to-bioethanol with dilute acid
pre-treatment using Cellic Ctec 1. (Unit: 1 kg bioethanol)

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh w ater Terrestrial Photochemical

(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation
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Figure 5.13 Characterised LCIA profiles for newspaper-to-bioethanol with oxidative
lime pre-treatment using Cellic Ctec 1. (Unit: 1 kg bioethanol)
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In the LCIA profiles of newspaper-to-bioethanol with oxidative lime pre-treatment (Figure
5.13), enzyme production is found responsible for approximately 51% of impacts on Abiotic
depletion potential, 43% on Acidification potential and 45% on POCP. Pre-treatment is
surprisingly found to be a main contributor to many impact categories, such as Eutrophication
potential (46%), ODP (87%), Human toxicity potential (44%), Fresh water ecotoxicity
potential (50%) and Terrestrial ecotoxicity potential (73%). By looking into the profile of
oxidative pre-treatment, it is found that hydrochloric acid (HCI) production is responsible for
80% of impacts on Eutrophication potential, nearly 100% for ODP, 90% for Human
ecotoxicity potential and 100% for Terrestrial ecotoxicity potential of pre-treatment process.
For the impacts of pre-treatment on other categories, half of POCP and nearly 100% for
Abiotic depletion potential, Acidification potential and Fresh water aquatic ecotoxicity
potential are due to HCI production. Therefore an alternative acid agent, for example acetic
acid, could be used for neutralisation after lime pre-treatment and should be sought with a
view to improving the environmental profile of this process. The contribution of the

distillation process on GWP1q is due to the CO, emitted from fermentation.
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Table 5.16 Characterised LCIA profiles of bioethanol produced from office paper with dilute acid pre-treatment using Cellic Ctec 1.

Impact Abiotic Acidification Eutrophication GWPq ODP Human Fresh water Terrestrial POCP
categories depletion ecotoxicity aquatic ecotoxicity

ecotoxicity
Unit kg Sbeq. kg SO, eq. kg PO, eq. kg CO,eq. kgCFC-11eq. kgl1,4-DBeq. kg1,4-DB eq. kg 1,4-DBeq. kg C,H,eq.
Waste papers  7.94E-4  3.18E-4 9.47E-5 6.01E-2 9.51E-9 7.12E-2 2.10E-2 3.07E-4 1.53E-5
collection
Distillation®  4.83E-4  7.14E-3 2.46E-4 1.02 6.99E-9 1.10E-1 3.62E-2 5.27E-4 6.83E-4
Enzyme 7.04E-3  5.61E-3 5.26E-4 9.35E-1 4.55E-8 2.88E-1 5.50E-2 7.25E-4 2.68E-4
Combustion 1.13E-4  1.65E-3 1.73E-4 1.47 2.72E-9 2.57E-2 4.63E-2 2.43E-5 5.15E-5
WWT 6.63E-5  4.22E-5 2.62E-5 5.51E-2 6.22E-10 1.06E-2 5.98E-3 1.55E-4 4.58E-6
Pretreatment ~ 1.01E-4  7.98E-3 3.11E-5 1.27E-2 1.76E-9 2.59E-2 1.41E-2 1.16E-4 3.19E-4
Transportation 8.23E-4  6.11E-4 1.64E-4 1.13E-1 1.81E-8 2.83E-2 1.10E-2 2.40E-4 2.17E-5
Process heat 9.40E-3  2.92E-3 5.47E-4 1.17 1.06E-7 2.46E-1 8.02E-2 1.37E-4 1.58E-4
Surplus -450E-4  -1.99E-4 -6.67E-5 -5.64E-2 -1.32E-9 -1.65E-2 -1.05E-2 -1.86E-4 -7.94E-6
electricity
C 0 0 0 -4.32 0 0 0 0 0

sequestration

Table 5.17 Contribution analysis of bioethanol produced from office paper with dilute acid pre-treatment using Cellic Ctec 1. °

Impact categories Abiotic Acidification Eutrophication = GWP,y, ODP Human Fresh water aquatic ~ Terrestrial POCP
depletion ecotoxicity  ecotoxicity ecotoxicity

Unit % % % % % % % % %
Waste papers collection  4.22 1.21 5.01 1.24 4.95 8.42 5.81 8.85 1.01
Distillation * 2.56 27.18 13.02 21.07 3.64 12.97 10.00 15.19 44.88
Enzyme 37.40 21.35 27.83 19.37 23.72 34.08 15.21 20.90 17.64
Combustion 0.67 6.29 13.48 30.44 1.58 7.74 38.21 0.76 3.40
WWT 0.35 0.16 1.14 0.32 0.29 1.24 1.65 4.46 0.30
Pretreatment 0.54 30.38 1.65 0.26 0.92 3.07 3.89 3.33 20.95
Transportation 4.37 2.32 8.69 2.33 9.44 3.35 3.04 6.92 143
Process heat 49.90 11.11 28.94 24.18 55.43 29.12 22.18 39.59 10.40
Total 100% 100% 100% 100% 100% 100% 100% 100% 100%

Note: ® including upstream blending, saccharification, fermentation and distillation but excluding pre-treatment.
P percentage of the indicator result for each category out of ‘above-the-line’ score. The marked component is the main contributor to this impact category.
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Table 5.18 Characterised LCIA profiles of bioethanol produced from newspaper with oxidative lime pre-treatment using Cellic Ctec 1.

Impact Abiotic Acidification Eutrophication GWPgq ODP Human Fresh water Terrestrial POCP
categories depletion ecotoxicity aquatic ecotoxicity

ecotoxicity
Unit kg Sbeq. kg SO;eq. kg PO, eq. kg CO,eq. kgCFC-1leq. kg1l1,4-DBeqg. kg1,4-DBeq. kg 1,4-DBeq. kg C,H,eq.
Waste papers 1.17E-3  4.71E-4 1.40E-4 8.89E-2 1.41E-8 1.05E-1 3.11E-2 4.54E-4 2.27E-5
collection
Distillation * 2.82E-4  1.73E-4 1.42E-4 3.80E-2 4.11E-9 3.26E-2 1.09E-2 3.60E-4 5.03E-6
Enzyme 4.92E-3  3.92E-3 3.67E-4 6.53E-1 3.18E-8 2.01E-1 3.85E-2 5.07E-4 1.88E-4
Combustion 8.90E-5 2.31E-3 4.97E-4 4.30 1.99E-9 4.60E-2 8.57E-2 3.22E-5 4.22E-5
WWT 468E-5 2.83E-5 1.48E-5 2.11E-2 4.84E-10 9.95E-3 4.65E-3 8.67E-5 2.83E-6
Pretreatment 2.25E-3  1.55E-3 1.15E-3 1.2 4.81E-7 3.34E-1 1.73E-1 4.62E-3 1.34E-4
Transportation 8.17E-4  5.98E-4 1.60E-4 1.11E-1 1.81E-8 2.81E-2 1.07E-2 2.39E-4 2.14E-5
Surplus -7.86E-3  -3.48E-3 -1.17E-3 -9.87E-1 -2.31E-8 -2.88E-1 -1.83E-1 -3.25E-3 -1.39E-4
electricity
C sequestration 0 0 0 -6.84 0 0 0 0 0

Table 5.19 Contribution analysis of bioethanol produced from newspaper with oxidative lime pre-treatment using Cellic Ctec 1. "

Impact categories  Abiotic Acidification  Eutrophication GWPq ODP Human Fresh water aquatic ~ Terrestrial POCP
depletion ecotoxicity  ecotoxicity ecotoxicity
Unit % % % % % % % % %
Waste papers 12.27 5.21 5.70 1.14 2.55 13.99 8.99 7.21 5.46
collection
Distillation ? 2.94 1.91 5.79 0.48 0.75 4.33 3.15 5.71 1.21
Enzyme 51.42° 43.37 14.94 8.34 5.77 26.73 11.12 8.05 4511
Combustion 0.84 25.46 19.88 54.97 0.32 5.59 22.32 0.49 10.12
WWT 0.47 0.31 0.57 0.18 0.09 1.25 0.76 1.33 0.66
Pretreatment 23.50 17.11 46.58 15.32 87.24 44.32 49.98 73.36 32.28
Transportation 8.53 6.62 6.51 1.42 3.28 3.73 3.10 3.79 5.14
Total 100% 100% 100% 100% 100% 100% 100% 100% 100%

Note: # including upstream blending, saccharification, fermentation and distillation but excluding pre-treatment.
b percentage of the indicator result for each category out of ‘above-the-line’ score. The marked component is the main contributor to this impact category.
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5.3.3.1.2 Comparison of various case studies

The environmental profiles of base case bioethanol production from various waste papers

using two enzyme alternatives and two state-of-the-art cases are compared in Figure 5.14.
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Figure 5.14 Comparison of characterised LCIA profiles for bioethanol from various
waste paper using two enzyme alternatives at 160 mg/g glucan enzyme loading.
(CN=Celluclast 1.5L/Novozyme 188, Ctec=Cellic Ctecl; CB=cardboard, NP=newspaper,
OP=office paper, MG=magazine) (Unit: 1 kg bioethanol)

Overall, the newspaper-to-bioethanol using Ctec enzyme has the best environmental profile
(except in the POCP category) while magazine-to-bioethanol using CN enzyme has the worst
(except for Terrestrial ecotoxicity potential). For each type of paper, a better environmental
performance is found for Ctec enzyme than CN enzyme apart from Terrestrial ecotoxicity.
For impact categories where enzyme production is the dominant contributor and also
differences in the production of the two enzyme alternative are significant (i.e. Abiotic
depletion potential, Eutrophication potential, and ODP), the significantly better profile of
waste paper-to-bioethanol with Ctec enzyme is because (1) the enzyme production process
has a better environmental profile than the Celluclast 1.5L/Novozyme 188 enzyme mixture
except for Terrestrial ecotoxicity potential where the by-product of soy meal used in
Novozyme 188 production - soybean oil replacing vegetable oil adds a credit, and (2) Higher
bioethanol production rate in waste paper-to-bioethanol with Ctec enzyme therefore, lower
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enzyme dose per function unit (1kg bioethanol in these cases). For Acidification and POCP,
nenzyme production is also the main contributor but there is no significant difference in
impacts of the two enzyme productions, therefore, not much reduction in these two category
impacts for the Ctec enzyme. On GWPiq, carbon sequestrated in waste papers (except
magazine paper) balanced the CO, emissions in other process, giving a net negative score. On
Terrestrial ecotoxicity potential, the high impacts of office paper-to-bioethanol are due to
contributions of sulphuric acid production (24% in CN enzyme and 13%) and the only small
credit brought by surplus electricity. CN enzyme was found better than Ctec enzyme for this
category because of the credit in Novozyme 188 production. The negative score of

newspaper-to-bioethanol Ctec alternative is due to the credit for surplus electricity.

The characterised results for comparison of base case (newspaper and office paper) and two-

state-of-the-art cases are summarised in Figure 5.15 and Table 5.20.

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWPL00) depletion (ODP aquatic ecotox ecotoxicity oxidation

[ 1 kg Ethanol-NP-Ctec, with C, production BB 1 kg Ethanol-NP-Ctec,0OL with C,production ] 1 kg Ethanol-OP-Ctec, with C, production
[ 1 kg Ethanol-OP-Ctec,DAwith C, production

Comparing 1 kg '1 kg Ethanol-NP-Ctec, with C, production’, 1 kg ‘1 kg Ethanol-NP-Ctec,OL,with C,production’, 1 kg ‘1 kg Ethanol-OP-Ctec, with C, production'and 1 kg '1 kg Etha
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 5.15 Comparison of characterised LCIA profiles for base cases and two state-of-
the-art cases. (base cases: office paper-to-bioethanol and newspaper-to-bioethanol at 160
mg/g glucan Cellic Ctec; two state-of-the-art cases: office paper-to-bioethanol with dilute
acid/DA pre-treatment at 120mg/g glucan Cellic Ctec 1 and newspaper-to-bioethanol with
oxidative lime pre-treatment/OL at 72 mg/g glucan Cellic Ctec 1) (Unit: 1 kg bioethanol)

With oxidative lime pre-treatment, newspaper-to-bioethanol production has lower

environmental burdens when compared to that without pre-treatment on most of impact

179



Chapter 5 — Life cycle assessment (LCA) of bioethanol production from waste papers

categories apart from ODP, Eutrophication, Fresh water aquatic ecotoxicity and Terrestrial
ecotoxicity potentials (Table 5.20). On Abiotic depletion potential, reduced impacts for the
process with pre-treatment are mainly due to the decreased enzyme loading and the increased
bioethanol yield. This same reason applies for the lower burdens found on Acidification
potential and POCP for the newspaper-to-bioethanol process with pre-treatment. The
utilisation of hydrochloric acid made the newspaper-to-bioethanol process with pre-treatment
marginally worse than that without pre-treatment for ODP, Eutrophication, Fresh water
aquatic ecotoxicity and Terrestrial ecotoxicity potentials. On GWPyq, the reduction in air
emission from combustion, the surplus electricity and the decreased enzyme usage made the

process with pre-treatment have better environmental profiles than without pre-treatment.

Table 5.20 Characterised LCIA results for comparison of base cases and two state-of-
the-art cases. (base cases: office paper-to-bioethanol and newspaper-to-bioethanol at 160
mg/g glucan Cellic Ctec; two state-of-the-art cases: office paper-to-bioethanol with dilute
acid/DA pre-treatment at 120mg/g glucan Cellic Ctec 1 and newspaper-to-bioethanol with
oxidative lime pre-treatment/OL at 72 mg/g glucan Cellic Ctec 1) (Unit: 1 kg bioethanol)

NP-Ctec®  NP-OL- OP-Ctec OP-DA-Ctec
Ctec

Abiotic depletion, kg Sb eq. 7.77E-3 1.72E-3 1.42E-2  1.84E-2
Acidification, kg SO, eq. 1.69E-2 5.56E-3 2.14E-2  2.61E-2
Eutrophication, kg PO, eq. 1.16E-3 1.30E-3 1.85E-3  1.74E-3
GWP 0, kg CO2 eq. -7.94E-1 -1.41 -1.68E-1  4.53E-1
ODP, kg CFC-11 eq. 1.29E-7 5.28E-7 1.24E-7  1.90E-7
Human ecotoxicity, kg 1,4-DB eq. 5.78E-1 4.69E-1 7.78E-1  7.89E-1
Fresh water aquatic ecotoxicity, kg 1,4- 8.88E-2 1.71E-1 2.42E-1  2.59E-1
DB eq.

Terrestrial ecotoxicity, kg 1,4-DB eq. -5.60E-4 3.05E-3 3.05E-3  3.28E-3
POCP, kg C,H, eq. 1.12E-3 2.77E-4 1.32E-3  1.51E-3

Note: * NP= newspaper, OP= office paper, CN= Celluclast 1.5L and Novozyme 188, Ctec= Cellic Ctec 1, DA= dilute acid
pre-treatment, OL= oxidative lime retreatment.

® Orange = higher impact due to pre-treatment; Green = lower impact due to pre-treatment; Clear = neutral effect of pre-
treatment.

For the office paper-to-bioethanol process with pre-treatment, Acidification potential and
POCP have higher impacts than the process without pre-treatment because of the increased
sulphuric acid usage. For Abiotic depletion potential, ODP, GWP1o and Terrestrial
ecotoxicity potential, higher impacts for the process with pre-treatment are due to the
production of heat required for the process. Overall, the newspaper-to-bioethanol with
oxidative lime pre-treatment process delivers better environmental profiles than that without

pre-treatment while the reverse was found for the office paper-to-bioethanol process.
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5.3.3.1.3 Normalised results of bioethanol production cases

Normalised LCIA results for bioethanol production from newspaper (Ctec and CN
alternatives) are given in Figures 5.16 and 5.17 respectively, where West Europe 95 was
applied as the reference system. Similarly, normalisation results of two state-of-the-art cases
are shown in Figures 5.18 and 5.19. Normalisation leads to an interpretation of the relative
significance of each individual indicator result where GWP10 and Abiotic depletion potential
are presented as relatively significant for bioethanol production from newspaper using
Celluclast 1.5L/Novozyme 188 or Cellic Ctec 1 processes. Fresh water aquatic ecotoxicity,
Acidification and Eutrophication potentials are also relatively significant as well. Due to the
contribution of C sequestration on GWPyq, the net normalised indicator effect is almost
‘neutral” and, in fact is, negative for the newspaper-to-bioethanol with Cellic Ctec 1 process.
The normalised Terrestrial ecotoxicity potential indicator result is also negative (Figure 5.17).
As shown in Figures 5.16 and 5.17, the key component driving the normalisation profiles is
enzyme production, although, combustion plays an important role in the GWP1qo ‘above-the-
line’ score and Fresh water ecotoxicity potential. These two components are therefore
identified in the analysis as major options to improve the bioethanol production system.
Surplus electricity and C sequestration are as important components bringing credits in the

normalisation profiles.
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Figure 5.16 Normalised LCIA profiles for bioethanol production from newspaper using
Celluclast 1.5L/Novozyme 188. (Unit: 1 kg bioethanol)
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Figure 5.17 Normalised LCIA profiles for bioethanol production from newspaper using
Cellic Ctecl. (Unit: 1 kg bioethanol)

1e712 I
——— — [ | .
Abiotic depletion Acidification Eutrophication Global warming Ozone layer Human toxicity Fresh w ater Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

I ! kg Ethanol-NP-Ctec,OL,with C,production
I 1 kg Ethanol-NP-Ctec,OL distillation
I 1 kg Ethanol-NP-Ctec,OL, combustion
I | kg Ethanol-NP-Ctec,OL transport
[ 1 kg Ethanol-NP-Ctec,OL,C sequestration

[ 1 kg Ethanol-NP-Ctec,OL enzyme

[ 1 kg Ethanol-NP-Ctec,0OL, WWT

[ 1 kg Ethanol-NP-Ctec,0OL,paper collection, co-mingled
""" 1 kg Ethanol-NP-Ctec,0OL,surplus electricity
[N 1 kg Ethanol-NP-Ctec,OL,pretreatment

Analysing 1 kg '1 kg Ethanol-NP-Ctec,OL,with C,production’;
Method: CML 2 baseline 2000-modified VV2.05 / West Europe, 1995 / Normalisation

Figure 5.18 Normalised LCIA profiles for bioethanol production from newspaper with
oxidative lime pre-treatment using Cellic Ctecl. (Unit: 1 kg bioethanol)

The normalised LCIA profiles for bioethanol produced from newspaper with oxidative lime
pre-treatment using Cellic Ctec 1 show Fresh water aquatic ecotoxicity potential to be of the

most significance, followed by Abiotic depletion potential and the ‘positive’ GWP1qy SCOres.
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The net normalised GWP1go result was negative. Similarly to the case without pre-treatment
(Figure 5.17), combustion still remains as the key driver for the ‘positive’ GWP1oy Score and
Fresh water aquatic ecotoxicity potential; however, the key role of enzyme production for
most categories is replaced by pre-treatment. Thus improving the pre-treatment presents an

important focus for enhancing the environmental profile for this process.

For bioethanol produced from office paper with dilute acid pre-treatment, the most significant
indicator result is Abiotic depletion potential. Acidification and Fresh water aquatic
ecotoxicity are of relative significance as well. The main driving component for GWP1q
‘above-the-line’ score and Fresh water aquatic ecotoxicity is combustion while that for
Acidification is pre-treatment due to sulphuric acid consumption. Process heat production
causes the main impacts on Abiotic depletion potential. Distillation process including
upstream apart from pre-treatment also made a significant contribution to Acidification and

GWP1qg ‘above-the-line’ score.
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Figure 5.19 Normalised LCIA profiles for bioethanol production from office paper with
dilute acid pre-treatment using Cellic Ctecl. (Unit: 1 kg bioethanol)
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Figure 5.20 Normalised LCIA profiles for bioethanol production from various waste
paper using CN and Ctec alternative as well as two state-of-the-art cases with pre-
treatment. (Unit: 1 kg bioethanol)

The normalised LCIA results of base cases and two-state-of-the-art cases are compared in
Figure 5.20. In general cases, the normalised impact results indicate that the Abiotic depletion
potential category is the most significantly impacted in these bioethanol life cycles and
followed by Fresh water aquatic ecotoxicity, Acidification and Eutrophication potentials. Due
to the beneficial effects brought by C sequestration and surplus electricity, normalised net
results for GWP1q are negative for base cases using Cellic Ctec 1 (except for magazine) and
newspaper-to-bioethanol with oxidative lime pre-treatment. It should be noted that the
relatively small indicator results for GWP1qo in this figure are net scores which is the result of
negative and positive effects on this category balancing out each other. These positive and
negative impacts on GWP;o are shown in Figures 5.16-20 which demonstrates the overall

importance of the scale of the competing GWP1o effects in the life cycle.

Although the results represented and discussed above indicated relative contribution of
bioethanol production to environmental problems for the reference region (West Europe), the
results depend on the reference system selected. This influence is studied via sensitivity

analysis in Chapter 7.
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5.3.3.2 Comparison of LCIA results of waste paper derived bioethanol over whole life

cycle

Figure 5.21 compares the LCIA profiles for the life cycle of bioethanol (base cases and two
state-of-the-art cases). For most categories except Terrestrial ecotoxicity potential, the waste
papers-to-bioethanol processes using Cellic Ctec 1 have a lower impact than those using
Celluclast 1.5L/Novozyme 188. Comparing the newspaper-to-bioethanol process with and
without pre-treatment, the process without pre-treatment has a higher impact in most
categories apart from ODP, Eutrophication and Terrestrial ecotoxicity potentials. For the
office paper-to-bioethanol process, the process with pre-treatment has a worse profile than
that without pre-treatment (excluding Human ecotoxicity and Fresh water aquatic ecotoxicity

potentials) due to the extra sulphuric acid utilisation and additional process heat requirement.

100
9%
9%
85 1
80
75
70 i
65
60
55 |
50
45
40
35
30
25 -
20
15
10
s ||
0 P D “Hl

-10

%

-15
-20
-25
-30
-35
-40
-45
-50
-55
-60
-65
-70
75
-80

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh w ater Terrestrial Photochemical
(GWPL00) depletion (ODP aquatic ecotox ecotoxicity oxidation

Bl 1kgNP-CN [ 1kgNP-Ctec I 1 kg NP-Ctec-OL Il 1 kg OP-CN ] 1 kg OP-Ctec [ 1 kg OP-Ctec-DA M 1 kg CB-CN
[J1kgCB-Ctec [ 1kgMG-CN [ 1 kg MG-Ctec

Comparing processes;
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 5.21 Characterised LCIA comparison results for whole life cycle of bioethanol
produced from various waste papers using CN and Ctec alternatives as well as two
state-of-the-art cases. (Unit: 1 kg bioethanol)
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Figure 5.22 Normalised LCIA comparison results for life cycle of bioethanol produced
from various waste papers using CN and Ctec alternatives as well as two state-of-the-art
cases. (Unit: 1 kg bioethanol)

The normalised LCIA comparison results are given in Figure 5.22 where Abiotic depletion
potential indicator results appeared as the most significant category most of cases except for
newspaper-to-bioethanol with oxidative lime pre-treatment where Fresh water aquatic
ecotoxicity potential is shifted to the first place. GWP1qo, Acidification and Eutrophication

potentials are also of relative significance to the reference system (West Europe, 1995).

5.4 Discussion and Conclusions

In summary, mass and energy balances as well as the ‘cradle-to-grave’ LCA profiles of
bioethanol production from various waste papers have been evaluated in multiple case studies
including base case scenarios and two state-of-the-art scenarios. The key findings from this

chapter are:

1. Through energy and mass balance analysis, the office paper-to-bioethanol process presents
the highest energy efficiency of 50% for the Celluclast 1.5L/Novozyme 188 production
system and 65% for the Cellic Ctec 1 production system. However, a large amount of energy
loss in terms of heat released from combustion exhaust (flue-gases) and from cooling towers
is noted. This agrees with the findings from NREL’s corn stover based bioethanol production

(Aden, 2002) where a potential for improving the energy recovery system is suggested. In
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addition, a water balance study shows the water used in the cooling tower system is a
dominant contributor to the total water consumption. This suggests that other cooling water
sources such as river water or sea water could potentially be used in the bioethanol plant to
reduce the water footprint, cost and environmental impacts of bioethanol production.

2. For the LCIA profile of bioethanol production base cases using Celluclast 1.5L/Novozyme
188 enzyme alternative, enzyme production is a key driver of environmental burdens in most
impact categories except for GWPyy, Fresh water aquatic ecotoxicity and Terrestrial
ecotoxicity potentials. CO, emissions from combustion dominate the GWP1q, category and
the landfill of combustion bottom ash is the main contributor to Fresh water aquatic
ecotoxicity potential. In Terrestrial ecotoxicity potential, the relatively low net impact of
enzyme production is due to credits added from the by-product soy oil in Novozyme 188
production (Nielsen, 2010b).

3. In the bioethanol production base cases using the Cellic Ctec 1 enzyme alternative, enzyme
production becomes the main cause for Terrestrial ecotoxicity potential and remains as the
dominant driver for the other impact categories apart from GWP1oo and Fresh water aquatic
ecotoxicity potential. This suggests one of potentials in improving the bioethanol
environmental profile is to change enzyme production, for instance in terms of reducing
energy input or utilising renewable energy. Another potential is to develop efficient on-site
enzyme production technologies with improved environmental performance, such as
consolidated bioprocessing (CBP) enzyme production where one metabolic engineered

organism can ferment all C5 and C6 sugars (Spatari et al., 2010).

For office paper-to-bioethanol production with dilute acid pre-treatment, the pre-treatment
step causes significant environmental burdens on Acidification potential and POCP
particularly due to sulphuric acid consumption. Additionally for this process, process heat
production makes a significant contribution on most of the categories. For newspaper-to-
bioethanol with oxidative lime pre-treatment, burdens on most categories occur because of
hydrochloric acid requirement. Therefore, minimising acid consumption by possible
recycling and reducing process heat required by optimised energy integration would improve

environmental profiles of these processes.

These findings are somewhat supported by Maclean and Spatari’s research (2009) where they
found that enzyme (cellulase) and chemical inputs were responsible for 30% - 40% of fossil
energy use and 30% - 35% of GHG emissions for bioethanol production from switchgrass.
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They also highlighted that the pre-treatment chemical requirements and enzyme loadings are
dependent upon the conversion process selected, which echoes differences in our findings

from base cases and the two state-of-the-art cases.

4. Comparing whole life cycles of bioethanol produced by two enzyme alternatives, it is
found that bioethanol production using Cellic Ctec 1 has lower environment impacts than
using the Celluclast 1.5 L/ Novozyme 188 for each type of paper. This is because Cellic Ctec
1 has a better environmental profile and results in a higher bioethanol yield in comparison
with the Celluclast 1.5 L/ Novozyme 188 mixture. Comparing each type of paper, newspaper-
derived bioethanol with Cellic Ctec 1 has the best environmental profile mainly attributed to
the credits from surplus electricity while magazine-derived bioethanol with Celluclast
1.5L/Novozyme 188 has the worst because of relatively low bioethanol yield and also the

small quantity of electricity exported.

5. Involvement of oxidative lime pre-treatment would significantly improve the profiles of
both production and the whole life cycle of newspaper-to-bioethanol in most impact
categories apart from Eutrophication, ODP and Terrestrial ecotoxicity potentials where HCI
production drastically adds environmental burdens. In contrast, applying dilute acid pre-
treatment in the office paper-to-bioethanol process makes its environmental performance
worse because of the burdens caused by extra sulphuric acid consumption and required
process heat not being compensated by the increased bioethanol yield. There is a significant
amount of gypsum generated in this process due to the neutralisation in the acidic pre-
treatment. Alternative fates for gypsum rather than landfill such as in concrete manufacturing

or as a soil stabiliser could bring credits to the environmental profile of this process.

Overall, this chapter performed a detailed assessment of the whole life cycle of bioethanol
analysing the environmental profiles of bioethanol from various waste papers, identifying
their main contributors and therefore suggesting the potential approaches improving the
environmental performance of bioethanol production. Moreover, it provides the basis for

comparison studies in the following chapters.
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Chapter 6 Life Cycle Assessment (LCA)

comparison studies
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6.1 Introduction

The environmental performance of bioethanol produced from waste paper has been analysed
using an LCA approach in Chapter 5. As an alternative transport fuel, bioethanol is generally
compared with conventional petrol though with various functional units (e.g. driving
distance-based, energy-based or mass-based) (Cherubini and Stremman, 2011). In this
chapter, a comparative LCA study is performed to evaluate the environmental performance of
bioethanol from waste papers with that of petrol using a functional unit based on driving
distance (Section 6.3.3). For comparing paper recycling with incineration, Villanueva and
Wenzel (2007) suggested that the compared systems should be equivalent with respect to the
goods and services they provide to society. In the case of bioethanol production, waste papers
are converted rather than recycled and the issue that the ‘paper market demand is changed’
need to be addressed. To take this into consideration, the bioethanol system is expanded to
include within its system boundary the production of an amount of virgin paper equivalent to
the amount of recycled paper that could have been produced from the waste paper diverted to
bioethanol production. Meanwhile to ensure an equivalent basis for the comparison the
system boundary of conventional petrol is also expanded to include the production of
recycled paper to make it comparable with the bioethanol system. The basis for comparison
of the systems is thus the provision of petrol or an equivalent quantity of bioethanol fuel and

paper products.

Furthermore, the comparison of bioethanol production with current alternative waste paper
management options (e.g. recycling and incineration) is of clear interest and importance for
gaining insight as to the best environmental options for this activity. A similar comparison
has been reported by Stichnothe and Azapagic (2009) using MSW as the substrate and only
focusing on the GHG saving potential. There are also many studies comparing conventional
waste paper treatment methods, such as recycling, incineration and landfill (Ekvall, 1999,
Villanueva and Wenzel, 2007, Merrild et al., 2008). However, it is believed that this is the
attempt to involve bioethanol production potential in such a comparison with multiple impact
categories considered (Section 6.3.4). Waste paper incineration and recycling models are
conducted according to data obtained from the public domain (Section 6.3.1.2 and 6.3.1.3).
Due to the variations in technologies of these two models, several scenarios are considered in

the comparative studies.
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6.2 LCA modelling methods

6.2.1 Goal

Goals of this comparison study are addressed through the following objectives:

e To compare environmental burdens of the bioethanol system with the conventional
petrol system.
e To model diverse waste paper management options (incineration and recycling in this

study) and compare them with the bioethanol system.

6.2.2 Scope of the LCA study

6.2.2.1 Functional unit

Due to the two-fold aims of this LCA study, two functional units have been defined:

travelling distance-oriented and waste treatment-oriented.

For the comparison of bioethanol from waste paper with petrol, the travelling distance-
oriented functional unit is defined as ‘To drive 1 km in a Flexible-fuel vehicle (FFV) using
bioethanol or petrol + the amount of paper product equivalent to that of recycled paper
produced from waste paper used for the bioethanol production.” A compact passenger car is

used as the reference vehicle.

To compare different waste paper management options, the waste treatment-oriented
functional unit is defined as ‘Treatment of 1 kg waste paper + the production of the amount
of paper product equivalent to that of the recycled paper produced from 1 kg of waste paper’.

6.2.2.2 Product system and system boundary

6.2.2.2.1 Comparison of bioethanol production from the waste paper system with the

petrol system

Since the waste papers supplied to produce the bioethanol are diverted from being feedstocks
for recycled paper production and because the external demand for paper will not be affected
by biofuel production, an amount of virgin paper (equivalent to the quantity of recycled paper
that could have been produced) is needed to satisfy the paper market demand. In this case, the
comparison of bioethanol and conventional petrol requires paper production to be taken into

account via a system boundary expansion in accordance with ISO 14044 (2006) (Figure 6.1).
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The bioethanol system therefore needs to encompass (1) the waste paper collection and
transportation, (2) bioethanol production and distribution, (3) end use of bioethanol in a FFV
that can utilise any fuel mixture from pure petrol up to E100 (pure ethanol), and (4) the virgin
paper manufactured from wood to substitute the quantity of waste paper used for bioethanol
production. Surplus electricity as a by-product from bioethanol production is delivered to the
national grid. Substitution of the conventional electricity by this co-produced electricity is
included by crediting the avoided impacts from the conventional electricity production to the
bioethanol system. The conventional petrol system encompasses (1) the extraction of crude
oil in the ground, refining to produce petrol, and the usage of petrol in the same FFV; and (2)
production of recycled paper products from the quantity of waste papers used for the

bioethanol production.

In the present study, E100 (100% v/v bioethanol) is compared with petrol. Important factors
in this comparison are the fuel economy and the air emissions associated with operation of
the vehicle. Fuel economy refers to the fuel efficiency relationship between distance travelled

by an automobile and the amount of fuel consumed.

The amount of fuel (E100 or petrol) to drive 1 km is calculated by Equation 6.1 as below:

1

Fuel = (6.1)

NEngine*LHV fyel

Where Fuel is the amount of fuel in kg and gy 4n is the efficiency of the engine, estimated
as 0.32 km/MJ by Sheehan (Sheehan et al., 2003). An assumption of no difference in
efficiency of the engine running on E100 and petrol was applied; therefore the same
efficiency value was used. The amount of fuel required for travelling 1 km is calculated to be
114 g for E100 and 70 g for petrol according to their energy contents of 27.4 MJ/kg for
bioethanol and 44.7 MJ/kg for petrol.
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Conventional system Bioethanol system
Waste paper Waste paper
1 |
- Qil Gas, coaland C - Wood
’ ollection
Eollccion l other sources \l/ l
Paper Oil refinery Bioethanol Paper
Reprocessing Power plant plant manufacture
Recycled Petrol .. Substitution Virgin paper
paper product etro Electricity¢ - » Electricity Elhanol product
End use End use
A4 A\ 4

‘T drive 1 km in a Flexible-fuel vehicle (FFV) using bioethanol or petrol + the amount of paper product
equivalentto that of recycled paper produced from waste paper used for the bioethanol production.’

Figure 6.1 A comparison of E100 and petrol. (The dotted lines indicate the system
boundaries and the dash arrowed lines indicate substituting and avoiding)

6.2.2.2.2 Comparison of waste paper management options

As shown in Figure 6.2, the bioethanol system was compared with two alternative waste
paper management options i.e. recycling and incineration. The three product systems are
defined as ‘cradle-to-grave’, which commence at the point that waste paper becomes
available for collection. To keep consistency in all comparative studies, waste papers are
treated as a post-consumer waste. Therefore, the environmental burdens associated with the
original paper production and its use are excluded from these product systems. In the case of
virgin paper production this includes environmental burdens associated with wood cultivation,

harvesting, and transportation.

In these comparative systems, it is assumed that the overall demand for paper remains
unchanged. Thus, in the bioethanol and incineration systems, virgin paper has to be produced
to deliver the same amount of recycled paper that would have been made from the waste

paper used in the bioethanol production or converted in the incineration.
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Figure 6.2 Comparison of waste paper management options. (The dotted lines indicate the
system boundaries and the dash arrowed lines indicate substituting and avoiding)

The bioethanol system includes the end use of bioethanol and petrol. The electricity co-
produced alongside the bioethanol is considered to replace an equivalent amount of
conventionally generated UK grid average electricity and receives a substitution credit for the
avoid emissions. The bioethanol (E100) is considered to replace petrol in an amount
equivalent to power the FFV for the proscribed distance and receives a substitution credit for

the avoided petrol.

For the waste paper recycling system, a closed-loop allocation approach is used which means
that waste paper is recycled to be the same product. The production of paper from recovered
waste paper is assumed to substitute virgin paper products as shown in Figure 6.2. Variations
in reprocessing technologies and those in the virgin paper manufacturing technologies
significantly affect the environmental profile of the paper recycling model (Merrild et al.,
2008). Therefore, several available reprocessing and virgin paper manufacturing technologies
were considered in this study. The recycling models thus used are combinations of a
reprocessing technology and an appropriate avoided virgin technology, i.e. a virgin

technology producing the same paper product.
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For the incineration with an energy recovery system, recovered electricity and heat are treated
as substitutions of UK grid average conventional electricity and heat. Several different
incineration technologies with varying energy recovery efficiency are considered in the

comparisons.

Geographic variation was excluded in the comparison under the assumption that all three
models adopted from cases in other locations apply in the UK. These three hypothesised
plants (i.e. bioethanol production, incineration and recycling) are assumed at 50 km away
from Greenwich, London where there is currently a material recycling facility (Metcalfe,
2008).

6.2.2.3 Allocation procedures

In these comparisons, allocation was avoided by applying ‘system expansion’ where possible
as discussed above. For some inputs, production whose inventory data were adopted from

Ecoinvent database v2.2, the allocations were taken as currently implemented.

A carbon counting approach was used to trace biogenic CO, inputs and biogenic carbon-

based emissions in the life cycles (Chapter 5, Section 5.2.2.3.2).

For the recycling procedure, additional elaborations are required for allocation because of the
possible changes in material properties or unit processes (extraction and processing) of raw
materials for subsequent use. An open-loop allocation procedure applies to open-loop product
systems where the material is recycled to other product systems and undergoes a change to its
inherent properties. For example, this approach has been used to establish environmental
profiles for Swiss paper, cardboard and corrugated board based on different raw materials
(SAEFL, 1998). Another approach is closed-loop allocation which applies to closed-loop
product systems but also to open-loop products where there are no changes in the inherent
properties of the recycled material. In these cases, allocation is avoided since the use of the
secondary materials displaces the use of virgin materials (1ISO 14041, 1998). This approach
has been used in Baumann et al.’s study (1992) to compare different waste management
options for corrugated board where the recycled corrugated board was considered to replace
primary fibres in the production of new corrugated board. In this study, the closed-loop

approach is used in the waste paper recycling system.

Other requirements such as data quality requirements and cut-off criteria were as described in
Chapter 5, Section 5.2.2.5 and 5.2.2.6.
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6.3 Results

6.3.1 Life Cycle Inventory (LCI) analysis

The inventory for the whole life cycle of bioethanol produced from various waste papers was
analysed in Chapter 5. In this section, the main focuses are analysing the inventory for the
whole life cycle of petrol and for the waste paper recycling and the waste paper incineration

with energy recovery models.
6.3.1.1 Inventory for petrol production

The inventory of petrol production was adopted from the Ecoinvent database v2.2. This
product system includes oil field exploration, crude oil production, long distance
transportation, oil refining, and regional distribution (Figure 6.3). To produce low-sulphur
petrol, extra energy is required. For the multi-output process where multi-products are
produced, the elementary flows have been allocated to those products (Dones et al., 2007). In

this study, the EU average dataset was used due to the lack of a UK specific inventory data.

Crudeoil Natural Gas

Exploration | —» O
P Combined
Offshore | __5| oiland gas
Ener production production
% ‘l' Co-products
water Crude oil Waste to treatment
Infrastructure transportation
= \L )| Emissions to air
- 7y e S s s B S =
Raw materials I Crude oil refinery | Emissions to water
L e e e e - |
Intermediate . .
products e ;l,_ o Emissionsto soil

| Heavy fuel ':
L — _refinery _ _,

I Transportation I

J

I Petrol storage I

Figure 6.3 Unit process of petrol production. (Dotted boxes indicate the multi-output
processes)
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6.3.1.2 Waste paper recycling model

To model waste paper recycling, two steps were performed: (1) 6 virgin paper manufacturing
technologies and three reprocessing technologies were modelled, and (2) the production of
paper from recyclable materials was assumed to substitute the production from virgin paper
production.

For different types of paper product, the raw materials and manufacturing technologies vary.
Virgin newsprint used for newspaper and magazines is normally made from mechanical pulp,
thermo-mechanical pulp (TMP) or, chemical-mechanical pulp (CMP). Fine print paper for
office paper is made from bleached kraft pulp (sulphate pulp) and cardboard is normally
manufactured by CMP and unbleached kraft pulp. For paper recycling, deinking technology
is normally applied for reprocessing newspaper and, magazine and office paper. Figure 6.4

shows the paper production system from virgin fibre and recovered waste paper.

Wood
Transportation
JI - - Waste to
Energy Debark |—> | Incineration treatment
Water forenergy Emissions to
Infrastructure ¥ air
Raw materials E:> — I:> Emissionsto
Intermediate Chipping water
products | Emissionsto
soil
\L l, Chemical Pulping
N N ater & H H
Mechanical Chemical — et — with/without
pulping pulping recovery deinking
Manufacturing
paper/cardboard

End use and collection

Figure 6.4 Scheme of virgin and recycled paper manufacturing.

There are some common processes for producing all types of virgin paper: production,
transportation, debarking and chipping of wood; treatment of solid waste (e.g. rejects, ash,
and sludge) and liquid waste (e.g. liquor generated and waste water. The inventory data of

197



Chapter 6 — Life Cycle Assessment (LCA) comparison studies

these processes as well as infrastructure data were adopted from Ecoinvent database v2.2.
Particularly for magazine paper which is a coated paper, an additional coating step is required
after forming the newsprint sheet (SAPPI, 2011). The coating pigments usually contain 36%
of clay, 68% of chalk, 3% of talc and 3% of binders (potato starch and latex) (Charles, 2005,
Hischier, 2007). According to Ecoinvent database v 2.2, coating pigments account for 34%
(w/w) of light-weight coated paper. Therefore, magazine paper is assumed containing 66%

(w/w) of newsprint and 34% (w/w) of coating pigments with the composition listed above.

There are two main types of paper mills: integrated and non-integrated. The former paper
mill produces paper pulp onsite and paper product from its own produced pulp. The latter one

produces paper product from purchased market pulp.

The inventory data of virgin paper manufacturing technologies are derived from a Danish
Environmental Protection Agency report and company environmental statements shown in
Tables 6.1 and 6.2. These data were used in the study and compared with Ecoinvent database
v2.2 (Hischier, 2007).

The inventory data for technologies Virgin 1-6 are all site-specific while the data from
Ecoinvent database v2.2 is the average of various technologies and data sources. The
inventory data for cardboard production in the Ecoinvent database was originally generated
according to the FEFCO (European Federation of Corrugated Board Manufacturers) report
(FEFCO, 2009) which is mixed inventory data for cardboard made from raw wood and
recovered paper. The inventory inputs and outputs are not allocated to cardboard derived

from virgin sources and are therefore not included in Table 6.2 for comparison.
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Table 6.1 Virgin paper manufacturing technologies.

Paper type Yearof Pulp Country of Reference
produced  origin technology origin
Virgin 1 Newsprint 2001 TMP and Denmark (Frees et al., 2005)
sulphate pulp-
integrated
Virgin 2 Printing 2011 Ground wood Sweden (Skogsindustrierna,
paper pulp and TMP- 2006)
non-integrated
Ecoinvent®1  Newsprint ~ 2000- TMP and EU average (Hischier, 2007)
2002 sulphate
Virgin 3 Fine paper 2010 Kraft pulp - Sweden (Stora, 2010)
TCF-integrated
Ecoinvent 2 Fine paper  1999- Sulphate pulp- EU average (Hischier, 2007)
2001 integrated
Virgin 4 Fine paper 2001 Sulphate pulp -  Denmark (Frees et al., 2005)
ECF, non-
integrated
Ecoinvent 3 Fine paper  1999- Sulphate pulp- EU average (Hischier, 2007)
2001 non-integrated
Virgin 5 Cardboard 2001 CTMP and Denmark (Frees et al., 2005)
sulphate pulp
Virgin 6 Cardboard 2009 CTMP, sulphate  Sweden (Stora, 2009)

pulp and
purchased pulp

Note: # Data from Ecoinvent database v2.2

® The average value of data derived from various data sources with different reference year.
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Table 6.2 Inventory data for virgin paper manufacturing processes. (to produce 1 kg of air-dry paper product)

Virginl Virgin2  Ecoinvent  Virgin 3 Ecoinvent  Virgin 4 Ecoinvent  Virgin 5 Virgin 6
1 2 3
Paper produced, 1 kg, TS=95° Newsprint  Printing Newsprint  Fine paper- Fine paper  Fine paper- Fine paper  Cardboard Cardboard
paper TCF ECF

Co-produced heat, MJ/kg 0.290 0.293 NA 0.220 NA 0.500 NA 0.754 0.414
Co-produced electricity, kW/kg 0 0 NA 0 NA 0 NA 0 0.012
Input
Softwood, m*kg, M=140"° 1.84E-3 -° 1.32E-3 2.20E-3 1.14E-3 - - 2.28E-3 2.90E-3
Hardwood, m3/kg, M=80 - - - 9.09E-4 1.70E-3 - - - -
Softwood, chips, for fuel, mkg  3.78E-4 3.69E-4  1.66E-3 3.81E-5 3.75E-4 - - 1.52E-3 3.04E-4
M=70
Purchased sulphate pulp, kg/kg,  0.051 - 0.026 - 0.035 0.619 0.761 - 1.59E-4
TS=90
Purchased SGW pulp, kg/kg, - 0.110 - - - - - - -
TS=90
Purchased TMP pulp, kg/kg, - 0.779 - - - - - - -
TS=90
Kaolin, kg/kg 0.038 0.055 0.056 0.100 0.119 0.221 0.153 NA NA
Chalk, kg/kg 0.038 0.055 - 0.100 0.119 0.221 0.153 NA NA
Water, m*/kg 0.045 0.047 0.065 NA 0.085 0.018 0.046 0.052
Chemicals, unspecified, kg/kg ¢ 0.094 NA° 0.053 0.092 0.125 0.118 0.094 NA 0.185
Electricity, KWh/kg 2.620 2.623 2.830 0.549 0.070 1.200 0.480 0.948 0.899
Liquid petrol gas (LPG), kg/kg - - - - - 2.30E-3 - - -
Diesel, kg/kg - - - - - 0.018 - - -
Fuel, heavy oil, kg/kg 0.011 2.01E-3  1.34E-3 0.015" 0.028 0.018 - 0.052 0.016 '
Fuel, light oil, kg/kg - 1.95E-3  3.63E-3 0.013" - - - - 0.015"
Hard coal, kg/kg 0.029 6.79E-3 1.25E-2 - 7.02E-3 - - - -
Natural gas, MJ/kg - 0.857 - - 1.670 - 5.29 - -
Peat, MJ/kg - - - - 0.079 - - - -
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Table 6.2 Inventory data for virgin paper manufacturing process (to produce 1 kg of air-dry paper product) (Continued)

Output

CO,, fossil, kg/kg 0.106 0.106 0.049 0°¢ 0.304 0.241 0.200 0.159 0.101
SO, kg/kg 9.90E-4 2.48E-4  8.00E-5 1.08E-3 5.20E-4 5.30E-4 1.02E-4 1.00E-3 1.40E-4
NOx, kg/kg 8.70E-4 4.33E-4  3.10E-4 1.26E-3 1.72E-3 3.00E-4 8.59E-5 1.53E-3 7.10E-4
TSP, kg/kg * NA 1.41E-4  7.00E-5 NA 9.88E-4 NA 1.29E-5 NA NA
Waste water, m*/kg 0.045 NA NA 0.065 0.083 0.018 0.045 0.052 0.030
COD, kg/kg® 2.19E-3 2.19E-3  4.50E-3 0.024 0.017 1.00E-3 2.31E-3 0.024 3.70E-3
AOX, kglkg® NA 1.84E-6 1.10E-7 NA 9.00E-5 NA NA NA 2.00E-5
TSS, kg/kg® 2.70E-4 2.69E-4  6.50E-4 1.40E-3 1.15E-3 1.90E-4 5.00E-5 1.67E-3 NA

N, total, kg/kg NA 5.67E-5  9.00E-5 1.40E-4 1.50E-4 NA 4.00E-5 NA 1.00E-4
P, total, kg/kg NA 3.06E-6 1.00E-5 1.70E-5 1.00E-5 NA 1.00E-5 NA 1.00E-5
Waste, recycling, kg/kg NA 0.057 NA NA NA 0.012 NA 0.041 7.750E-3
Waste, unspecific, landfill, NA 0.013 NA 2.160E-4 NA 0.039 NA 0.013 0.127
kag/kg

Waste, sludge, landfill, kg/kg 0.021 NA NA NA 0.043 NA 6.89E-3 NA NA
Waste, ash, landfill, kg/kg 0.025 NA 8.48E-3 NA 0.027 NA 1.95E-3 NA NA
Waste,dMSW, landfill, NA NA 1.50E-3 NA NA NA 3.36E-3 NA NA
ka/kg

Waste, incineration, kg/kg NA 0.296 NA NA 0.015 1.50E-3 3.36E-3 2.09E-4 NA
Waste, hazard, disposal, kg/kg NA 3.69E-4 2.80E-4 NA 1.80E-5 NA 9.00E-5 NA 3.11E-4

Note: ® TS (%)= total solid, the percentage of solid in the air dry product.

® M (%)= moisture which is calculated based on the dry weight. The amount of chemicals is represented as dry weight.

¢ For unspecified chemicals that includes glue and binder etc., the module ‘chemicals, inorganic, at plant’ is used (Hischier, 2007).

4 TSP= total suspended particles; COD= chemical oxygen demand; AOX= adsorbable organic halides; TSS= total suspended solids; MSW= municipal solid waste.
® NA= not available; - = this technology does not include this input or output.

" Total fuel oil consumption is available. 50% of heavy fuel oil (Density=1.0kg/l) and 50% of light fuel oil are assumed (Density=0.86kg/l) (Althaus et al., 2004).
9 Flue gases from the fuel oil combustion are delivered to a nearby producer of precipitated calcium carbonate (PCC) filler.
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For Virgin 1, 3, 4 and 6 technologies, the inventory data of sulphate pulp, SGW and TMP
production were adopted from Ecoinvent database v 2.2. The CO, emissions reported only
accounts for emissions from fossil fuel combustion. The biogenic carbon sequestered in the
wood materials is partially balanced by the biogenic carbon-derived CO, emissions and the
rest is sequestrated in paper products. In some scenarios, co-produced heat appears and
substitutes for conventional heat production. The ‘avoided’ heat production was assumed
from a fuel mix (15% coal, 82% natural gas and 3% fuel oil) according to energy statistics
data from the UK Department of Energy and Climate Change (Department of Enegry and
Climate Change, 2010).

Data for the paper mills infrastructure, transportation of wood and chemicals are not available
for Virgin 1 — 6. Therefore these inventory data were adopted from Ecoinvent database v2.2:
the distance of transporting wood is assumed as 100 km (80% lorry >16t and 20% train) and
that for chemicals is 150 km by truck (20-28t) and 100 km by rail. For non-integrated paper
mills, the distance for delivering pulp is assumed as 75 km (85% by lorry >16t and 15% by

train).

For producing recycling paper, the recycled paper may or may not be processed through a
deinking step depending on the paper product application. In addition to mechanical
treatment, chemical deinking is generally applied to newsprint and fine print paper but not
corrugated board. In the mechanical treatment, recycled paper is pulped with hot water and
lime. The deinking process is normally performed by flotation technology where air is
injected to a paper slurry containing sodium silicate, H,O, and NaOH. The ink particles are

lifted to the surface before being removed (Hischier, 2007).

Table 6.3 and Table 6.4 summarise the three reprocessing technologies and inventory data
which were compared with Ecoinvent data and BUWAL data (Swiss Environmental Agency).
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Table 6.3 Reprocessing technologies.

Paper type Year  Received waste Country Reference
produced of paper of origin
origin
Reprocess 1 Newsprint 2001 Waste Denmark  (Frees et al., 2005)
newspaper and
magazine
Reprocess 2 Fine paper 2001 Mixed paper Denmark  (Frees et al., 2005)

Reprocess 3° Liner and fluting 2001 Mixed paper Denmark  (Frees et al., 2005)
and corrugated

board
Ecoinvent 4 Recycling paper 2000-  Mixed paper EU (Hischier, 2007)
with deinking 2002° average
BUWAL Recycling paper 1998 Mixed paper EU (Habersatter et al.,
without deinking average 1998)

Note: ® This technology include deinking process.
® The product of this technology are liner and fluting which are the base paper of cardboard.

Reprocess 1 and 3 are technologies without a deinking process while a deinking step is
involved in Reprocess 2. These inventory data are site-specific and similar to Ecoinvent
database v2.2 and BUWAL. In Reprocess 3, wheat straw was used as biomass for energy
generation. The inventory data of wheat straw cultivation from Ecoinvent database v2.2 (EU

average) was adopted.

Similarly, the inventory for paper mills infrastructure and transportation data for Reprocess 1-
3 were adopted from Ecoinvent database v2.2. The distance delivering collected waste paper
to the recycling plant is assumed as 50 km (by truck) and that for chemicals is 150 km by
truck (20-28t) and 100 km by rail.

Reprocess 3 only represents manufacturing cardboard base papers (lining and fluting),
therefore the inventory data of a process for assembling cardboard was adopted from the
FEFCO database (FEFCO, 2009) and listed in Table 6.5. It was calculated that corrugated

board on average consists of approximately 40% fluting and 60% liner (Frees et al., 2005).
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Table 6.4 Inventory data of paper reprocessing. (to produce 1 kg of air-dry paper product)

Reprocess1  Reprocess2  Reprocess3  Ecoinvent4  BUWAL
Paper type produced, 1 ~ Newsprint Fine paper Liner and Recycling Recycling
kg, TS=95 fluting paper with paper no

Deinking Deinking

Input
Waste paper, kg/kg 1.220 1.200 1.100 1.173 1.013
Water, m*/kg 0.021 0.017 0.038 0.017 5.70E-3
Softwood, for fuel, 1.19E-4 - - - -
m*/kg M=40
Wheat straw, for fuel, - - 0.104° - -
ka/kg
Chemicals, unspecified, 0.090 - 0.042 0.178 0.040
ka/kg
NaOH ? kg/kg - 0.020 - 0.016 -
H,0,% kg/kg - 0.021 - 0.021 -
FAS ¢ kg/kg - 2.0E-3 - - -
Kaolin, kg/kg - 0.240 - 0.099 -
Electricity, KWh/kg 0.315 1.068 0.491 0.790 0.042
Coal, MJ/kg - - 3.500 - -
Natural gas, MJ/kg 6.764 8.600 - - 8.700
Fuel, heavy oil, kg/kg 0.029 - - - -
Heat, MJ/Kg - - - 9.640 -
Diesel, kg/kg 3.70E-3 - - - -
Output
CO,, fossil, kg/kg 0.489 0.533 0.333 NA °© NA °©
SO, kg/kg 5.90E-3 NA 8.00E-4 NA°® NA®
NOX, kg/kg 7.80E-3 4.0E-4 8.00E-4 NA® NA®
Waste water, m¥/kg 0.012 0.017 0¢ 0.017 0°
COD, kg/kg 3.29E-3 1.12E-3 0¢ 3.42E-3 0¢
Waste, unspecific, 0.215 0.410° 0.011 9.53E-3 0.028
landfill, kg/kg
Waste, incineration, NA NA 0.078 NA NA
ka/kg
Waste, sludge, landfill, NA NA NA 0.179 4.20E-3
ka/kg
Waste, ash, landfill, NA NA NA 0.0623 NA
ka/kg

Note: # Chemicals indicated here are pure. FAS= formamidine sulphuric acid, its inventory data is not available. Ecoinvent
database module ‘Chemicals, organics’ used as a surrogate.
b Rejects contain 33% fibre, 33% filler as chalk and kaolin and 33% water.
¢ Average LHV of wheat straw = 18.2 MJ/kg (ECN, 2010)

9 The factory has a completely closed process water system.
¢ Emissions to air are included in the chosen ‘Heat” module.
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Table 6.5 Inventory data of assembling corrugated board. (to produce 1 kg of air-dry
paper product)

Paper type produced, 1 kg, TS=95 Corrugated board

Input Output

Softwood, chips, for fuel, 6.90E-7 CO,, fossil, kg/kg 0.061
m*/kg M=40

Water, m¥/kg 4.60E-4 S0,, kg/kg 4.60E-5
Chemicals, unspecified, kg/kg  0.024 NOx, kg/kg 3.00E-5
Fluting, kg/kg 0.436 TSP, kg/kg 8.80E-7
Liner, kg/kg 0.654 Waste water 1.90E-4
Steam, MJ/Kg 0.050 COD, kg/kg 3.40E-4
Fuel, heavy oil, MJ/kg 0.100 AOX, kg/kg NA
Fuel, light oil, MJ/kg 0.071 TSS, ka/kg 8.60E-5
Natural gas, MJ/kg 0.770 N, total, kg/kg NA
Diesel, MJ/kg 0.031 P, total, kg/kg NA
Liquid Petroleum gas (LPG),  0.031 Waste, recycling, kg/kg 0.148
MJ/kg

Electricity, KWh/kg 0.111 Waste, unspecific, landfill, kg/kg  2.21E-3
Packaging paper, kg/kg 7.30E-3 Waste, sludge, landfill, kg/kg 1.60E-3
Packaging PE, kg/kg 3.40E-4 Waste, MSW, landfill, kg/kg NA
Packaging steel, kg/kg 1.70E-4 Waste, incineration, kg/kg NA
Packaging strapping, kg/kg 5.10E-4 Waste, hazard, disposal, kg/kg 1.70E-3

The recycling technologies were modelled as combinations of a reprocessing technology and
an appropriate avoided virgin technology, i.e. a virgin technology producing the same paper
type. Table 6.6 defines each different recycling technology including reprocessing technology,
material loss, grade loss and the substituted virgin technology.

Table 6.6 Features of eight recycling technologies.

Paper type Reprocessing Material Substituted virgin Grade loss
technology loss technology

Newspaper Reprocess 1 18% Virgin 1 30%
Virgin 2

Magazine Reprocess 1 18% Virgin 1 30%
Virgin 2

Office paper Reprocess 2 17% Virgin 3 30%
Virgin 4

Cardboard Reprocess 3 17% Virgin 5 30%
Virgin 6

Material loss is defined as the loss of material in the form of staple fibre in the reprocessing
technology, i.e. more than 1 tonne input of waste paper is required to give 1 tonne output of
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recycled paper. For the three reprocessing technologies modelled, the material loss are 17%
and 18% (Frees et al., 2005). From a quality point of view, recycled paper doesn’t have the
same strength as virgin paper because the fibres become shorter after 4-8 cycles in the
reprocessing process. A mass of virgin fibre is then added to obtain the same quality as virgin
paper, which is defined as a grade loss or quality loss. In modelling a recycling system, it

must be noted that recycled paper is not always replacing the new fibres in the ratio of 1:1.

—Y¥=0.6 —Y=0.7 ¥=08 —Y=02
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o 1 2 3 4 5 & 7 g 9 10

MNumber of Recycling Loops

Figure 6.5 Theoretical minimum virgin fibre input for closed-loop recycling with
various recycling yields (Y). (Note: the grey box indicates the correlation between the
minimum virgin fibre input and the recycling loops of 4-8 times) (NCASI, 2011)

Figure 6.5 shows a theoretical closed-loop recycling system for different recycling yields (i.e.
fraction of recycled paper out of recovered paper). For four types of paper with around 80%
recycling yield, the minimum virgin fibre pulp input (or grade loss) is 30%. This means 1
tonne of reprocessed newspaper, magazine, cardboard or office paper only replaces 0.7

tonnes of virgin newspaper, magazine, cardboard or office paper.
6.3.1.3 Waste paper incineration with energy recovery model

When waste paper is incinerated, energy can be recovered in the form of electricity and/or
district heat. In modelling waste paper incineration, two steps are included: (1) 3 incineration
technologies were modelled, (2) the energy produced from waste paper incineration was
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assumed to substitute fossil based electricity and heat production. The incineration system

flow diagram is shown in Figure 6.6.

The incineration technologies are distinguished from each other according to the different
energy recovery efficiency which is defined as the percentage of sold energy out of the lower
heating value (LHV) of the feed stream. The value varies from 13% to 75% and depends on
not only the efficiency of the incinerator and boiler but also the loss of electricity (normally
10%) and heat (normally 20%). Three incineration technologies were selected to represent

various technology levels, i.e. various energy recovery rates (Table 6.7)

Waste paper
¥
Air —> Incinerator |>Flue-gases—>| Emission
control
\l' \l, Waste to
Energy Bottom ash Exhaust heat treatment
Water to landfill l/ Emissions to
Infrastructure i
Raw materials E> ; E> Elr;issionsto
Intermediate Water Boiler water
products J J Emissions to
<« Steam soil
Heat y
recovery )
<— | Turbine
\ \
Heat Electricity
Figure 6.6 Waste papers incineration with energy recovery system.
Table 6.7 Features of incineration technologies.
Technology Technology Year Electricity Heat Reference
level recovery % recovery %
Incineration 1 Low 2007 13 - (BAT, 2006)
Incineration 2 Medium 2007 11 14.0 (BAT, 2006)
Incineration 3 High 2007 20 55 (BAT, 2006)

The actual electricity and/or heat output from an incinerator also depends on the available
markets. Electricity can be easily sold to the national grid. In contrast heat will need to be

consumed locally. Incineration 1 reflects the lower boundary of the typical energy recovery
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range while ‘Incineration 2’ is the upper boundary. ‘Incineration 3’ represents an optimised

technology.

For all of these three incineration technologies, flue-gases cleaning technologies are used.
Cleaning technologies are SO, removal using limestone with a 90% reduction efficiency and
ammonia injection to remove NOx. Ammonia injected in a non-selective catalytic reduction
(SNCR) method can reach a NOx reduction efficiency of 80%. The most common SNCR

reactions are:

4 NO+4 NH3+0,=4 N,+6 H,O (6.2)
NO+NO2+2 NH3=2 N,+3 H,0O (6.3)
2 NO2+4 NH3+02=3 N2+6 N2O (6.4)
6 NO,+8 NH3=7 N+12 H,0O (6.5)

The application rate of limestone is 7.1 kg/tonne waste while that of ammonia is 1.5 kg/tonne
waste according to Harrison’s study (2000). However, 15% of NH3 injected is spillage (Grass
and Jenkins, 1994).

To calculate the air emissions for various waste paper incineration scenarios, two
assumptions are made: (1) Sulphur in waste paper is fully deoxidised to SO,, and (2) CO
emission is determined by CO emission factors and the rest of the biogenic carbon is assumed
to become CO,. Table 6.8 summarises the inventory data for four types of paper incineration

using the three incineration technologies.

The emission inventory data for PM10, NOx, CO, VOC, and HCI are adopted from Harrison
et al.’s report (2000) which represents detailed combustion emissions for four types of waste
papers. Metals emission factors for As (Arsenic), B (Boron), Cd (Cadmium), Cr (Chromium),
Cu (Copper), Hg (Mercury), Ni (Nickel), Pb (Lead), Sb (Antimony), Se (Selenium) and Zn
(Zinc) are also adopted from this report (Harrison et al., 2000). Incineration bottom ash
residual material is sent to landfill. The effects of various combustion efficiencies on

emissions for these three technologies are assumed to be excluded.

Electricity sold was treated as an ‘avoided product’ to subtract the environmental burdens of
the average electricity generation supply mix for the UK grid. Heat sold was also treated as

an ‘avoided product’ which was assumed conventionally from a fuel mix of 15% coal, 82%
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natural gas and 3% fuel oil according to energy statistics data from the UK Department of

Energy and Climate Change (Department of Enegry and Climate Change, 2010).

Infrastructure inventory for the incineration plants was adopted from the Ecoinvent database
module ‘Cogeneration, wood, 6400kwth, for heat and electricity (EU average)’.
Transportation of waste papers from recycling material storage to the incineration plant was
assumed by truck (>28t) for 50 km. Delivering chemicals was assumed to be 150 km by truck
(20-28t) and 100km by rail.

6.3.1.4 Comparison of bioethanol system and petrol system

According to the scope and system boundary defined in Section 6.2.1, the comparison of
bioethanol and conventional systems is based on the functional unit of ‘To drive 1 km in a
Flexible-fuel vehicle (FFV) using bioethanol or petrol + the amount of paper product
equivalent to that of recycled paper produced from waste paper used for the bioethanol
production.” Due to the fact that the quantity of bioethanol produced is varied for different
bioethanol production scenarios, the amount of waste paper converted and therefore the
virgin paper product in the functional unit defined above for each bioethanol scenario is
different. Correspondingly, the amount of recycled paper in the comparative petrol system

has to be the same as the amount of virgin paper product in the bioethanol scenario.
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Table 6.8 Inventory data for incineration models.

Newspaper Office paper Cardboard Magazine
In1” In2 In3 Inl In2 In3 Inl In2 In3 Inl In2 In3
Output
Electricity sold, Kwh/kg 0.473 0.400 0.727 0.381 0.322 0.586  0.491 0.416  0.756 0.407 0.345  0.627
Heat sold, MJ/kg 0 1.833 7.20 0 1.476 5797 0 1904 7.480 0 1579 6.204
Input
Limestone, g/kg 7.024 7.100 7.100 7.221
Ammonia, g/kg 1.484 1.500 1.500 1.526
Emissions
CO, g/kg 0.752 0.610 0.700 0.712
CO,, g/kg ° 1523.52 1394.58 1518.73 1544.58
SO, g/kg ° 0.129 0.238 0.256 0.260
NOx as NO, g/kg 1.187 0.980 1.100 1.119
NHs, g/kg 0.223 0.225 0.255 0.229
HCI, g/kg 0.247 0.200 0.230 0.234
PM, g/kg 0.148 0.120 0.140 0.142
Ash, landfill kg/kg 0.124 0.160 0.140 0.322
As, g/kg 1.19E-06 2.30E-06 1.10E-06 1.40E-06
B, g/kg 1.09E-04 2.70E-05 3.80E-05 7.40E-05
Cd, g/kg 1.19E-05 1.20E-05 1.20E-05 1.20E-05
Cr, g/kg 2.87E-04 1.80E-05 9.70E-06 7.00E-06
Cu, g/kg 3.86E-06 1.70E-06 6.40E-07 2.10E-06
Hg, g/kg 9.89E-04 1.50E-04 4.90E-05 1.50E-04
Ni, g/kg 4.95E-04 1.30E-04 6.40E-05 7.30E-05
Pb, g/kg 3.36E-04 2.40E-04 2.00E-04 1.30E-04
Sb, g/kg 9.79E-06 1.00E-05 6.60E-06 5.30E-06
Se, g/kg 1.88E-07 4.70E-07 7.50E-08 2.10E-07
Zn, g/kg 4.75E-04 4.80E-03 2.30E-04 1.90E-04

Note * Corrected with moisture content for each type of paper
® In1= Incineration 1; In2= Incineration 2; In= Incineration 3
¢ CO, emission is calculated based on this amount of energy. Reduced SO, emission is reported here.
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6.3.1.5 Comparison of various waste paper treatment options

As stated in Section 6.2.1, three waste paper treatment options are compared with the
functional unit of ‘Treatment of 1 kg waste paper + the production of the amount of paper
product equivalent to that of the recycled paper produced from 1 kg of waste paper’. Table
6.9 summaries the amount of bioethanol produced from 1 kg of waste paper and the amount
of petrol substituted that can power the same distance as the bioethanol (E100) in a FFV.

Table 6.9 Values of bioethanol produced and petrol substituted in bioethanol system.
(Unit: kg/kg waste paper treated)

Bioethanol Petrol substituted
NP-CN @ 0.141 0.087
OP-CN 0.236 0.144
CB-CN 0.165 0.101
MG-CN 0.094 0.058
NP-Ctec 0.156 0.096
OP-Ctec 0.258 0.158
CB-Ctec 0.184 0.113
MG-Ctec 0.103 0.063
OP-Ctec-DA 0.315 0.193
NP-Ctec-OL 0.213 0.131

Note: * NP=newspaper, OP=office paper, CB= cardboard, MG=magazine; CN= Celluclast 1.5L/Novoyzme188, Ctec=Cellic
Ctec 1

6.3.2 LCIA results

6.3.2.1 LCIA of waste paper recycling model

LCIA results of virgin paper production model, waste paper reprocessing model and waste
paper recycling model using the CML2 baseline 2000 impact assessment model are presented
below based on 1 kg of the paper products.

6.3.2.1.1 LCIA of virgin paper production model

Figure 6.7 shows the contribution analysis of LCIA results of virgin newspaper/magazine
production model. The contribution analysis shows the percentage of impacts caused by unit
processes out of the total impacts in each impact category but does not compare scenarios.
The left and right columns represent ‘Virgin 1’ technology (integrated paper mill) and

‘Virgin 2’ technology (non-integrated paper mill) respectively.
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Figure 6.7 Characterised LCIA profiles of the virgin newsprint production model. (left
column- Virgin 1’; right column- ‘Virgin 2°)

The negative score on GWP150 Was due to carbon sequestered in the paper product. For most
categories, electricity consumption was found as a dominant component of the impact for
both scenarios. On Eutrophication potential, disposal of waste paper sludge contributes more
than 50% for ‘Virgin 1’ technology caused by phosphate elements leached via landfill
disposal and these impacts for “Virgin 2’ technology are also included for the thermo-
mechanical pulp production. For ‘Virgin 1’ scenario, chemicals consumption makes the
second largest contribution to environmental impacts. For ‘Virgin 2’ scenario, the production
of thermo-mechanical pulp is the second most important contributor because it has a high
energy demand, especially for electricity which is responsible for 60% to 80% of the impacts
on all categories for thermo-mechanical pulp production. Impacts caused by the module
‘processes’ are due to the emissions from fuel oil and coal combustion. Contributions of
wood biomass production, transport, infrastructure, other energy source production (including

fuel oil and hard coal) and also environmental savings from by-product heat are negligible.
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Figure 6.8 Characterised LCIA profiles of virgin fine print paper production model.
(left column- “Virgin 3’; right column- “Virgin 4°)
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Figure 6.9 Characterised LCIA profiles of virgin cardboard production model. (left
column- “Virgin 5’; right column- “Virgin 6°)
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For office paper production ‘Virgin 3’ scenario, chemicals production and electricity
consumption evenly share over 90% of the burdens in most categories apart from
Acidification and Eutrophication potentials. On Eutrophication potential, the dominant share
is due to impacts from waste paper sludge going to landfill. On GWP1q, carbon sequestration
overwhelms the ‘above-the-line’ burdens causing a net negative score. It is noted that there is
no CO, emission from the ‘process’ for Virgin 3 scenario because in this case the fossil based
CO, emission was captured and sold to a nearby CaCO3 producer. For ‘Office paper + Virgin
4’ scenario, sulphate pulp production in addition to electricity and chemicals consumptions

also makes considerable contributions to all categories.

Similar patterns are found for cardboard production ‘Virgin 5’ and ‘Virgin 6’ scenarios
(Figure 6.9). Electricity and chemicals consumption are still the dominant drivers of
environmental impact in most of the categories, except for Eutrophication potential for Virgin
6 scenario where the landfill of waste sludge causes over 60% burdens.

The characterisation and normalisation results for these ‘Virgin 1’ to ‘Virgin 6’ virgin paper

production models can be found in Appendix D (Table D.1 and D.2).

Comparing these virgin paper production scenarios in Figure 6.10 and 6.11 (characterisation
and normalisation), it is clear that the environmental performance of virgin paper production
scenarios are highly dependent on the individual technologies, which are plant specific and
paper quality specific. Overall, ‘Virgin 2’ scenario has a better environmental profile than
‘Virgin 1’ scenario for newspaper while “Virgin 3’ and “Virgin 6” are better for office paper
and cardboard production respectively. The differences between ‘Virgin 1’ and ‘Virgin 2’
scenarios are because the highly energy demanding thermo-mechanical pulp production
makes ‘Virgin 2’ technology worse. For ‘Virgin 3’ and ‘Virgin 4°, differences are caused by
different bleaching technologies (i.e. ECF and TCF) and also the different way of handling
the fossil based CO, emission. For cardboard production, ‘Virgin 5° and ‘Virgin 6’ has
overall no obvious variations with the difference in indicator results on most categories less
than 10%. On GWP;qo for ‘Virgin 3°, ‘Virgin 5’ and ‘Virgin 6°, the carbon sequestration
overcomes the greenhouse gas emission of production processes resulting in the overall
negative scores. Normalisation results show Abiotic depletion and Fresh water aquatic
ecotoxicity potentials are the most significant followed by Eutrophication and Acidification

potentials.
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Figure 6.10 Characterised LCIA results of virgin paper production. (‘Virgin 1-6’
scenarios, Unit: 1 kg virgin paper product)
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Figure 6.11 Normalised LCIA results of virgin paper production. (‘Virgin 1-6” scenarios,
Unit: 1 kg virgin paper product)
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6.3.2.1.2 LCIA of waste paper reprocessing model

The contribution analysis of LCA results for paper reprocessing models in Figure 6.12 shows
the percentage of impacts caused by unit processes out of the total impacts in each impact
category but does not compare scenarios. It indicates for ‘Reprocess 1’ (newsprint),
electricity and natural gas combustion as well as chemical production drives most of the
impacts for most categories apart from Acidification potential, Eutrophication potential,
GWP1g0 and POCP. On Eutrophication potential, emissions from paper sludge landfill is the
main contributor. On Acidification potential and POCP, SO, emissions from fuel oil and
diesel combustion dominate while CO, does for GWPo,. For ‘Reprocess 2’ scenario (fine
print paper reprocessing), similar patterns are found except for negligible impacts on
Eutrophication potential and ODP. For ‘Reprocess 3’ (cardboard) scenario, hard coal is used
instead of natural gas as the major energy source which contributes largely to Abiotic
depletion, Eutrophication, and Fresh water aquatic ecotoxicity potentials. As another energy
source, wheat straw contributes around 10% to Eutrophication because of nitrate and
phosphate leaching from cultivation and also 10% to Terrestrial ecotoxicity due to heavy
metal emission from infrastructure involved in agricultural field operations. Comparing
‘Reprocess 3’ with ‘Reprocess 1° and ‘Reprocess 2’ scenarios, disposal of paper sludge is not
a dominant component because of the smaller amount going to landfill. Figures 6.13 and 6.14
compare the characterisation and normalisation results of three paper reprocessing scenarios.
In Figure 6.13, significant differences among different paper qualities is found because of the
varied technologies and the ‘Reprocess 2’ scenario has the worst environmental profile. On
GWP1q0, ‘Reprocess 1’ and ‘Reprocess 3’ have net negative scores but ‘Reprocess 2’ has the
positive. This is because the carbon sequestered (represented as CO,) in the recycled paper is
sufficient enough to offset the CO, emissions in recycled paper making process for

‘Reprocess 2’ and ‘Reprocess 3°.

The characterisation and normalisation LCIA results for these ‘Reprocess 1’ to ‘Reprocess 3’

recycled paper production models can be found in Appendix D (Table D.3 and D.4).

Under normalisation, Abiotic depletion potential is the most significant impact category
followed by Acidification, Eutrophication, and Fresh water aquatic ecotoxicity potentials
(Figure 6.14).
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Figure 6.12 Characterised LCIA profiles of paper reprocessing technologies. (left
column-‘Reprocess 1°, middle column-‘Reprocess 2’, right column-‘Reprocess 3’, Unit: 1 kg
reprocessed paper)
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Figure 6.13 Characterised LCIA comparison results of paper reprocessing scenarios.
(‘Reprocess 1-3°, Unit: 1 kg reprocessed paper)
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Figure 6.14 Normalised LCIA results of paper reprocessing scenarios. (Reprocessl-3,
Unit: 1 kg reprocessed paper)

The virgin paper production model (the first and second columns for each type of paper) and
the reprocessing model (the third column for each type of paper) are compared in Figure 6.15.
It can be seen that office paper has a better environmental impact profile when produced
using ‘Virgin 3’ technology rather than using ‘Virgin 4’ or by reprocessing technology.
However, reprocessing is more favourable than virgin production for newspaper and

cardboard.

Overall, these results suggest virgin paper production and reprocessing technologies are
highly energy dependent processes especially from electricity. Therefore, an improvement in
the environmental profile of electricity production would provide a significant lift in
environmental performances of virgin paper production and reprocessing. Additionally,
significant differences among datasets suggest that they are highly plant specific. These are
mainly caused by the variation in technologies standards and detection methods used at plants.
These differences are also partly due to the quality of the data which are from various sources
and based on different reference years. Some of the inventory data such as for the specific
chemicals used for virgin and reprocessing technologies are surrogated by average inorganic
chemicals production data (Hischier, 2007). Some of the emissions are also most likely
missing in inventories. However, the inventory data for virgin and reprocessing technologies

used in this study are considered to be the best available.
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Figure 6.15 Characterised LCIA comparison results for virgin paper production models
and reprocess models. (Unit: 1 kg paper product)

6.3.2.1.3 LCIA of waste paper recycling model

As shown in Table 6.6, 8 recycling models were defined as reprocessing technologies and
combined with the relevant virgin technologies avoided. Characterisation and normalisation
LCIA results of these 8 models are shown in Figure 6.16 and 6.17. On GWP, the indicator

results for all scenarios ranges from -2.69 to -0.17 tonne CO, eq./tonne recycled paper.

For newspaper and magazine, the recycling models have negative scores in most categories
except for POCP, Acidification and Eutrophication potentials. Apart from Abiotic depletion,
Human toxicity and Fresh water aquatic ecotoxicity potentials, cardboard recycling delivers
savings in other categories. For office paper, the recycling model with ‘Virgin 3’ as an
avoided virgin technology has only savings on Acidification potential and GWP1go but not
other categories. However, this conclusion is highly dependent on the virgin technology
chosen and does not reflect the scenario combining with “Virgin 4°. It is clear that the results
are significantly different for various paper qualities and the choice of technology dataset
considerably influence the overall results. It appears that the office paper recycling model is

mostly influenced by the choice of the avoided virgin technology.

219



Chapter 6 — Life Cycle Assessment (LCA) comparison studies

%
o
Shoanm

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

I Recycling-Newspaper-Virginl [ Recycling-Newspaper-Virgin2 [l Recycling-Office paper-Virgin3 C__J Recycling-Office paper-Virgin4
I Recycling-Cardboard-Virgins [ Recycling-Cardboard-Virgin6 Il Recycling-Magazine-Virginl [ Recycling-Magazine-Virgin2

Comparing processes;
Methad: CMI 2 haseline 2000-modified V2.05 / West Furone. 1995 / Characterisation

Figure 6.16 Characterised LCIA comparison results for 6 paper recycling models. (Unit:
1 kg recycled paper)
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Figure 6.17 Normalised LCIA comparison results for 6 paper recycling models. (Unit: 1
kg recycled paper)
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The normalised results indicate again Abiotic depletion, Fresh water aquatic ecotoxicity
potential and GWPyq are the most significant categories relative to the reference system.

Acidification and Eutrophication potentials are also relatively important.

Overall, the environmental profiles of recycling models vary substantially with the different
virgin paper production system chosen. Because the datasets are site specific, they depend on
the technologies that the recycling paper plants use. In addition, these differences are partly
due to the quality of the inventory data: some chemical inventory data are surrogates adopted
from Ecoinvent database v2.2 and some of the emissions are most likely missing in
inventories. However, the inventory data for virgin paper making and paper reprocessing

technologies used in this study are the best available.
6.3.2.2 LCIA of waste paper incineration with energy recovery model

LCIA results of waste paper incineration models are presented based on 1 kg waste paper

processed.
6.3.2.2.1 Contribution analysis

Figures 6.18-6.21 represent characterisation results for the various waste paper incineration
models with different technology levels. ‘Incineration 1’ was defined as a low level
technology scenario with 13% overall energy recovery efficiency. The energy recovery
efficiencies for ‘Incineration 2’ (medium level technology) and ‘Incineration 3’ (high level
technology) were 25% and 75% respectively.

Similar contribution patterns were found for four types of waste paper: The environmental
profiles varied depending on the chosen technology dataset with different overall energy

recovery efficiencies as well as the shares between electricity or heat produced.
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Figure 6.18 Characterised LCIA profiles of newspaper incineration with energy
recovery models. (Left column- Incineration 1’; Middle column- ‘Incineration 2’; Right
column- “Incineration 3)
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Figure 6.19 Characterised LCIA profiles of magazine incineration with energy recovery
models. (Left column- ‘Incineration 1’; Middle column- ‘Incineration 2’; Right column-
‘Incineration 3’)
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Figure 6.20 Characterised LCIA profiles of office paper incineration with energy
recovery models. (Left column- ‘Incineration 1’; Middle column- ‘Incineration 2’; Right
column- “Incineration 3’)
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Figure 6.21 Characterised LCIA profiles of cardboard incineration with energy
recovery models. (Left column- ‘Incineration 1’; Middle column- ‘Incineration 2’; Right
column- ‘Incineration 3’)

223



Chapter 6 — Life Cycle Assessment (LCA) comparison studies

For environmental burdens on impact categories Acidification and Eutrophication potentials,
NOx emission released during the incineration process is the most dominant contributor. CO
and SO, emitted in combustion mainly contribute burdens to POCP (50% - 80%). On Abiotic
depletion potential, the main cause for impacts is fossil fuel use in the waste paper collection
process. On GWPyq, environmental burdens due to CO, emissions are overcome by carbon
sequestered in waste paper and credits from electricity/heat substitution, resulting overall in
negative scores. Impacts on Terrestrial ecotoxicity potential are dominated by heavy metal
emissions (i.e. mercury, nickel, zinc, and lead) in the incineration process. Incineration
bottom ash to landfill is the main cause for impacts on Fresh water aquatic ecotoxicity
potential (60% - 85%) and also makes a considerable contribution to the Human toxicity
potential (20% - 40%) as well as contributing to Acidification and POCP (5% to 10%).
Dioxin and vanadium from the incineration bottom ash landfill are responsible for the
impacts to Human toxicity and Fresh water aquatic ecotoxicity potentials respectively. Dioxin
is formed by burning chlorine-based chemical compounds with hydrocarbons. The burdens
on Acidification potential and POCP are due to the SO, emitted from landfill of gypsum
which is the residue of lime absorbing SO,. Another important contributor to most of the
categories is the waste paper collection process. The impacts caused by it are mainly due to
the electricity consumption and the infrastructure the of waste paper sorting plant where
waste paper is separated from other recyclables. Vanadium that is widely used in steel
manufacturing causes 40%-60% of burdens on Human toxicity while methane emission from
diesel combustion is responsible for 10%-20% of impacts on ODP. The sensitivity of the
waste paper collection method on indicator results is studied in Chapter 7. Transportation
results in up to 10% burdens on ODP in Incineration 1 scenario because of methane emission
from diesel fuel combustion. Impacts of other processes, such as limestone and ammonia

production as well as the incineration plant infrastructure are negligible.

Environmental savings are due to the energy recovered replacing electricity and heat
production from conventional sources. As stated earlier, the energy sources displaced for heat
production are assumed to be a mix of fossil fuels of 15% coal, 82% natural gas and 3% fuel

oil.
6.3.2.2.2 Comparison of scenarios

The characterisation and normalisation results for these ‘Incineration 1’ to ‘Incineration 3’

waste paper incineration models can be found in Appendix D (Table D.5 and D.6).
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Figure 6.22 and 6.23 show the characterised LCIA results of 12 waste paper incineration
scenarios. On Abiotic depletion potential, GWPy5, ODP, and Terrestrial ecotoxicity, the
overall environmental impacts are negative which means that waste paper incineration with

energy recovery would result in environmental savings in these impact categories.

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWPL00) depletion (ODP aquatic ecotox ecotoxicity oxidation

I 1 kg NP-Incineration 1, with C-mix [ 1kg NP-Incineration 2, with C-mix BBl 1kg NP-Incineration 3, with C-mix
I 1kg OP-Incineration 1, with C-mix ] 1kg OP-Incineration 2, with C-mix BB 1kg OP-Incineration 3, with C-mix
I 1kg CB-Incineration 1, with C-mix [____1 1kg CB-Incineration 2, with C-mix [0 1kg CB-Incineration 3, with C-mix
I 1kg MG-Incineration 1, with C-mix [_] 1kg MG-Incineration 2, with C-mix [ 1kg MG-Incineration 3, with C-mix

Comparing processes;
Method: CML 2 baseline 2000-modified VV2.05 / West Europe, 1995 / Characterisation

Figure 6.22 Characterised LCIA results of 12 waste paper incineration with energy
recovery models.

For each type of paper, as expected ‘Incineration 3’ (high technology level) scenarios have
the best environmental performance due to the highest energy recovery efficiency, and
consequently the largest credits from electricity and heat substitution when compared with

‘Incineration 1’ and ‘Incineration 2°.

Comparing each type of paper with the same technology level, magazine incineration
scenarios have the worst environmental profiles because of its relatively low heating value
and higher incineration emissions except in the Terrestrial ecotoxicity potential category. In
this impact category, newspaper incineration models have the highest impacts due to high
heavy metal emissions, especially mercury used in pigments. During the incineration, all of

the mercury is assumed to be emitted via the flue-gases (van Velzen et al., 2002).
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The normalised results indicate that the Terrestrial ecotoxicity potential is the most
significant impact category for newspaper incineration scenarios while Abiotic depletion

potential is the most significant for other scenarios.
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Abiotic depletion Acidffication Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial ecotoxicity Photochemical
(GWPL00) depletion (ODP aquatic ecotox oxidation
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I 1kg OP-Incineration 1, with C-mix ] 1kg OP-Incineration 2, with C-mix HEEEE 1kg OP-Incineration 3, with C-mix
I 1kg CB-Incineration 1, with C-mix [ 1kg CB-Incineration 2, with C-mix [ZZ2 1kg CB-Incineration 3, with C-mix
I 1kg MG-Incineration 1, with C-mix [___] 1kg MG-Incineration 2, with C-mix [ 1kg MG-Incineration 3, with C-mix

Comparing processes;
Method: CML 2 baseline 2000-modified VV2.05 / West Europe, 1995 / Normalisation

Figure 6.23 Normalised LCIA results of 8 waste paper incineration with energy
recovery models.

6.3.3 Comparison of bioethanol system with conventional petrol system

As shown in Figure 6.2, the bioethanol system involves virgin paper production and the
conventional petrol system includes recycled paper production. Due to the variations in
manufacturing technologies of virgin and recycled paper, scenarios are grouped based on the
same virgin paper production technology applied in the following comparisons (Figures 6.24-
6.27)

Figure 6.24 shows the characterised LCIA results for the life cycle of newspaper-to-
bioethanol systems (E100) compared with conventional petrol systems. Based on different
bioethanol production technologies, the results are compared in three groups. Differences are
found between the bioethanol systems when combined with varied virgin paper production
technologies. For example, the scenario ‘1km E100 NP-CN + Virgin 1’ is environmentally

superior to ‘1km E100 NP-CN + Virgin 2’ on most of the impact categories except for

226



Chapter 6 — Life Cycle Assessment (LCA) comparison studies

Eutrophication potential. However, a similar trend is found that bioethanol systems have
overall worse environmental profiles than conventional petrol systems except for
Acidification potential and POCP. These exceptions are because paper reprocessing has more
burdens on these two categories than virgin paper production, resulting in the positive scores
when virgin paper production is replaced by reprocessing in the conventional petrol system
and in the negative scores when virgin paper production substitutes reprocessing in the

bioethanol system.

It is noted that the virgin paper production contributes between 30% and 85% to all impact
categories in the newspaper-to-bioethanol system while the paper reprocess is responsible for
65% to 90% of impacts in the conventional petrol system. Therefore, the environmental
profiles of these two expanded systems are driven by paper making technologies. In order to
study the effects of the system boundary on such comparison results, a sensitivity analysis is
carried out in Chapter 7 by excluding paper manufacturing from the system boundaries.

Furthermore and as expected, the bioethanol-Ctec scenarios are found to be better than
bioethanol-CN scenarios in all categories due to its better enzyme production profile and a
need for less virgin paper to be included within the system as a result of the increased
bioethanol yield. For newspaper-to-bioethanol with oxidative lime pre-treatment scenarios,
their environmental profiles are improved when compared to scenarios without pre-treatment
except on ODP and Eutrophication potential where the HCI used causes considerable impacts.
However, the involvement of pre-treatment would not make bioethanol systems
environmentally superior to conventional petrol systems under the present system boundary

and model assumptions.
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Figure 6.24 Characterised LCIA comparison results for newspaper-to-bioethanol
system and conventional petrol system. (Unit: ‘“To drive 1 km in a FFV with E100 or petrol
+ the amount of newspaper equivalent to that of recycled paper produced from waste
newspaper for bioethanol production’)

Similar outcomes are found for office paper-to-bioethanol scenarios: significant differences
appear in scenarios combining Virgin 3* and “Virgin 4’ technologies, especially on GWP 1.
In “Virgin 3’ technology scenario, CO, emitted in paper manufacturing process is captured
and used as an input for calcium carbonate production which brings credits for this process.
This supply chain gets close to having a ‘carbon neutral’ footprint for the bioethanol fuel.
Overall, it is found that bioethanol systems (CN, Ctec and Ctec-OL) combined with ‘Virgin 3’
technology have better environmental profiles than the corresponding conventional petrol
systems in most impact categories except for POCP and Acidification potential. In
Acidification potential and POCP, the main contributors to the bioethanol production

environmental profiles are sulphuric acid production and combustion emissions.

Similarly to the comparison of newspaper scenarios, magazine-to-bioethanol systems are
overall worse than conventional petrol systems in most of impact categories except for the
Acidification potential for the scenario with ‘Virgin 1’ and except for Abiotic depletion,

Acidification and OD potentials for the scenario with ‘Virgin 2°.
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Cardboard-to-bioethanol Ctec system is environmentally improved when compared with that
using a CN enzyme, however, it is similar to or worse than the conventional petrol system for
most impact categories with the important exceptions of Abiotic depletion potential and
GWP1p. In GWPq, credits from virgin cardboard production counterbalance the burdens
from bioethanol production, resulting in a significant overall negative score for bioethanol
system. In Abiotic depletion potential, the lower indicator results for the bioethanol system
compared with the petrol system reflects the findings that virgin cardboard production has

lower impact in Abiotic depletion potential than recycled cardboard production (Figure 6.15).

- - - - - - - - —
Abiotic depletion Acidification Eutrophication Global warming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

I 1 km E100 OP-CN+ Virgin3 [ 1 km E100 OP-CN+ Virgind I 1 km Petrol + Recycled OP-CN
[ 1 km E100 OP-Ctec+ Virgin3 1 1km E100 OP-Ctec+ Virgin4 [ 1 km Petrol + Recycled OP-Ctec
I | km E100 OP-Ctec-DA+ Virgin3 [ 1 km E100 OP-Ctec-DA+ VirgindA [ 1 km Petrol + Recycled OP-Ctec-DA

Comparing processes;
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 6.25 Characterised LCIA comparison results for office paper-to-bioethanol
system and conventional petrol system. (Unit: ‘To drive 1 km in a FFV with E100 or petrol
+ the amount of newspaper equivalent to that of recycled paper produced from waste
newspaper for bioethanol production’)
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Figure 6.26 Characterised LCIA comparison results for magazine-to-bioethanol system
and conventional petrol system. (Unit: ‘To drive 1 km in a FFV with E100 or petrol + the
amount of magazine equivalent to that of recycled paper produced from waste magazine for
bioethanol production’)
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Figure 6.27 Characterised LCIA comparison results for cardboard-to-bioethanol
system and conventional petrol system. (Unit: ‘To drive 1 km in a FFV with E100 or petrol
+ the amount of cardboard equivalent to that of recycled paper produced from waste
cardboard for bioethanol production’)
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Normalisation results (not shown here) of all scenarios indicate that Abiotic depletion and
Fresh water aquatic ecotoxicity potentials are the most important two categories while

Acidification potential and GWP1q also have a relatively high significance.

6.3.4 Comparison of environmental sustainability of various waste paper
management options

To compare three waste paper management options, the functional unit was defined as
‘Treatment of 1 kg waste paper + production of the amount of paper product equivalent to
that of the recycled paper produced from 1 kg waste paper’. As shown in Figure 6.2, credits
from bioethanol and co-produced electricity are taken into account by substituting petrol and
fossil based electricity. In incineration with energy recovery models, electricity and heat
produced replace conventional electricity and heat. In the recycling model, the recycled paper
is produced avoiding virgin paper manufacturing. In both bioethanol and incineration models,
virgin paper production is included to provide the same service as recycled paper does in the

recycling model.

Figure 6.28 shows newspaper management option scenarios grouped into two based on
different virgin paper production technologies. Comparing these scenarios, the recycling
model has the best overall environmental performance. However, no universal conclusion can
be drawn between bioethanol and incineration scenarios because it depends on the chosen
bioethanol production technology and incineration technology level. For example,
‘bioethanol-Ctec-OL + Virgin 1’ system is overall better than ‘Incineration 1 + Virgin 1” and
‘Incineration 2 + Virgin 1° but worse than ‘Incineration 3 + Virgin 1°. The same findings
appear for this bioethanol scenario combining “Virgin 2’ technology. However, ‘bioethanol-

CN’ and ‘bioethanol-Ctec’ scenarios are found worse than any recycling scenario.
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Figure 6.28 Characterised comparison results for life cycle of newspaper-to-bioethanol
systems (CN, Ctec, and Ctec-oxidative lime pre-treatment + Virgin 1 or 2), newspaper
incineration systems (1, 2 and 3 + Virgin 1 or 2) and recycling system (Reprocess 1).
(Unit: ‘treatment of 1 kg waste newspaper + production of the amount of newspaper
equivalent to that of the recycled newspaper produced from 1 kg waste newspaper”)
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Figure 6.29 Characterised comparison results for life cycle of office paper-to-bioethanol
systems (CN, Ctec, and Ctec-dilute acid pre-treatment + Virgin 3 or 4), office paper
incineration systems (1, 2 and 3 + Virgin 3 or 4) and recycling system (Reprocess 2).
(Unit: ‘treatment of 1 kg waste office paper + production of the amount of office paper
equivalent to that of the recycled office paper produced from 1 kg waste office paper’)
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Figure 6.30 Characterised comparison results for life cycle of magazine-to-bioethanol
systems (CN and Ctec + Virgin 1 or 2), magazine incineration systems (1, 2 and 3 +
Virgin 1 or 2) and recycling system (Reprocess 1). (Unit: ‘treatment of 1 kg waste
magazine + production of the amount of magazine paper equivalent to that of the recycled
magazine paper produced from 1 kg waste magazine paper’)
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:\:Az%%aéflzighﬁfgegas:s;ine 2000-modified V2.05 / West Europe, 1995 / Characterisation
Figure 6.31 Characterised comparison results for life cycle of cardboard-to-bioethanol
systems (CN and Ctec + Virgin 5 or 6), cardboard incineration systems (1, 2 and 3 +
Virgin 5 or 6) and recycling system (Reprocess 3). (Unit: ‘treatment of 1 kg waste
cardboard + production of the amount of cardboard equivalent to that of the recycled
cardboard produced from 1 kg waste cardboard”)

233



Chapter 6 — Life Cycle Assessment (LCA) comparison studies

For office paper, magazine and cardboard scenarios (Figure 6.29-31), similar results with
those for the newspaper scenarios are found: recycling is the most favourable option while
incineration with high technology level ranks as the second. However, the bioethanol-Ctec
systems are found to be environmentally similar to ‘Incineration 1’ scenario with significant
advantages in GWP19, ODP, Human toxicity and Terrestrial ecotoxicity potentials. In
addition, the ‘office paper-to-bioethanol (Ctec) + Virgin 3’ is found to be environmentally
superior to ‘Reprocess 2 + Virgin3’ in impact categories of Abiotic depletion potential,
GWP1q0, Terrestrial ecotoxicity and Human toxicity potentials.

Normalisation results (not shown here) show Abiotic depletion, Fresh water ecotoxicity and
Terrestrial ecotoxicity potentials are the most important categories, followed by GWP1q,

Acidification and Eutrophication potentials.

It is difficult to conclude that any one option is ‘better’ than another when better indicator
results are only found on some of the impact categories. The choice of characterisation
method and system boundary may also affect the comparison results. Therefore, sensitivity
analysis is required on these parameters and is performed in Chapter 7.

6.4 Discussion and Conclusions

This chapter has focused on comparing a bioethanol system with a petrol system and,
separately, on comparing the three waste paper management options: bioethanol production,
incineration with energy recovery and recycling. By considering the need for virgin paper
production to meet the paper market demand, the functional unit of the bioethanol vs petrol
comparison study was expanded and defined as ‘To drive I km in FFV by bioethanol or
petrol + the amount of paper product equivalent to that of recycled paper made from waste
papers for bioethanol production’ and that of the waste paper management options
comparison is ‘To treat 1 kg waste paper + production of the amount of paper product
equivalent to that of the recycled paper product produced from 1 kg waste paper’. In order to
encompass the complexities of the diverse system several virgin paper production and
incineration technologies have been considered in the scenarios. The main findings can be

summarised as:

1. Contribution analysis of virgin paper production and reprocessing show they are both
energy (especially electricity) intensive processes. These findings are supported by

Villanueva and Wenzel’s review (2007) where they additionally point out that virgin paper
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production uses more energy than recycled paper production because the former requires
wood harvesting and pulping processes. Moreover, the importance of electricity production
also indicates the potential influence of utilisation of average or marginal inventory data on
the environmental profile of virgin and recycled paper production. For example, the
utilisation of average data of Swedish, Norwegian and Finnish electricity production data
rather than marginal electricity production from a coal-based power plant will significantly
reduce the impacts of paper production processes (Ekvall, 1999). In addition to production of
required energy, production of chemicals is also a main contributor to environmental profiles
of these two processes. Overall, these findings suggests the improvement of the electricity
production profile by using renewable energy and reuse or reduction in the chemicals used
would improve the environmental performances of virgin paper and recycled paper

production processes.

2. Three incineration scenarios were investigated for each type of paper involving various
energy recovery efficiencies. Contribution analysis indicates most of the burdens on GWP1
Acidification and Eutrophication potentials are caused by the atmospheric emissions while
those on toxicity categories are due to the heavy metal emissions from the combustion
process. However, the environmental savings from the substitution of the conventional
electricity and heat production result in overall negative scores on most of the categories for

all scenarios.

The influence caused by the choice of technology in the recycling and incineration models is
confirmed by Merrild et al.’s study (2008) where recycling was compared with incineration;
however these authors did not include paper products production to meet the paper market

requirement in their system boundaries.

4. Comparing the bioethanol system with conventional petrol system (see Table 6.10), ‘office
paper-to-bioethanol + Virgin 3’ scenarios, regardless of the bioethanol production
technologies (CN, Ctec and dilute acid pre-treatment), have clear overall better
environmental performances than petrol systems while the reverse conclusion is found for the
other three types of paper and for ‘office paper-to-bioethanol + Virgin 4’ scenarios. This is
because the promising technology ‘Virgin 3’ has a better environmental profile than the
office paper reprocessing technology ‘Reprocess 2’ which is included in the conventional
petrol system. The inventory of ‘Virgin 3’ technology is adopted from a Swedish paper mill

producing fine print from raw woods, using total free chlorine technology with most of the
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energy demand met internally. Moreover in this paper mill, emitted fossil based CO; is

captured and sold to a nearby lime plant producing calcium carbonate (Stora, 2010).

Table 6.10 Summary of results for the comparison of bioethanol and petrol systems.

Bioethanol is clearly better Bioethanol is similar to the  Bioethanol is worse than the petrol
than the petrol system petrol system system

e ‘OP-CN +Virgin 3’ * e ‘NP-Ctec +Virgin 2’ e ‘NP-CN +Virgin 1/2’

e ‘OP-Ctec +Virgin 3’ ¢ ‘OP-Ctec +Virgin 4’ e ‘NP-Ctec +Virgin 1’

e ‘OP-Ctec-DA +Virgin 3’ ® ‘MG-Ctec +Virgin 2’ e ‘NP-Ctec-OL +Virgin 1/2°

¢ ‘OP-CN +Virgin 4’

e ‘OP-Ctec-DA +Virgin 4’
® ‘MG-CN +Virgin 1/2°

® ‘MG-Ctec +Virgin 1’

¢ ‘CB-CN/Ctec +Virgin 5/6’

Note: * NP= newspaper, OP= office paper, MG= magazine paper, CB=cardboard; CN= Celluclast 1.5L/Novozyme 188,
Ctec= Cellic Ctec 1, DA= dilute acid pre-treatment, OL= oxidative lime pre-treatment.

Overall, these conclusions suggest that the choice of the virgin paper technology in the
bioethanol systems substantially influences the results of the comparison of bioethanol and
petrol systems. Therefore, an LCA focused on comparing the ‘pure’ life cycle of bioethanol
and petrol by excluding paper production need from their system boundaries was also carried

out in Chapter 7.

5. Among three waste paper management options, recycling is found to be the most preferred
for four types of waste paper scenarios in most cases. However, against this generalisation,
the scenario of ‘office paper-to-bioethanol (Ctec)’ combining with the promising virgin paper
production technology (‘Virgin 3”) offered significant advantages to the impact categories of
Abiotic depletion potential, GWP109, and Human toxicity potentials when compared with the
recycling model. Incineration scenarios with low technology level (‘Incineration 1’) were
found to be environmentally similar to the ‘bioethanol-Ctec’ scenarios but with advantages
for the bioethanol system in impact categories of GWPy5, ODP, Human toxicity and
Terrestrial ecotoxicity potentials for four types of paper. Table 6.11 summarises the
comparison of bioethanol cases with ‘Incineration 1’ or recycling models. This suggests that
a favourable environmental potential is available when producing bioethanol from waste

office paper complemented with producing the ‘replacement’ office paper using the ‘Virgin 3’
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technology if certain impact categories are regarded as more important (e.g. Abiotic depletion
potential, GWP1q0). However, the environmental profiles of scenarios for each type of paper
are highly influenced by the choice of virgin paper ‘replacement’ production. Therefore, the
comparison of three waste paper management options is explored further in the sensitivity
analysis (Chapter 7), including a consideration of the overall LCA system boundary used
above by excluding virgin paper production effects from the bioethanol and incineration

systems.

Table 6.11 Summary of bioethanol cases that are environmentally similar to
‘Incineration 1’ or recycling models.

Bioethanol is better than Bioethanol is similar to Bioethanol is similar to
‘Incineration 1’ ‘Incineration 1’ recycling
e NP-Ctec-OL +Virgin 1/2> ° e ‘NP-Ctec +Virgin 1/2’ ¢ ‘OP-Ctec-OL +Virgin 3’

e ‘OP-Ctec +Virgin 3/4’
e ‘CB-Ctec +Virgin 5/6’

Note: * NP= newspaper, OP= office paper, MG= magazine paper, CB=cardboard; CN= Celluclast 1.5L/Novozyme 188,
Ctec= Cellic Ctec 1, DA= dilute acid pre-treatment, OL= oxidative lime pre-treatment.
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Chapter 7 Life Cycle Assessment (LCA)

sensitivity analysis
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7.1 Introduction

As a standardised approach under the LCA framework (ISO 14040/44), sensitivity analysis is
generally used to assess the LCIA results with regard to key data, methodological and other
variables. In this chapter, a series of sensitivity analyses was conducted to analyse the
influence of particular variables on the LCIA results for both bioethanol production systems
and the two comparative studies (i.e. comparison of bioethanol system with petrol system and
comparison of three waste paper management options). These variables include technology
choice (e.g. technologies with various efficiencies in the bioethanol production process and
choice of waste paper collection method), allocation methods (e.g. system expansion and
energy allocation), the system boundary, LCIA characterisation and normalisation models

choice (e.g. different method and time frame) and the timeframe of GWP impact category.

7.2 Methods

The methodologies used for LCA have been described in Chapter 5 and 6. Here the specific
aspects of sensitivity analysis of variations in particular parameters are evaluated based on

the same methods and parameters described in those chapters.

7.2.1 Tornado diagram

The tornado diagrams method assesses the sensitivity of LCA results to the change in the
input parameters. It is run with low and high values for one parameter while other parameters
are kept constant. The results are illustrated in bar graphs where the top bar represents the
output range of the most sensitive parameter, and the bottom bar represents the least sensitive
one (Bjorklund, 2002).

7.2.2 Scenario sensitivity analysis

This method involves calculation of different scenarios, to analyse the influence of relevant
input parameters on either the characterisation/normalisation profiles or the comparison
ranking (Bjorklund, 2002). A threshold of 10% changes in the characterised/normalised
indicator results was chosen as a level above which the influence of the parameter were

considered to be significant (Guo, 2010).
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7.3 Results

7.3.1 Sensitivity analyses of LCIA results for bioethanol life cycle

In this section, the influences of key parameters and assumptions on the LCIA indicator
results for the bioethanol life cycle are presented. These key parameters include technology
variables in the bioethanol production process design (i.e. solids loading in saccharification,
bioethanol yield in fermentation, COD removal efficiency and biogas yield in AD, and sugar
yield and lignin removal efficiency in pre-treatment etc.). The variations in these parameters
will directly affect bioethanol yield and the amount of by-product surplus electricity and
therefore have an influence on the environmental profiles of bioethanol life cycle. Base cases
using Cellic Ctec 1 and two state-of-the-art cases are investigated using the Tornado diagram
method (Section 7.3.1.1). Sensitivity analysis on waste paper collection method choice
(Section 7.3.1.2) and other LCIA methodological parameters (Section 7.3.1.3 and 7.3.1.4) is
also performed.

7.3.1.1 Sensitivity analyses on bioethanol production process parameters

The range of bioethanol production process parameters obtained from the literature for
sensitivity analysis and the average values applied in baseline cases (original cases) and are
summarised in Table 4.16 (Chapter 4, Section 4.4.2). Solids loadings in enzymatic
saccharification are varied from 10% to 20%, efficiency of xylose conversion to bioethanol is
in the range of 76% - 85% while that for galactose, mannose, and arabinose is between 0%
and 85%. The COD removal efficiency in AD is from 85.5% with a biogas yield of 230 |
biogas /kg COD removed to 90% with a biogas yield of 313 | biogas/kg COD removed. For
the case of office paper-to-bioethanol with pre-treatment, xylose yield in the pre-treatment is
varied between 33% and 90% while that for newspaper in the case of oxidative lime pre-
treatment is from 0% to 20% and the fraction of lignin dissolved varies from 10% to 30%.
Impact categories of the highest relative significance (i.e. GWP1q0, Fresh water aquatic
ecotoxicity, Abiotic depletion and Acidification potentials) are selected in the study
according to the normalised results for the original bioethanol life cycle (Chapter5, Section
5.3.3.1.3). Sensitivity analysis results are shown in Tornado diagrams (Figures 7.1-7.6 and
Table 7.1) for four base cases (Cellic Ctec 1) and the two state-of-the-art cases.

In Figures 7.1-7.6, the vertical axis shows the different process parameters while the

horizontal axis shows the change in indicator results. The point where the vertical axis
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crosses the horizontal axis is the indicator result of each impact category for the baseline case.
Columns on the left side of the vertical axis indicate that lower indicator results were
obtained for the baseline case while those on the right side mean the impacts were higher for
the baseline case. In Table 7.1, variations in indicator results are expressed as the percentage

of those based on the baseline cases. Changes in indicator results over the threshold, i.e. 10%,

are marked.
GWP 40 Abiotic depletion
S s
F F
Min Min
AD = Max AD = Max
1 1.2 1.4 1.6 18 2 0.008 0.01 0.012 0.014 0.016
kg CO2 eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity
S S
F F
Min Min
AD ® Max AD H Max
0.019 0.02 0.021 0.022 0.023 0.08 0.12 0.16 0.2 0.24
kg SO2 eq kg 1,4-DB eq

Figure 7.1 Sensitivity analyses for the production process parameters of the life cycle of
cardboard-to-bioethanol using Cellic Ctec 1. (Unit: 1 kg bioethanol; S=saccharification;
F=Fermentation; AD=Anaerobic digestion)
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Abiotic depletion

GWP; o
S S
F F
AD Min AD Min
S ] . . . e
15 17 19 21 23 25 27 29 31 0.01 0. 012 0. 014 0.016  0.018 0.02
kg CO2 eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity

S S
F F

AD Min
| Max AD

0. 023 0. 024 0. 025 0. 026 0. 027 0. 028 0. 029 0. 03
kg SO2 eq

Min
B Max

0.45 0.55 0.65 0.75
kg 1,4-DB eq

Figure 7.2 Sensitivity analyses for the production process parameters of the life cycle of
magazine-to-bioethanol using Cellic Ctec 1. (Unit: 1 kg bioethanol; S=saccharification;

F=Fermentation; AD=Anaerobic digestion)

Abiotic depletion

GWP,
S
F
AD Min AD Min
= Max = Max
0.8 1 1.2 1.4 1.6 1.8 0. 005 0.015
kg CO2 eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity
S
F
Min i
AD B Max n M'a'}(
0.015 0.016 0. 017 0. 018 0.019 0.02 005 01 015 02 025 03 035
kg SO2 eq kg 1,4-DB eq

Figure 7.3 Sensitivity analyses for the production process parameters of the life cycle of
newspaper-to-bioethanol using Cellic Ctec 1. (Unit: 1 kg bioethanol; S=saccharification;

F=Fermentation; AD=Anaerobic digestion)
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GWP Abiotic depletion
S S
F F
Min Min
AD = Max AD = Max
1.55 1.65 1.75 1.85 1.95 0012 0013 0014 0015 0.016  0.017
kg CO2eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity
S
S
F F
AD Min Min
B Max AD B Max
0.0208 0.0213 0.0218 0.0223 0.19 0.24 0.29 0.34
kg SO2 eq kg 1,4-DB eq

Figure 7.4 Sensitivity analyses for the production process parameters of the life cycle of
office paper-to-bioethanol using Cellic Ctec 1. (Unit: 1 kg bioethanol; S=saccharification;
F=Fermentation; AD=Anaerobic digestion)

GWP,q, Abiotic depletion
Xylose yield Xylose yield
Fermentation Fermentation
AD Min AD Min
B Max B Max
25 252 254 256 258 26 262 264 0.0194 0.0196 0.0198 0.02 0.0202
kg CO2eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity
Xylose yield
yiosey Xylose yield
Fermentation Fermentation
Min Min
AD B Max AD B Max

0.0252 0.0254 0.0256 0.0258 0.026 0.0262 025 026 027 028 029 03 031 032
kg SO2 eq kg 1,4-DB eq

Figure 7.5 Sensitivity analyses for production process parameters of life cycle of office

paper-to-bioethanol with dilute acid pre-treatment using Cellic Ctec 1. (Unit: 1 kg
bioethanol; AD=Anaerobic digestion)
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GWP,y Abiotic depletion
Xylose yield Xylose yield
Lignin removal Lignin removal
Fermentation Fermentation
Min Min
AD = Max AD B Max
055 056 057 058 059 06 0.0018 0.0022 0.0026 0.003
kg CO2eq kg Sb eq
Acidification Fresh water aquatic ecotoxicity
Xylose yield Xylose yield
Lignin removal Lignin removal
Fermentation I Fermentation
7 Min Min
AD = Max AD = Max
0.0055 0.006 0.0065 0.17 0.175 0.18 0.185 0.19 0.195 0.2
kg SO2 eq kg 1,4-DB eq

Figure 7.6 Sensitivity analyses for the production process parameters of the life cycle of
newspaper-to-bioethanol with oxidative lime pre-treatment using Cellic Ctec 1. (Unit: 1
kg bioethanol; AD=Anaerobic digestion)

For base cases of bioethanol production using Cellic Ctec 1 (Figures 7.1-7.4 and Table 7.1),
the Tornado Diagrams indicate that solids loading in the saccharification is the most sensitive
parameter for most of the impact categories studied except for Acidification potential. When
the solids loading is increased to 20%, the impacts on Abiotic depletion potential and GWP 19
can be reduced by up to 30% and 178%, respectively while the reduction in impacts of Fresh
water aquatic ecotoxicity is from 16% to 60%. This is because more surplus electricity is
produced due to less energy being required in the distillation process as a result of a more

concentrated bioethanol produced in the fermentation step with the higher solids loading.

Fermentation efficiency is recognised as the second most sensitive factor, especially for
newspaper-to-bioethanol and magazine-to-bioethanol processes. The environmental
improvements in cases with higher fermentation efficiencies are due to credits from
increasing the bioethanol yielded and these overcome the reduction in surplus electricity.
Higher efficiency of the anaerobic digestion and consequently greater electricity production
also decreases the indicator results for all base cases, but not significantly (i.e. under the
threshold 10%).
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For the two state-of-the-art cases (i.e. newspaper-to-bioethanol with an oxidative lime pre-
treatment and office paper-to-bioethanol with dilute acid pre-treatment), fermentation
efficiency and anaerobic digestion efficiency led to decreased impacts in all the impact
categories but less 10%. The increased xylose yield can also improve the environmental

profiles of these two processes but also only to a level below the 10% significance threshold.

Overall, it can be concluded that the change in solids loading of the saccharification affects
the indicator results significantly for the base cases, followed by the fermentation efficiency.
Therefore in Section 7.3.2, the influence of these two process parameters on the comparison
studies (i.e. the bioethanol system vs the petrol system and the comparisons of the three waste

paper management options) are presented.
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Table 7.1 Sensitivity analysis - Change in indicator results for the life cycle of waste paper-to-bioethanol process (base cases using Cellic
Ctec 1 and two state-of-the-art cases) due to the change in process parameters. (Unit: 1 kg bioethanol, highlighted boxes indicate changes

over the notional 10% threshold)

Variation according to base line scenarios for Fresh water aquatic ecotoxicity Acidification Abiotic depletion GWPq

each process parameters % potential potential potential

Change trend in process parameters High Low High Low High Low High Low
Cardboard-to-bioethanol

Anaerobic digestion -4.14 4.83 -0.49 5.91 -1.85 2.78 -0.70 0.70
Fermentation -4.14 4.83 -5.42 591 -2.78 3.70 -0.70 0.70
Saccharification solid loading -35.44 55.86 -4.43 8.37 -19.72 31.48 -17.48 26.57
Magazine-to-bioethanol

Anaerobic digestion -1.02 1.70 -0.40 2.78 -2.11 2.82 -0.50 2.99
Fermentation -8.33 15.48 -8.33 11.90 -7.04 19.01 -1.99 14.93
Saccharification solid loading -16.16 27.04 -6.35 6.75 -27.47 26.76 -178.6 21.39
Newspaper-to-bioethanol

Anaerobic digestion -6.29 15.18 0 1.74 -3.75 7.40 1.69 4.20
Fermentation -2.30 45.55 -6.39 12.79 -3.14 25.76 2.52 17.65
Saccharification solid loading -60.63 220.42 -5.23 9.30 -29.99 47.52 -23.70 38.66
Office paper-to-bioethanol

Anaerobic digestion -0.80 4.01 0 2.75 0 4.76 -0.56 2.21
Fermentation 0 4.01 0 1.38 0 3.40 0 1.10
Saccharification solid loading -19.68 15.67 -4.13 2.75 -13.61 9.52 -13.26 8.29
Newspaper-to-bioethanol with oxidative lime pre-treatment

Anaerobic digestion -0.56 3.93 0 2.02 -0.45 5.88 0 1.23
Fermentation 0 5.62 -4.22 7.08 -7.69 9.50 0 2.81
Lignin removal -2.81 0.56 0 0 -9.95 0.45 -2.81 0.70
Xylose yield -0.56 0 0 0.51 -4.52 0 -0.53 0
Office paper-to-bioethanol with dilute acid pre-treatment

Anaerobic digestion -0.35 0.35 -0.12 0.16 0 0.51 -0.04 0.039
Fermentation -0.35 0 -1.12 0 -0.10 0.25 0 0.39
Xylose yield -0.35 9.15 -0.78 1.17 -0.51 1.52 -0.39 2.75

Note: ® negative value indicates a decrease in the indicator result compared with the baseline scenario, while a positive value means an increase.
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7.3.1.2 Sensitivity analyses on waste papers collection method

In this section, the base case of newspaper-to-bioethanol (Cellic Ctec 1) was studied as an
example for the influence of the waste paper collection method on the indicator results. The
results for Scenario 1 where a co-mingled system was modelled as the default was compared
with Scenario 2 where an alternative, kerbside collection system was modelled are shown in

Figure 7.7.

%
°

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

L:] 1 kg NP-Ctec-co-mingled [ 1 kg NP-Ctec-kerbside |

Comparing 1 kg '1 kg NP-Ctec-co-mingled' with 1 kg '1 kg NP-Ctec-kerbside';
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 7.7 Sensitivity analysis on the waste paper collection method (co-mingled or
kerbside) - characterised LCIA profile for life cycle of newspaper-to-bioethanol using
Cellic Ctec 1. (Unit: 1 kg bioethanol)

When comparing the newspaper-to-bioethanol life cycle using two different waste paper
collection methods (co-mingled and kerbside), it is clear indicated that the choice is
significantly sensitive for Terrestrial ecotoxicity potential (40%) and Fresh water aquatic
ecotoxicity potential (20%). This is because of the considerable difference in electricity
consumption in the two collection methods: more electricity is consumed in the co-mingled
system caused by sorting waste paper from other recyclables in material recycling facilities
(MRFs). However, no significant change is found for the other impact categories (i.e. > 10%).
Overall, it can be concluded that the influence of the waste paper collection method choice is

not significant for the bioethanol life cycle environmental profile.
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7.3.1.3 Sensitivity analyses on allocation methods

The choice of allocation method plays an important role when conducting LCA studies and is
found to significantly affect LCA results for the bioethanol life cycle (Luo et al., 2009,
Stephenson et al., 2010). The bioethanol production process becomes a multi-output process
when both bioethanol and electricity are produced. A system expansion method was used as a
default to avoid allocation by taking by-product electricity as a substitute for National Grid
electricity. In this sensitivity analysis, an energy basis allocation method (as recommended in
the EU Renewable Energy Directive for biofuels) is applied to split the environmental
burdens from bioethanol life cycle between bioethanol and electricity based on their energy
contents. However, a carbon counting method is still used for tracing elemental carbon
through the bioethanol production process and for calculating carbon sequestration in the

waste paper feedstock.

15
10
5

0
-5
-10 L

Abiotic depletion Acidification Eutrophication Global w arming zone layer
(GWP100) depletion (ODP aquatic ecotox ecotoxicity

Human toxicity Fresh w ater Terrestrial Photochemical
oxidation

\:] 1 kg NP-Ctec [ 1 kg NP-Ctec-energy

Comparing 1 kg '1 kg NP-Ctec' with 1 kg '1 kg NP-Ctec-energy';
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 7.8 Sensitivity analyses on allocation methods - characterised LCIA results for
life cycle of newspaper-derived bioethanol (Cellic Ctec 1). (Left column- system
expansion method applied; Right column-energy basis method applied, Unit: 1 kg bioethanol)

The newspaper-to-bioethanol (Cellic Ctec 1) case was investigated as an example and the
LCIA results from applying an energy content-based allocation method are compared with
the (original) case using system expansion (Figure 7.8). The percentage of environmental

burdens allocated to bioethanol is 76.18% based on energy content-based allocation. The
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functional unit for the ‘cradle-to-grave’ life cycle of bioethanol including combustion in a

FFV is defined as ‘1 kg bioethanol’.

The LCIA results are sensitive to the choice of allocation method. Overall, the bioethanol life
cycle has significantly greater environmental burdens in most impact categories when an
energy content-based allocation method is employed rather than a system expansion method,
with increases of 110% on Terrestrial ecotoxicity potential, 65% on Fresh water aquatic
ecotoxicity potential and 45% on Abiotic depletion as well as Eutrophication potentials. This
is because electricity generation from the national grid has a much higher fossil energy
requirement and burdens on these categories. However, a dramatic reduction in GHG
emissions (GWP1o burdens) is observed when an energy content-based allocation method is
applied. It is clear that applying a system expansion allocation method will reduce the overall
environmental burden of the bioethanol life cycle considerably but that the GWP1o scores
will be reduced under an energy basis allocation approach. Overall these findings show that
the choice of allocation method can considerably affect the LCIA results for a product life
cycle. Therefore allocation should be avoided whenever possible using system expansion or
though subdivision of certain processes as recommended in 1ISO 14040 (ISO 14040, 2006). If
‘avoiding’ is not possible, it is important to choose an appropriate allocation method (e.g.

mass-, energy content- or economic- based methods) and to carry out the sensitivity analysis.
7.3.1.4 Sensitivity analyses on the normalisation models

World 1995, an alternative normalisation reference system to West Europe 1995, is explored
in this sensitivity analysis. In World 1995, the total annual emissions or resources use in the

world for the year 1995 are chosen as the reference value.

The normalised profile for newspaper-to-bioethanol production (World 1995) is shown in
Figure 7.9. The normalisation results are presented based on ‘1 kg bioethanol’ at the
production phase, excluding its combustion in the FFV. Comparing with Figure 5.17,
GWP1oo impacts are still the most significant but under the choice of reference system ‘World
1995° Fresh water aquatic ecotoxicity shifts from the third to second place and Abiotic
depletion moves from second to third place. The magnitude of other impact categories
remains unaffected. This conclusion applies to other bioethanol production scenarios as well,
which means the overall normalised LCIA results for bioethanol production scenarios are not

sensitive to normalisation models applied.

249



Chapter 7 — Life cycle assessment (LCA) sensitivity analysis

T — -
| —
T I
[
h | ' —— B =
-1.29E13~
Abiotic d‘eplel\on Ac\d\h‘cal\cn Eulropr;u:atlcn Global w arming Ozone layer Human‘t ccccc ity Fresh ‘water Terrestrial ‘ecclcxlclty Pholuc‘hemlca\
(GWP100) depletion (ODP aguatic ecotox oxidation

I | kg Ethanol-NP-Ctec, with C, production """ 1 kg Ethanol-NP-Ctec, enzyme
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Method: CML 2 baseline 2000-modified V2.05 / World, 1995 / Normalisation

Figure 7.9 Sensitivity analyses on normalisation models - normalised results for
newspaper-to-bioethanol production (Ctecl). (Unit: 1 kg bioethanol)

7.3.2 Sensitivity analyses of LCIA results for the comparison studies

7.3.2.1 Sensitivity analyses of LCIA results for comparison of bioethanol system with

the conventional petrol system

In this section, the influence of bioethanol production process parameters, system boundaries
and other LCIA methodology choices (i.e. allocation method, time frame and characterisation

model etc.) are presented.
7.3.2.1.1 Sensitivity analyses on bioethanol production process parameters

The sensitivity analyses for the comparison of the bioethanol system (Cellic Ctec 1) with the
conventional petrol system on saccharification solids loadings (10%-20%) and fermentation
efficiency (i.e. xylose yield 76%-85%; mannose, galactose, and arabinose 0-85%) are
presented in this section. Virgin paper production technology ‘Virgin 1’ is chosen as an
example in the newspaper-to-bioethanol scenarios (Figure 7.10) while “Virgin 3’ is selected

for the office paper-to-bioethanol scenarios (Figure 7.11).
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Comparing processes;
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 7.10 Sensitivity analysis on bioethanol production process parameters -
characterised LCIA results for comparison of newspaper-to-bioethanol system (Cellic
Ctec 1) with the conventional petrol system. (‘S-high’ and ‘S-low’= max and min solid
loading in saccharification respectively; ‘F-high’ and ‘F-low’= max and min fermentation
efficiency; Unit: ‘To drive 1 km in a FFV by bioethanol or petrol + the amount of newspaper
equivalent to that of recycled paper produced from waste newspaper for bioethanol
production’)

For all impact categories, variations in the fermentation efficiency can affect the indicator
results significantly in the range of -20%/+20% while differences in saccharification solids
loading is only impacts insignificant within -10%/+10%. This is because with the
fermentation efficiency differing, the bioethanol yield is altered significantly and therefore
the corresponding amount of paper product demand in the bioethanol and petrol systems
varies. However, these changes in indicator results will not affect the conclusion that the
newspaper-to-bioethanol system is environmentally worse than the conventional petrol

system. These findings also apply to the magazine and cardboard cases.
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Comparing processes;
Method: CML 2 baseline 2000-modified \V2.05 / West Europe, 1995 / Characterisation

Figure 7.11 Sensitivity analysis on bioethanol production process parameters-
characterised LCIA results for comparison of office paper-to-bioethanol system (Cellic
Ctec 1) with the conventional petrol system. (‘S-high’ and ‘S-low’= max and min solid
loading in saccharification respectively; ‘F-high’ and ‘F-low’= max and min fermentation
efficiency; Unit: ‘To drive 1 km in Flexible-fuel vehicle by bioethanol or petrol + the amount
of office paper equivalent to that of recycled paper made from waste office paper for
bioethanol production’)

The results indicated from Figure 7.11 indicate that varied fermentation efficiency and solid
loadings in saccharification cause no significant difference for the office paper-to-bioethanol
(Cellic Ctec 1) scenario. Therefore, the finding from Chapter 6 (Section 6.3.3) that the
scenario ‘office paper-to-bioethanol + Virgin 3’ is environmentally superior to the

conventional petrol system is not sensitive to the bioethanol production process parameters.
7.3.2.1.2 Sensitivity analyses on the system boundary

In the comparison of the bioethanol system with the conventional petrol system, the
manufacturing of the paper product required for the paper market (virgin paper or recycled
paper) was included in the definition of two system boundaries. This approach has therefore
included a consideration of the ‘wider’ system. The comparison results from these baseline
scenarios presented in Chapter 6 revealed that the environmental profiles of both systems for
each type of paper varied significantly according to the virgin paper making technology

avoided. This ‘wider’ system perspective introduces considerable complexity by involving
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diverse virgin paper production technologies. Therefore, it was considered useful to also
investigate using a ‘narrow’ approach to analyse the ‘direct’ burdens of the bioethanol and
petrol life cycles alone and to understand via sensitivity analysis how the conclusions might
be affected by the changed system boundaries due to excluding the paper ‘issue’. The
alternative bioethanol and the conventional petrol systems are defined in Figure 7.12 and the
functional unit for this comparison is defined as ‘To drive 1 km in a FFV by bioethanol or
petrol’. For the comparisons with the previous results the newspaper/magazine, office paper
and cardboard, virgin paper production technologies with ‘Virgin 1, ‘Virgin 3’ and ‘Virgin 5’

were used as examples.

Conventional system Bioethanol system
Waste paper
. \ 4
Ol Collection
| | T
i Power plant i
Q'I P Bioethanol
refinery olant
\ll Substitution ‘1' ] \1'
Petrol Electricity < -> Electricity Ethanol
| End use

\1' A4

‘To drive 1 km in FFV by bioethanol orpetrol’

Figure 7.12 A comparison of E100 and petrol with alternative system boundaries (The
dotted lines indicate the system boundaries and the dashed arrows indicate substituting and
avoiding)

Figure 7.13 shows the characterised LCIA comparison results for these ‘narrow focus’ life
cycles of waste papers-to-bioethanol systems and the conventional petrol system. The

characterised LCIA results for this comparison can be found in Table D.7 in Appendix D.

The scenario with an oxidative lime pre-treatment remains as the best among three

newspaper-to-bioethanol scenarios while scenarios with Cellic Ctec 1 are found to be the best
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for the other three types of paper. These conclusions are consistent with those drawn from

baseline cases with extended system boundaries. However, results for comparison of these

baseline cases (Table 7.2).
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Comparing processes;
Method: CML 2 baseline 2000-modified VV2.05 / West Europe, 1995 / Characterisation

Figure 7.13 Sensitivity analyses on system boundaries - characterised LCIA comparison
results for the life cycle of waste paper-to-bioethanol system and the conventional petrol
system. (Unit: ‘To drive 1 km in a FFV by bioethanol or petrol’)

Significant changes are found in Table 7.2:

(1) For the newspaper-Ctec and newspaper-Ctec-OL alternative scenarios, the bioethanol
systems become environmentally superior to the conventional petrol systems using the

approach with ‘narrow’ system boundaries;

(2) For the cardboard and magazine paper alternative bioethanol system scenarios, the ones
with Cellic Ctec 1 change to having better environmental profiles than the petrol systems.
These changes compared with the ‘wider’” LCA approach studied in Chapter 6 for newspaper,
magazine and cardboard are due to the effect of the removal of the virgin paper
manufacturing requirement from the bioethanol system overwhelming the effect of the

exclusion impacts of paper reprocessing from the conventional petrol system;
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(3) For three office paper scenarios, office paper-CN is better than petrol in Human toxicity
potential; office paper-Ctec is better than petrol in GWP15, ODP and Human toxicity
potential and similar to petrol in Abiotic depletion potential; office paper-Ctec-DA is better
than petrol in Human toxicity potential and similar with petrol in GWP 1.

This alternative construction of system boundaries enables a comparison of ‘direct’ impacts
of bioethanol and petrol system using the LCA approach with ‘narrow’ system boundaries. It
shows newspaper-, magazine- and cardboard-derived bioethanol produced using Cellic Ctec
1 are environmentally superior to petrol. On the other hand, the office paper-to-bioethanol
systems are less environmental favourable than petrol. This is because there is a relatively
high quantity of surplus electricity in newspaper-, magazine- and cardboard-derived
bioethanol production; however, there is nearly no electricity co-produced in office paper-
derived bioethanol production. Therefore there are not enough credits from the surplus
electricity replacing the grid electricity to offset the burdens from bioethanol production even

though the bioethanol yield from office paper is the highest among the four types of paper.

Overall, it can be concluded from this sensitivity analysis that altering the system boundaries
can affect the results for comparisons of the bioethanol and petrol systems investigated here.
It suggests that clarity and alternative perspective in system boundary definition are important
to securing reliable conclusions for decision makers and also that it is necessary to explore
the effects of different boundaries before attempting to derive overall conclusions from such
LCA studies.
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Table 7.2 Sensitivity analyses on system boundaries.

Impact categories Abiotic Acidification Eutrophication GWP1g ODP Human Fresh water aquatic Terrestrial POCP
depletion toxicity ecotoxicity ecotoxicity

Newspaper-Celluclast 1.5
Baseline case- Virgin 1
Alternative scenario
Newspaper-Cellic Ctec 1 (
Baseline case- Virgin 1
Alternative scenario
Newspaper-Cellic Ctec 1-oxidative lime pre-treatment (Ctec-OL
Baseline case- Virgin 1
Alternative scenario
Office paper-Celluclast 1.5 L/Novozyme 188 (CN
Baseline case- Virgin 3
Alternative scenario
Office paper-Cellic Ctec 1 (Ctec
Baseline case- Virgin 3
Alternative scenario
Office paper-Cellic Ctec 1-dilute acid pre-treatment (Ctec-DA
Baseline case- Virgin 3
Alternative scenario
Cardboard-Celluclast 1.5 L/Novozyme 188 (CN)
Baseline case- Virgin 5
Alternative scenario
Cardboard-Cellic Ctec 1 (Ctec
Baseline case- Virgin 5
Alternative scenario
Magazine-Celluclast 1.5 L/Novozyme 188 (CN
Baseline case- Virgin 1
Alternative scenario
Magazine-Cellic Ctec 1 (Ctec
Baseline case- Virgin 1
Alternative scenario

L/Novozyme 188 (CN)

Ctec)

Note: ‘Green’ = bioethanol system is better than the petrol system; ‘Orange’ = bioethanol system is similar to the petrol system; ‘Grey’= bioethanol system is worse than the petrol system.
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7.3.2.1.3 Sensitivity analyses on allocation methods

As presented in Section 7.3.1.3, the LCIA results for the bioethanol life cycle are sensitive to
the allocation method employed. In this section, sensitivity analyses on the comparison
results for bioethanol and petrol systems are performed using the scenarios ‘newspaper-to-
bioethanol (Cellic Ctec 1) +Virgin 1’ and ‘office paper-to-bioethanol +Virgin 3’ as examples.
Allocation method used in baseline cases is system expansion and that used in alternative

cases is energy basis method.

Figures 7.14 and 7.15 present no significant changes in the characterised LCIA results for
both bioethanol scenarios due to the use of a system expansion or an energy basis allocation
approach. Thus, the conclusions drawn by using an energy content- based allocation method

remain consistent with those from scenarios using a system expansion method.

Abiotic depletion Acidification Eutrophication Global w arming Ozone layer Human toxicity Fresh water Terrestrial Photochemical
(GWP100) depletion (ODP aquatic ecotox ecotoxicity oxidation

[_ 1 km E100 NP-Ctec+ Virginl 1 1km E100 NP-Ctec+ Virginl-energy [ 1 km Petrol + Recycled NP-Ctec

Comparing 1 km'1 km E100 NP-Ctec+ Virginl', 1 km'1 km E100 NP-Ctec+ Virginl-energy' and 1 km ‘1 km Petrol + Recycled NP-Ctec’;
Method: CML 2 baseline 2000-modified \2.05 / West Europe, 1995 / Characterisation

Figure 7.14 Sensitivity analyses on allocation methods - characterised LCIA results for
comparison of ‘newspaper-to-bioethanol-Ctec + Virgin 1’ system and the corresponding
conventional petrol system. (left column- system expansion method, middle column- energy
basis method, right column- the petrol system; Unit: ‘To drive 1 km in a FFV by bioethanol
or petrol + the amount of newspaper product equivalent to that of recycled paper produced
from waste newspaper for bioethanol production’)
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Comparing 1 km'1 km E100 OP-Ctec+ Virgin3', 1 km '1 km E100 OP-Ctec+ Virgin3-energy' and 1 km ‘1 km Petrol + Recycled OP-Ctec',
Method: CML 2 baseline 2000-modified V2.05 / West Europe, 1995 / Characterisation

Figure 7.15 Sensitivity analyses on allocation methods-characterised LCIA results for
comparison of ‘office paper-to-bioethanol-Ctec + Virgin 3’ and the corresponding
conventional petrol system. (left column- system expansion method, middle column- energy
basis method, right column- the petrol system; Unit: ‘To drive 1 km in Flexible-fuel vehicle
by bioethanol or petrol + the amount of office paper equivalent to that of recycled paper
produced from waste office paper for bioethanol production”)

7.3.2.1.4 Sensitivity analyses on the characterisation models

As an alternative to the mid-point method CML 2 Baseline 2000, the damage-oriented
method Eco-Indicator 99 H (hierarchist version with land use excluded) was applied to the
inventories for comparison of the bioethanol system and the conventional petrol system. As
illustrated in Figures 7.16 and 7.17, the results using EI 99 for the comparison studies of the
newspaper scenarios and office paper scenarios are similar to the outcomes from the CML
method Figure 6.24:

(1) Varying the virgin paper technology significantly influences results of the impact

categories when either CML or EI 99 is used;

(2) The ranking of various ‘newspaper-to-bioethanol + Virgin 1/or Virgin 2’ scenarios is
consistent with that derived from EI 99 on most categories when CML is used;
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(3) Over the life cycle of the bioethanol system, scenario with an oxidative lime pre-
treatment and Virgin 1 deliver the lower impacts on Respiratory organics (POCP in CML),
Acidification/Eutrophication (Acidification in CML) and Fossil fuel when compared with the
conventional petrol system. El 99 also includes the damages induced by radioactive radiation
and a winter smog (respiratory inorganics) category on which bioethanol systems have lower
impacts. Unlike the CML method, ElI 99 combines Acidification potential with
Eutrophication potential. As given in Figure 7.16, all petrol systems deliver higher impacts
than bioethanol systems on the aggregated Acidification/Eutrophication category, however,
this is different from the outcomes from CML scenarios in Figure 6.24 where petrol systems
have higher impacts on Acidification potential but are lower on Eutrophication potential.
Moreover, EI 99 aggregates all the ecotoxicity potentials of all substances into a single

indicator result.

0 o o o a2 ~ a2 - T T T —
Carcinogens Resp. organics Resp. inorganics Climate change Radiation Ozone layer Ecotoxicity Acidification Minerals Fossil fuels
/ Eutrophication

I 1 km E100 NP-Ctec+ Virginl [ 1 km E100 NP-CN+ Virgin2 I 1 km Petrol + Recycled NP-CN
[ 1 km E100 NP-Ctec+ Virginl [ 1 km E100 NP-Ctec+ Virgin2 1 1 km Petrol + Recycled NP-Ctec
M 1 km E100 NP-Ctec-OL+ Virginl [ 1 km E100 NP-Ctec-OL+ Virgin2 [ 1 km Petrol + Recycled NP-Ctec-OL

Comparing processes;
Method: Eco-indicator 99 (H)- Land use removed VV2.08 / Europe EI 99 H/H / Characterisation

Figure 7.16 Sensitivity analyses on characterisation models - a comparison of
newspaper-to-bioethanol system and the corresponding conventional petrol systems
using EI 99. (Unit: Unit: ‘To drive 1 km in a FFV with E100 or petrol + the amount of
newspaper product equivalent to that of recycled paper made from waste newspaper for
bioethanol production’; this figure compares with Figure 6.24)
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Comparing processes;
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Figure 7.17 Sensitivity analyses on characterisation models- a comparison of office
paper-to-bioethanol system and the corresponding conventional petrol systems using ElI
99. (Unit: Unit: ‘To drive 1 km in a FFV with E100 or petrol + the amount of office paper
product equivalent to that of recycled paper made from waste office paper for bioethanol
production’; this figure compares with Figure 6.25)

Comparing Figure 7.17 with 6.25, the same ranking for office paper-to-bioethanol scenarios
and similar results are found when they are compared with the corresponding petrol scenarios
on ODP, Climate change (GWP1o in CML), Ecotoxicity (Fresh water aquatic ecotoxicity and
Terrestrial ecotoxicity potentials in CML), and Fossil fuel which is a key contributor to
Abiotic depletion potential in CML. However, a reversed outcome is found from the
scenarios using EI 99 on Carcinogens (Human toxicity in CML) and Respiratory organics
(POCP in CML) and when compared with that using the CML method. As given in Figure
7.17, bioethanol systems have all higher impacts than petrol systems on the aggregated
Acidification/Eutrophication potential; however, bioethanol systems have lower impacts than
petrol systems on Eutrophication potential in CML and higher impacts in Acidification
potential. Overall, the conclusion that the ‘office paper-to-bioethanol + Virgin 3’ system is
environmentally better than the conventional petrol system remains unaffected by altering the

characterisation model.
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For other scenarios (i.e. magazine and cardboard), outcomes from the comparison studies
using the CML method are confirmed by the results obtained using the EI 99 method. Thus,
overall it is concluded that the comparison of bioethanol scenarios with the conventional

petrol systems is not particularly sensitive to the characterisation method adopted.
7.3.2.1.5 Sensitivity analyses of the GWP time horizon

The sensitivity of the characterised LCIA results for comparison of bioethanol with petrol
systems to the timeframe of the GWP impact (i.e. 20, 100 and 500 years) is examined in this
section. The scenarios for ‘newspaper-to-bioethanol + Virgin 1’ and ‘office paper-to-
bioethanol + Virgin 3’ are used as examples (Figures 7.18-7.19 and Table D8-9 in Appendix
D). Expansion of the time horizon causes changes in the GWP profiles for both bioethanol
and petrol systems, but keeps the relative ranking within bioethanol systems, and their
comparison results with the petrol systems remain unaffected. The GWP impacts of the
bioethanol systems are decreased with the extended timeframe from 20 years to 500 years by
up to 37% (from 0.94 to 0.66 kg CO2 eq. in ‘NP-CN +Virgin 1’ scenario) and 134% (from
0.25 to0 -0.09 kg CO2 eq. in ‘OP-Ctec +Virgin 3’ scenario), respectively for newspaper and
office paper scenarios. Similarly, reduction in the indicator results for petrol systems is also
found. These variations are attributable to differing emission profiles for the short-lived gas
CH,. During bioethanol production, a small amount of biogenic CH,4 is emitted from the
anaerobic digestion process. CH, is also released from petrol combustion. Additionally, a
substantial amount of paper sludge residue from virgin newspaper/office paper production
and their reprocessing process is sent to landfill, where CH, is emitted. The influence of a
changed GWP timeframe on these CH4 emissions is responsible for the different indicator
results. Similar findings are discovered for the magazine and cardboard comparison scenarios.
Overall, with the timeframe expansion on GWP, the comparison of bioethanol with petrol

systems remained stable.

261



Chapter 7 — Life cycle assessment (LCA) sensitivity analysis

1.2

ENP-CN + Virgin 1

H Petrol NP-CN

= NP-Ctec +Virgin 1

m Petrol NP-Ctec

® NP-Ctec-OL+Virgin 1
= Petrol NP-Ctec-OL

kg CO,eq.

-0.2
GWP20yr GWP100yr GWP500yr

Figure 7.18 Sensitivity analyses on GWP timeframe - characterised LCIA results for
comparison of ‘newspaper-to-bioethanol + Virgin 1° with petrol system. (Unit: ‘To drive
1 km in a FFV with E100 or petrol + the amount of newspaper product equivalent to that of

recycled paper made from waste newspaper for bioethanol production”)
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Figure 7.19 Sensitivity analyses on GWP timeframe - characterised LCIA results for
comparison of ‘office paper-to-bioethanol + Virgin 3’ with petrol system. (Unit: ‘To
drive 1 km in a FFV with E100 or petrol + the amount of office paper product equivalent to

that of recycled paper made from waste office paper for bioethanol production”)
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7.3.2.2 Sensitivity analyses of LCIA results for comparison of three waste paper

management options
7.3.2.2.1 Sensitivity analyses on bioethanol production process parameters

According to the findings in Chapter 6, the recycling model was found to be generally the
best option for newspaper, magazine and cardboard. For office paper, the incineration
scenario with a high technology level is the most preferred while that with medium and low
technology levels are similar to bioethanol production. To study the sensitivity of these
results to the bioethanol production process parameters (i.e. saccharification solids loading
and fermentation efficiency), two scenarios are studied as examples: newspaper-to-bioethanol
(Cellic Ctec 1) combined with “‘Virgin 1’ and office paper-to-bioethanol (Cellic Ctec 1)
combined with Virgin 3’. In the comparison of the newspaper cases, the high technology
level incineration (‘Incineration 3”) was chosen to test the robustness of the conclusion that
the recycling model is the best option. The low technology level incineration scenario
(‘Incineration 1”) was selected in the comparison of the office paper cases to examine when
the incineration option has a similar impact to the bioethanol system.

Though variations in LCIA results for the two bioethanol systems (i.e. ‘newspaper-to-
bioethanol Ctec’ and ‘office paper-to-bioethanol Ctec’) occur with the changes to the
bioethanol production process parameters explored in the sensitivity analysis (Figures 7.10
and 7.11), the conclusion drawn from the comparison of three waste paper management
options remain unaffected (Tables 7.3 and 7.4).
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Table 7.3 Sensitivity analyses of comparison results for newspaper-to-bioethanol
systems (Ctec + Virgin 1), newspaper incineration systems (Incineration 3 + Virgin 1)
and recycling system (Reprocess 1) on bioethanol production process parameters. (Unit:
‘treatment of 1 kg waste newspaper + production of the amount of newspaper equivalent to
that of the recycled newspaper produced from 1 kg waste newspaper’)

Impact categories Baseline Saccharification solid ~ Fermentation efficiency
scenarios  loading
High Low High Low
Abiotic depletion
Acidification
Eutrophication
ODP

Human toxicity

Fresh water aquatic ecotoxicity
Terrestrial ecotoxicity

POCP

Note: ‘Green’= bioethanol production is the best option; ‘Orange’= incineration (Incineration 3) is the best option; ‘Grey’=
recycling is the best option.

Table 7.4 Sensitivity analyses of comparison results for office paper-to-bioethanol
systems (Ctec + Virgin 3), office paper incineration systems (Incineration 1 + Virgin 3)
and recycling system (Reprocess 2) on bioethanol production process parameters. (Unit:
‘treatment of 1 kg waste office paper + production of the amount of office paper equivalent to
that of the recycled office paper produced from 1 kg waste office paper’)

Impact categories Baseline Saccharification solid ~ Fermentation efficiency

scenarios  loading

Max Min Max Min

Abiotic depletion
Acidification ]
Eutrophication
GWP1go
ODP

Human toxicity
Fresh water aquatic ecotoxicity

Terestial ecotoxicity o

POCP

Note: ‘Green’= bioethanol production is the best option; ‘Orange’= incineration (Incineration 1) is the best option; ‘Grey’=
recycling is the best option.

7.3.2.2.2 Sensitivity analyses of the system boundary for comparison of waste paper

management options

In this section, sensitivity analyses for the results of comparison of three waste paper

management options due to the system boundary definitions are performed. As shown in
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Figure 7.20, virgin paper production is excluded from bioethanol production and incineration

models to simplify the system and represent an LCA approach with a ‘narrow’ system

boundary.
Waste paper 1 kg
7 v M
. o Paper
Bloelglna}[nol Incmgﬁflon reprocessing
p P plant
v . .. Substitution Fossil based Substitution Electrici i irai
Electricity €---> electricityand heat |€====2> Y Recyclec Avoid Virgin
Ethano ty and heat paper  <€-> paper
Substitution production
v STTTT= > Petrol
(production
End use and end use)

Bioethanol system | Incineration system | Recycling system

Figure 7.20 A comparison of three waste paper management options with the
alternative system boundaries. (The dotted lines indicate the system boundaries and the
dashed arrows indicate substitution and avoided product)

Figures 7.21- 7.24 illustrate the comparison results for the waste papers-to-bioethanol models,
incineration models and recycling models with the alternative system boundaries. With the
exclusion of virgin paper production, the overall indicator results of bioethanol and the

incineration models are decreased.
Comparing with Figures 6.28 - 6.31, the following changes in the results were found:

(1) Recycling is no longer the best option for the four types of waste paper; instead,

Incineration 3 (high technology level) is the most preferred treatment method,;

(2) ‘Office paper-to-bioethanol (Ctec)’ becomes environmentally better than the recycling
model with the recycled paper substituting the virgin paper produced by technology ‘Virgin
3%

(3) ‘Newspaper-to-bioethanol with OL’ now has an environmental impact profile similar to

the recycling model with advantages in impact categories of Abiotic depletion, Acidification,
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Eutrophication potentials and POCP. Despite the above changes, some findings are
confirmed when incineration with low and medium technology level (‘Incineration 1’ and

‘Incineration 2’ respectively) is compared with bioethanol and recycling models:

(1) “Newspaper-to-bioethanol with OL’ is environmentally better than ‘Incineration 1’ and
environmentally similar to recycling models but with advantages in POCP, Acidification and

Eutrophication potentials;

(2) ‘Bioethanol-Ctec’ model for the four types of waste papers has a similar environmental
performance to the ‘Incineration 1’ model with significant advantages in GWPy59, ODP,

Human toxicity and Terrestrial ecotoxicity potentials.
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Figure 7.21 Sensitivity analyses on alternative system boundaries-characterised LCIA
comparison results for newspaper-to-bioethanol models, incineration models and
recycling models. (Substitution technologies: Virgin 1 and 2) (Unit: ‘Treatment of 1 kg
waste newspaper’)
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Figure 7.22 Sensitivity analyses of alternative system boundaries - characterised LCIA
comparison results for office paper-to-bioethanol, incineration and recycling models.
(Substitution technologies: Virgin 3 and 4) (Unit: ‘Treatment of 1 kg waste office paper)
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Figure 7.23 Sensitivity analyses on alternative system boundaries - characterised LCIA
comparison results for magazine-to-bioethanol, incineration and recycling models.
(Substitution technologies: Virgin 1 and 2) (Unit: ‘Treatment of 1 kg waste magazine paper’)
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Figure 7.24 Sensitivity analyses on alternative system boundaries - characterised LCIA
comparison results for cardboard-to-bioethanol incineration and recycling models.
(Substitution technologies: Virgin 5 and 6) (Unit: ‘Treatment of 1 kg waste cardboard”)

7.3.2.2.3 Sensitivity analyses on characterisation models

In this section, the alternative characterisation method EI 99 is applied to the comparison of
three waste paper management options. Comparing Figure 7.25-7.28 (ElI 99 method) with
Figure 6.28 - 6.31 (CML method), the same ranking among the four waste papers-to-
bioethanol scenarios is found and it is concluded that overall the recycling model is
environmentally superior to the other two options and that this outcome is not sensitive to the
impact assessment method applied. Overall, the outcomes of comparing the three waste paper

management options are not sensitive to the characterisation models chosen.
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Figure 7.25 Sensitivity analyses on characterisation models - characterised comparison
results for life cycle of newspaper-to-bioethanol systems (CN, Ctec, and Ctec-OL +
Virgin 1 or 2), incineration systems (1, 2 and 3 + Virgin 1 or 2) and recycling system
(Reprocess 1). (Unit: ‘treatment of 1 kg waste newspaper + production of the amount of
newspaper equivalent to that of the recycled newspaper produced from 1 kg waste
newspaper’)
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Figure 7.26 Sensitivity analyses on characterisation models - characterised comparison
results for life cycle of office paper-to-bioethanol systems (CN, Ctec, and Ctec-DA +
Virgin 3 or 4), incineration systems (1, 2 and 3 + Virgin 3 or 4) and recycling system
(Reprocess 2). (Unit: ‘treatment of 1 kg waste office paper + production of the amount of
office paper equivalent to that of the recycled office paper produced from 1 kg waste office

paper’)
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Figure 7.27 Sensitivity analyses on characterisation models - characterised comparison
results for life cycle of magazine paper-to-bioethanol systems (CN and Ctec + Virgin 1
or 2), incineration systems (1, 2 and 3 + Virgin 1 or 2) and recycling system (Reprocess
1). (Unit: ‘treatment of 1 kg waste magazine paper + production of the amount of magazine
paper equivalent to that of the recycled magazine paper produced from 1 kg waste magazine

paper’)
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Figure 7.28 Sensitivity analyses on characterisation models - characterised comparison
results for life cycle of cardboard paper-to-bioethanol systems (CN and Ctec + Virgin 1
or 2), incineration systems (1, 2 and 3 + Virgin 1 or 2) and recycling system (Reprocess
1). (Unit: ‘treatment of 1 kg waste cardboard paper + production of the amount of cardboard
equivalent to that of the recycled cardboard produced from 1 kg waste cardboard’)
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7.3.2.2.4 Sensitivity analyses of the GWP time horizon

Figures 7.29 and 7.30 illustrate the sensitivity analyses of the three waste paper management

options comparison results to the GWP impact time horizon.
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Figure 7.29 Sensitivity analyses of the GWP timeframe - characterised LCIA results for
comparison of ‘newspaper-to-bioethanol + Virgin 1°, incineration (1, 2, 3 +Virgin 1) and
recycling model (Reprocess 1). (Unit: ‘treatment of 1 kg waste newspaper + production of
the amount of newspaper equivalent to that of the recycled newspaper produced from 1 kg
waste newspaper’)
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Figure 7.30 Sensitivity analyses of the GWP timeframe - characterised LCIA results for
comparison of ‘office paper-to-bioethanol + Virgin 3’, incineration (1, 2, 3 +Virgin 3)
and recycling model (Reprocess 2). (Unit: ‘treatment of 1 kg waste office paper +
production of the amount of office paper equivalent to that of the recycled office paper
produced from 1 kg waste office paper’)
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The characterised LCIA results for these sensitivity analyses can be found in Table D 10-11
in Appendix D. The scenarios ‘newspaper-to-bioethanol + Virgin 1’ and ‘office paper-to-
bioethanol + Virgin 3’ are studied as examples. The variations in indicator results of the
GWP impact for each scenario are attributable to differing emission profiles for the short-
lived gas CH,4. Nevertheless, it is found that the ranking among scenarios for newspaper and

office paper and comparison results are unaffected by the GWP time horizon used.

7.4 Discussion and Conclusions

In this chapter, sensitivity analyses were performed for the bioethanol life cycle LCA results.
Comparison of bioethanol systems with a petrol system and comparison of three waste paper
management options were used for these sensitivity analyses. The variables considered
include bioethanol production process parameters, waste paper collection method, LCIA
methodological parameters (i.e. system boundary, allocation method, characterisation and

normalisation models, and GWP timeframe). The main findings are:

1. Among the bioethanol production process parameters investigated (saccharification solids
loading, fermentation efficiency, biogas yield in anaerobic digestion and pre-treatment
efficiency), saccharification solids loading and fermentation efficiency were the most
sensitive factors for the LCIA profiles of the bioethanol life cycle base cases; however their

variation over the ranges tested did not change the outcomes for the two comparison studies.

2. A kerbside waste paper collection method is more preferred over a co-mingled collection
due to lower electricity consumption, but without significant overall environmental

advantages to the LCIA profiles of the bioethanol life cycle.

3. The alternative ‘narrow’ system boundary, which excludes virgin paper manufacturing to
meet the paper market requirements, affects the outcomes of the comparison of bioethanol
systems with petrol systems significantly and also changes the findings from the comparison
of the three waste paper management options. In the former comparison, bioethanol systems
(Ctec) of newspaper with and without pre-treatment, magazine paper and cardboards are
found to be environmentally superior to the petrol system when the ‘narrow’ alternative
system boundary is used. This is contrary to the results under the original ‘wider’ system
boundary. It was also found that the ‘office paper-to-bioethanol + Virgin 3’ scenario was now
overall less environmentally favourable than the petrol system under the ‘narrow’ system

boundary. This is because in the ‘office paper-to-bioethanol’ scenarios, there is nearly no
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electricity co-produced and therefore not enough credits are available from the surplus
electricity replacing the grid electricity to offset the burdens from bioethanol production,

even though the bioethanol yield from office paper is the highest among the four types of

paper.

In the sensitivity analysis of system boundary effects on the comparison of waste paper
management options, incineration with high technology becomes the most preferred option
under the ‘narrow’ alternative system boundary rather than recycling which was superior
under the original ‘wider’ system boundary. Also with the ‘narrow’ system boundary, the
‘office paper-to-bioethanol’ model is now found to be environmentally better than the
recycling model and similar to the incineration model with the low technology level
(‘Incineration 1°). In addition, the ‘newspaper-to-bioethanol with oxidative lime pre-
treatment” model is environmentally similar to the recycling model and superior to the
incineration model with low technology level. Moreover, ‘Bioethanol-Ctec’ model for the
four types of waste papers has a similar environmental performance to the ‘Incineration 1’
model with significant advantages in GWP1o, ODP, Human toxicity and Terrestrial
ecotoxicity potentials. These findings indicate that a wider range of bioethanol production
systems appears environmentally equivalent or superior to recycling or incineration for the
management of waste papers using the ‘narrow’ system boundary than with a ‘wider’ system

boundary (see Chapter 6).

The findings here that bioethanol from waste papers, especially office paper, can have a
superior environmental performance than petrol complement the findings of Shi et al.’s study
(2009). They reported a predicted GHG emissions saving of between 29.2% and 86.1% by
switching from petrol to waste papers-derived bioethanol. The GHG emissions in their work
were only estimated by a LCA approach with a ‘narrow’ system boundary and they did not
consider the potential effects caused by the diversion of waste paper from conventional end-
of-life, i.e. recycling, incineration with energy recovery and/or disposal (landfill) to
bioethanol production. Therefore, in the present study a wider perspective has been taken in

the LCA approaches to include both ‘narrow’ and ‘wider’ system boundary perspective.

4. As an alternative to the default allocation method of system expansion (used in Chapter 6),
an energy content basis method allocates all environmental burdens from the bioethanol life
cycle based on an energy content basis of the final products. Under this energy basis

allocation method, the bioethanol life cycle profiles for newspaper-to-bioethanol system vary
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significantly from that under the system expansion allocation method; however the choice of
allocation method does not affect the outcomes from the environmental profile comparison
between bioethanol and petrol. The importance of the choice of allocation method agrees
with Stephenson et al. ’s LCA study on environmental impact savings by switching from
petrol to bioethanol from willow (2010). The authors found greater environmental impacts
(i.e. 83% of GHG emissions savings and 73% of fossil-energy burdens) were found when the

energy content-based method was used rather than the system expansion method.

5. Overall, the LCIA results for the comparison of bioethanol with petrol systems and for the
comparison of three waste paper management options were not sensitive to the

characterisation model applied (CML or Eco Indicator 99).

6. Altering the normalisation model (i.e. reference system) changes the magnitude of impact

categories in LCIA profile of the bioethanol production process, but not significantly.

7. The expansion of the GWP time horizon to include 20 or 500 year timeframes retains the
ranking order among the bioethanol systems for each type of paper and the results from their
comparison with petrol systems under a GWP1q scenario. The findings from the comparison
of three waste paper management options are also unaffected by the GWP time horizon

expansion.

Overall, this range of sensitivity analyses have provided important further insight on the
influences of both the technology parameters in the models (i.e. bioethanol production
parameters) and the LCIA methodological variables on the LCIA outcomes for these
bioethanol life cycles and the comparison cases. The importance of ensuring that due
consideration is given to LCA methodological aspects and technical elements of the life cycle
inventories (e.g. system boundary settings, technologies modelled) in comparative LCA
analyses has been well exemplified in the LCA modelling and sensitivity analyses conducted
here. These aspects are especially important when such comparative LCASs are to be used in

guidance provided to policy and decision makers.

274



Chapter 8 — General discussion

Chapter 8 General discussion

275



Chapter 8 — General discussion

The initial task of this research was to investigate the potential of waste papers as a novel
feedstock for bioethanol production and answer the questions: (1) ‘Do the various types of

waste paper have the same characteristics and are all suitable for bioethanol production?’

(2) ‘Would biofuel production from waste papers be technologically practicable,
economically feasible and environmentally beneficial when compared with the conventional

transport fuel - petrol?’

(3) ‘Does this bioethanol production approach have lower environmental impacts than the
current options for managing waste paper, i.e. recycling and incineration with energy

recovery?’

This study was performed by carrying out experimental work, simulating the designed
process, conducting economic analysis and conducting environmental assessment via LCAs.
The overall findings and conclusions from this research are presented below, followed by the

recommendations for future work.
8.1 Discussion

8.1.1 Techno-economic performance of bioethanol produced from various
waste papers

With the exception of magazine paper, the other three types of waste paper materials (i.e.
office paper, cardboard and newspaper) are considered to be favourable feedstocks for
producing bioethanol which the techno-economic modelling has shown to be economically
competitive with petrol. The technological feasibility and economic performance of paper-to-
bioethanol supply chains were investigated in detail in this thesis with the following key

points emerging.

Cellic Ctec 1 (Ctec for short), a new enzyme ‘cocktail’, can enable the glucose yield from
various waste papers in the range of 57% (magazine) to 82% (office paper) at a solids loading
of 15% (w/w) and delivers a potential enzyme dose saving because of its higher sugar
productivity when compared with the more traditional enzyme mixture (Celluclast 1.5
L/Novozyme 188, CN for short)). These results are within the range of sugar yields (45% -
90%) from studies on paper or paper pulp saccharifications reported in the literature.
However, most of these studies were carried out at low solids loadings below 10% (w/w)
(Wayman et al., 1992, Lark et al., 1997, Ballesteros et al., 2002, Fan et al., 2003).
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Bioethanol produced from waste papers, except for magazine paper, using the ‘old’ enzyme
mixture of Celluclast 1.5 L/Novozyme 188 have MESPs varying from 0.38 £/1 (0.57 $/I) to
0.75 £/1 (1.09 $/1). This range of MESPs is consistent with that for bioethanol produced from
other lignocellulosic biomass which reportedly range from 0.57 $/1 to 1.17 $/I (Sassner et al.,
2008, Humbird and Aden, 2009, Dutta et al., 2010, Stephenson et al., 2010). By using Cellic
Ctec 1, bioethanol produced from waste papers have lower MESPs of 0.32 £/1 (0.46 $/I) to
0.66 £/ (0.96 $/1), have minimum selling prices at the pump (petrol equivalent and 2009
reference year) from 0.98 £/] to 1.02 £/I, and are found to be economically competitive with
petrol (1.06 £/1 at the reference year of 2009). Case studies show the application of pre-
treatments (dilute acid and oxidative lime) will introduce extra capital and operating costs but
that these additional expenses can be overcome by the benefits brought from increased
bioethanol yields, resulting in a drop in the bioethanol production cost. The breakdown of
bioethanol costs shows biomass and enzyme costs being the major contributors, indicating
the importance of securing a stable and cheap feedstock and enzyme suppliers. Moreover, the
cost distribution analysis also pointed out the value of integration of the process configuration
such as combining saccharification and fermentation processes. Besides biomass cost,
bioethanol cost is identified to be sensitive to some process-specific parameters i.e. solids
loading. This suggests that potential improvements in size reduction methods, and/or a more
efficient facility for carrying out high solids loading saccharifications, will be beneficial in
order to cut bioethanol production costs.

It is recognised that the designed process in this study is essentially conceptual (rather than
being based on an actual, physical plant) as a basis for exploring the techno-economic
feasibility of the novel process of producing bioethanol from waste papers. The work and its
outcomes have now established a sound theoretical and modelling framework to support on
which future research on technological and economic optimisations (e.g. further energy
integration).

8.1.2 Environmental profile of bioethanol

Environmental profiles of bioethanol production from various waste papers (‘cradle-to-gate’)
were conducted and interpreted in detail in this thesis. Site specific inventory data for enzyme
production was used here for the analysis of bioethanol production rather than assuming
enzyme is produced on-site as in most LCA studies (Aden, 2002, Kemppainen and Shonnard,
2005, Spatari et al., 2005, Mu et al., 2010, Spatari et al., 2010). In both base cases using two
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alternative enzymes, enzyme production was identified as the main driver for environmental
impacts in most categories except for GWP1o and Fresh water aquatic ecotoxicity potential
for both enzyme alternatives and Terrestrial ecotoxicity potential for the Celluclast
1.5L/Novozyme 188 mixture. This is because enzyme production has a large energy and
electricity demand and sources of direct energy input are mainly natural gas, coal and fuel oil.
This indicates that an important potential for advancing the environmental profile of
bioethanol is to further improve enzyme production, in terms of reducing energy inputs or
utilising renewable energy sources. Another potential would be to develop efficient,
integrated on-site enzyme production technologies with environmental advantages and to
pursue, consolidated bioprocessing (CBP) whereby enzyme production and hydrolysis-
fermentation technology is combined in one or more metabolically engineered organism(s) to
produce the necessary saccharification enzymes and to ferment all C5 and C6 sugars

simultaneously (Spatari et al., 2010).

In the cases involving pre-treatments, significant burdens in most categories for newspaper-
to-bioethanol cases are due to the hydrochloric acid requirement, while the impacts of dilute
acid pre-treatment particularly on Acidification and POCP are due to sulphuric acid
consumption in the office paper-to-bioethanol case. Additionally, demand of process heat
production also contributes significant burdens in most impact categories in the office paper-
to-bioethanol with the oxidative pre-treatment process. Minimising acid consumption by
partially recycling and reducing process energy demand by optimising energy integration
would be of interest to improve the environmental profiles of these processes.

The conclusions from the comparison for ‘cradle-to-grave’ life cycle of all bioethanol
production scenarios (base cases using Celluclast 1.5L/Novozyme 188 and Cellic Ctec 1,

state-of-the-art cases involving pre-treatments) are:

(2) Cellic Ctec 1 delivers better environmental profiles for all types of waste paper because of
its better environmental profile and higher bioethanol productivity when compared with
Celluclast 1.5L/Novozyme 188;

(2) Newspaper-to-bioethanol with Cellic Ctec 1 has the best environmental profile mainly
attributed to its credits from surplus electricity export while magazine-derived bioethanol has

the worst due to the relatively low bioethanol yield and lower electricity output;
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(3) Oxidative lime pre-treatment would improve the environmental performance of
newspaper-derived bioethanol to some extent and, in contrast, dilute acid pre-treatment

makes the environmental profile of the office paper-derived bioethanol worse.

This work has also established a successful example of applying an LCA approach to
evaluate the effects of new enzyme alternatives or new technologies on the environmental

sustainability of bioethanol production.

8.1.3 Environmental advantages of bioethanol from waste papers over
petrol?

When comparing bioethanol produced from various waste papers with petrol, it was
considered appropriate to expand the basic system boundary in a more consequential LCA
approach that considered the potential effects resulting from removal of waste papers from
the current ‘business as usual’ paper recycling system in order to use it as feedstock for
bioethanol production. In other words, extra virgin paper products were considered to be
required to compensate for the loss of recycled paper that currently is a component of
meeting the existing paper market demand. Therefore, the production of this virgin paper was
included in the bioethanol system boundary. In the petrol life cycle the reprocessing of waste
papers to produce recycled paper was included for equivalence. It was demonstrated that
paper (virgin or recycled) production is a very significant contributor to the overall LCIA
results of this expanded paper-to-bioethanol system and its comparison with the petrol system.
Therefore, the study encompassed multiple scenarios reflecting a diversity of paper
manufacturing and recycling technologies to cover the potential effects caused by various

virgin paper production technologies on the results of the bioethanol vs petrol comparisons.

The environmental profiles of bioethanol systems for each type of waste paper source varied
with the virgin paper technologies included in the system boundary. Generally, virgin paper
production processes have worse environmental profiles than paper reprocessing processes
with the exception of the virgin office paper production technology called ‘Virgin 3’ here.
The inventory of this technology is adopted from a Swedish paper mill producing fine print
from raw wood, using total free chlorine technology with most of the energy demand met
internally. Moreover in this paper mill, emitted fossil based CO; is captured and sold to a
nearby lime plant producing calcium carbonate. This brings in extra credits for this
technology. Because of this low impact technology, ‘office paper-to-bioethanol with Virgin 3’
scenarios regardless of the bioethanol production technologies (CN, Ctec and dilute acid pre-
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treatment), have clearly overall better environmental performance than the petrol system
including paper reprocessing. When another virgin paper production technology ‘Virgin 4’ is
included in ‘office paper-to-bioethanol (Ctec and CN)’ systems, the bioethanol systems are
overall worse than petrol but have advantages in GWP1qo, Eutrophication and Human toxicity
potentials. These results indicate that the choice of the paper making technology can seriously
affect the results of the comparative LCA. Moreover, a range of outcomes from ‘bioethanol
better than’ to ‘bioethanol similar to’ to ‘bioethanol worse than’ petrol environmentally were
demonstrated (see Table 6.10 in Chapter 6). The virgin paper and reprocessing technologies
were important drivers of these outcomes. Therefore, sensitivity analyses are recommended
to examine the scenarios of excluding virgin paper production and recycled paper production

technologies.

8.1.4 Producing bioethanol, recycling or incineration to deal with waste
papers?

Comparing three waste paper management options i.e. recycling, incineration with energy
recovery and producing bioethanol, there is no uniform conclusion confirming which option
is the most preferred for all types of paper. The choice of virgin paper production
technologies is found to influence the environmental profile of each option to some extent
and also the incineration technology level is highly influential on the incineration model
profiles. In ‘waste paper-to-bioethanol’ models, the main product bioethanol was credited
with substitution of petrol and the co-produced electricity replaces average UK grid
electricity. It has been identified that some pathways of waste paper to bioethanol can offer
environmental benefits (see Chapter 5), it is also clear that alternative management routes for

a number of waste paper types and circumstances offer favourable environmental profiles.

Generally, recycling was found to be the most environmentally favourable for dealing with
all four types of waste papers regardless of virgin paper production technologies applied.
However, against this generalisation, the scenario of ‘office paper-to-bioethanol (Ctec)’
combining the low impact virgin paper production technology (‘Virgin 3”) had clear
advantages over the recycling model in the impact categories Abiotic depletion potential,
GWP1qo, Terrestrial ecotoxicity and Human toxicity potentials. For four types of waste paper,
the ‘bioethanol (Ctec)’ scenarios were found to be environmentally similar to the low
technology level incineration scenarios with advantages in GWP15p, ODP, Human toxicity

and Terrestrial ecotoxicity potentials impact categories (see Table 6.11 in Chapter 6).
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However, these conclusions are significantly affected by the choice of system boundary. This
issue was examined in sensitivity analysis in Chapter 7 and is discussed in the following

section.

8.1.5 LCA system boundary

An important issue included in the sensitivity analysis applied in this research was the
definition/setting of the system boundary. As mentioned previously in Sections 8.1.3 and
8.1.4, virgin paper production with various technologies were incorporated in the bioethanol
system boundary while paper reprocessing was included in the petrol system. This definition
is supported by Villanueva and Wenzel (2007) that the compared systems should be
equivalent with respect to the goods and services they provide to society for the comparative
LCAs. In the case of the present study, this is under the assumption that waste papers
alternatively used for bioethanol production are extracted from the waste paper stream for
recycling. On the other hand, there is a possibility that the amount of recovered waste papers
actually exceed the demand of the paper recycling facilities in the UK. If this is the case, the
alternative utilisation of waste papers will not affect the production of recycled paper and
consequently will not influence the paper market demand. Therefore, a comparison of
bioethanol and petrol with altered system boundaries was conducted by excluding virgin

paper and recycled paper production from two systems.

Table 8.1 Influences of alternative system boundary on results for comparison of
bioethanol and petrol systems.

Scenarios System included virgin and System excluded virgin and
recycled paper productions recycled paper productions

Newspaper-CN*-Virgin 1
Newspaper-Ctec-Virgin 1
Newspaper-Ctec-OL-Virgin 1
Office paper-CN-Virgin 3
Office paper-Ctec-Virgin 3
Office paper-Ctec-DA-Virgin 3
Magazine-CN-Virgin 1
Magazine-Ctec-Virgin 1
Cardboard-CN-Virgin 5
Cardboard-Ctec-Virgin 5

Note: * CN=Celluclast 1.5L/Novozyme 188, Ctec=Cellic Ctec 1, OL=oxidative lime pre-treatment, DA=dilute acid pre-
treatment; ‘Green’= bioethanol system is better than petrol system; ‘Grey’= bioethanol system is worse than petrol system;
Virgin paper production technologies indicated are the ones included in the original systems.
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It is shown in Table 8.1 that conclusions from the office paper scenarios are reversed with an
altered system boundary, outcomes from the other three types of papers with the CN enzyme
remain unchanged while results for the Ctec enzyme are reversed. The alternative cases
excluding paper production (both virgin and recycled paper) from the system boundaries and
show a ‘narrow focus’ comparison between bioethanol life cycle and petrol life cycle. It can
be seen that waste paper-to-bioethanol scenarios with the Ctec enzyme are environmentally
superior to petrol with the exception of office paper. This is because in the ‘newspaper-,
magazine- and cardboard-to-bioethanol (Ctec)’ scenarios credits from co-produced electricity
replacing the grid electricity partially offset the environmental burdens from the bioethanol
production processes, which result in lower overall impacts when compared with petrol. On
the other hand, there is nearly no surplus electricity produced in the ‘office paper-to-
bioethanol’ scenario and so no ‘offsetting’ credits. The findings from the comparison of
bioethanol and petrol systems under the original ‘wider’ system boundary showed that the
‘office paper-to-bioethanol-Ctec + Virgin 3 scenario was environmentally better than the
petrol and this was because the office paper production technology ‘Virgin 3’ in the
bioethanol system had lower impacts than the recycled paper production technology

‘Reprocess 3’ in petrol system.

For comparison of three waste paper management options, an alternative system boundary
which excludes virgin paper production from bioethanol and incineration systems was also

investigated in the sensitivity analysis. The main findings were:

(1) The environmental profiles of the bioethanol and the incineration systems for each type of

paper are changed with an alternative system boundary;

(2) Their relative rankings in comparisons with recycling are also altered. Under the altered
‘narrow’ system boundary, incineration with high technology level becomes the most

favourable option instead of the recycling under the original ‘wider’ system boundary.

(3) There is potential, to some extent, for bioethanol production from newspapers and office
papers to represent an environmentally favourable alternative to recycling and incineration
(see Chapter 7).

8.1.6 Sensitivity analysis of LCA results

Besides the system boundary, many other parameters were examined in the sensitivity

analysis including data quality related factors i.e. inventory data choices within the range of
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technology levels in bioethanol production and choice of the waste papers collection methods;
LCA methodology related i.e. allocation method, characterisation and normalisation model,

and time horizon selection.

Data quality related parameters significantly affected the LCIA profiles of the bioethanol life
cycle but did not change the conclusions for the two comparison studies. Among LCA
methodology related parameters, comparison results of bioethanol and petrol were found
sensitive to the system boundary definition as discussed above but were not to the allocation
method (energy content based is used as an alternative). The outcomes from the comparison
of waste paper managements were also sensitive to the system boundary definition. The
choice of a characterisation model and the expansion of GWP time horizon were found not to

affect the comparison results.

Overall, the sensitivity analyses were instructive both in exploring optimisation of the
technical parameters of the process and in providing a better understanding of the robustness
of the LCIA results from this work. The sensitivity analysis step clearly should be applied to
obtain a full picture of LCA studies and to provide appropriate qualification when providing

LCA data and insights for academic purposes and decision makers.

8.2 Conclusions

Overall, the results of this study support a statement ‘bioethanol production from waste
papers is, in general, technologically and economically feasible’. However, it cannot be
stated that ‘there is a generic environmental advantage for bioethanol produced from waste
papers over petrol as a transportation fuel or over recycling and incineration with energy
recovery as a waste paper management option’. A number of pathways were identified where
bioethanol production from certain waste papers did demonstrate environmental advantages
over conventional petrol as a fuel and represented environmentally superior options to
incineration with energy recovery or recycling in waste paper management. These are,
however, selected pathways and for the majority of cases examined, the environmental
performance is equivalent or better for incineration or recycling as a waste paper
management option. These conclusions concerning the LCA study need to be tempered by
the understanding that in the LCA cases investigated, the comparisons made were constrained

by assumptions and methodological choices e.g. system boundary.
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In addressing the questions posed under the scope of this study, the following attributes can

be recognised as critical to the comparisons undertaken from both an economic and

environmental perspective. They also represent important features to be considered when

decision-making according to the findings in this work:

The type of waste paper as the main feedstock not only affects the techno-economical
performance but also the environmental sustainability of the waste paper-derived
bioethanol.

Virgin and recycled paper production technologies have considerable influence on the
comparison of bioethanol and petrol when taking a wider system perspective.

Results from these comparative LCAs of waste paper-to-bioethanol and management
options for waste papers are highly affected by system boundary definitions.

Pathways for the production of bioethanol from waste papers have been identified in
this research that offer environmental benefits over ‘conventional’ waste paper
management options of recycling and incineration with energy recovery.

Bioethanol manufacture from certain waste papers can be economically and

environmentally favourable compared with conventional petrol.

8.3 Future work

Several new research opportunities can be suggested based on the current study:

Experimentally, waste papers can be considered as having considerable potential for
producing bioethanol according to outcomes from the high-solids loading
saccharifications performed. The potential of further advanced technologies such as
pre-treatments, fermentation and other process configurations (e.g. simultaneous
saccharification and fermentation), should be assessed at the laboratory and pilot plant
scale.

Although alternative process designs more suitable for waste paper-to-bioethanol
process were addressed, other improvements such as minimising energy consumption
via energy integration and reducing water footprint via recycling at the level of the
whole process or using other water sources (e.g. river water and sea water) should be
investigated. Additionally the alternative uses of gypsum generated in the process, for

example in concrete manufacturing or as a soil stabiliser etc., should be assessed.
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These efforts hold potential to enhance the economic and environmental sustainability
of the bioethanol production processes.

In the comparative LCAs, technology choices were found to exert a considerable
influence on the results. In further research, marginal technologies could be
introduced into the comparative LCAs which was not possible in the current study
due to limitations in the available data (e.g. virgin paper production technologies and
paper reprocessing technologies).

System boundary and other methodological parameters have also been found to
substantially influence the results of the environmental comparison. Therefore, an
exploration of the methods to quantify the robustness for LCAs is needed in order to
provide unbiased information for decision-making. There will be considerable benefit
in developing site-specific study based on individual primary data for real, or close-
to-real, process chains for waste paper-to-bioethanol.

Based on the results of the present study on individual types of waste paper, an
exploration of the potential of utilising the ‘aggregated’ waste paper stream or even
the municipal solid waste for producing bioethanol would be of interest, from both
economic and environmental points of view.

This study took the example of bioethanol as a fermentation product obtainable from
waste papers. There is considerable scope to investigate the techno-economic and
environmental profiles of alternative bio-chemical products from the processing of
waste paper. These may well offer even more favourable cost and environmental
profiles (in comparison with current conventional manufacturing routes) than the

bioethanol production routes studied in the present work.
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Appendix A Student’s t-test results

Table A.1 Student’s t- test (Two-Sample Assuming Unequal Variances) results of the
comparison of glucan, xylan, galactan, arabinan and mannan contents (mg/g OD) for
waste papers without (-E ) and with (+E) extraction (¢=0.05)

Glucan Xylan Galactan Arabinan Mannan
-E +E -E +E -E +E -E +E -E +E
Newspaper

Mean mg/g 461.49 47297 6155 66.42 1822 1885 11.24 1145 71.68 73.08
oD

Variance 0.72 1.97 034 032 005 007 010 024 029 0.01
Hypothesized 0 0 0 0
mean
P value 0.0015 0.00049 0.035 0.57 0.047
Office paper
Mean mg/g 562.84 588.77 1224 14287 - - -
oD
Variance 12.28 0.37 049 1.90 - - -
Hypothesized 0 0 0 0
mean
P value 0.0062 0.0002
Cardboard

Mean mg/g 508.19 526.06 66.73 77.29 16.24 18.88 11.27 1191 49.68 50.67
oD

Variance 1235 1239 7.78 757 045 011 004 134 014 0.01

Hypothesized 0 0 0 0

mean

P value 0.0034 0.0095 0.0089 0.47 0.049
Magazine

Mean mg/g 346.68 359.08 3288 39.31 18.71 19.80 1218 12.69 5508 56.65
oD

Variance 3.53 3.25 0.76  0.36 0.08 002 007 019 020 0.52
Hypothesized 0 0 0 0

mean

P value 0.0012 0.0004 0.0097 0.18 0.049

Table A.2 Student’s t- test (Two-Sample Assuming Unequal Variances) results of the
comparison of glucose yields for printed (P) and unprinted (UP) parts of newspaper at
various enzyme loadings (¢=0.05)

Enzyme 7.5 FPU/ ¢ 10 FPU/ g glucan 15 FPU/ gglucan 20 FPU/ g glucan
loadings glucan

P UP P UP P UP P UP
Mean 34.85 36.13 42.15 43.00 47.58 48.69 57.61  58.10
Variance 055 215 1.60 0.48 125 031 0.27 1.68
Hypothesized 0 0 0 0
mean
P value 0.27 0.38 0.22 0.59

300



Appendices

Appendix B Process Flow Diagram
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From process water

P602 @
A600 f

5

T101 P101
101 102 103 104 105 305
Temperature ("C) 26 25 26 50 100 122
Pressure (atm) 1.00 1.00 1.00 1.00 2.10 2.10
Mass flow (kg/hr)
Water 455337 6042 461379 461379 442189 442189
Glucose 63 63
Xylose 333 333
Mannose 1811 1811
Arabinose 299 299
Galactose 467 467
Cellobiose 1386 1386
CSL 1350 1350
DAP 173 173
Ethanol 228 228
Acetic acid 456 456
Lactic acid 2245 2245
Sulphuric acid 91 91
Air
CO2
Methane
Cellulose 39779 39779 39779 15791 15791
Xylan 5596 5596 5596 2350 2350
Mannan 6159 6159 6159 2648 2648
Arabinan 965 965 965 405 405
Galactan 1589 1589 1589 683 683
Lignin 15287 15287 15287 15287 15287
Cellulase 884 884
CaCoOs3 1795 1795 1795
Extractives 3312 3312 3312 3312 3312
Ash 8857 8857 8857 8857 8857
Biomass
Gypsum 4358 4358
Z.mobilis 582 582
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To wastewater treatment

PDF Newspaper-to-bioethanol
Section A100 Feedstock Handling & Blending
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P701
A700

Enzyme
P103

Paper slurry

T704

E A700 >

D303

To scrubber

303

Diammonium phosphate P703 <O>
A700 >
CSL T202
201 202 203 204 205 206 207 208 209 210 211 212 213 214 104 307
[Temperature CC 25 25 25 25 25 25 50 41 41 41 41 40.8 41 41 50 35.5
Pressure (atm) 1.00 1.00 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 0.90 1.00 1.00 1.00 0.90
Mass flow (kg/hr)
Water 5430 463784] 46378 |417406] 46358 |463470] 483664 | 392 440 1461379 20196
Glucose 25191 2519 | 22672]| 83 65 65
Xylose 3688 | 369 | 3319 32 333 333
Mannose 3900 | 390 | 3510 49 1811 | 1811
Arabinose 636 64 572 8 289 289
Galactose 1006 | 101 905 13 487 487
Cellobiose 1386 | 139 [ 1247 | 139 | 1386 | 1386
CSL 1132 251 245 | 1350 | 1350
DAP 151 34 32 173 173
Ethano 1513 [13852| 14087 180 204 235
Acetic acid 51 477 477 0.24 0.27 0.28
Lactic acid 7 2246 | 2246
Sulphuric acid 3230 91 9 82 9 91 91
Air
CcCo2 49 482 452 11418 | 12825 20
Methane
Cellulose 15791] 1579 14212 1579 |15791] 15791 39779
Xylan 2350 | 235 | 2115 | 235 | 2350 | 2350 5596
Mannan 2648 | 265 | 2383 | 265 | 2648 | 2648 6159
Arabinan 405 41 365 41 405 405 965
Galactan 683 68 615 68 683 683 1589
Lignin 15287 ] 1529 |13758| 1529 [15287| 15287 15287
Cellulase 884 884 88 796 88 884 884 0
CaCos 1795
Extractives 3312 | 331 | 2981 | 331 | 3312 | 3312 3312
Ash 8857 | 886 | 7971 | 886 | 8857 | 8857 8857
Biomass 0 0 0 0 0 0
Gypsum 4357 | 436 | 3921 | 436 | 4357 | 4357
Z.mobilis 0 0 0 0 582 582

cw
H203

From scrubber

PDF Newspaper-to-bioethanol
Section A200 Saccharification &
Fermentation
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P205

From fermentation

4

T202 & 208
E A200 >
From seed tank and fermenter

To beer tank

\ 4

LP steam

Molecular

Sieve
et @ H306
P303
301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 212 214 T701 @
[Temperature CC)| 95 100 26 60 122 30 35.5 116 106 120 116 116 70 92 38 40.8 41
Pressure (atm) 4.00 4.00 | 1.70 { 186 | 2.10 | 0.90 | 0.90 | 191 | 1.70 | 2.00 | 1.70 1.70 1.50 1.70 1.00 0.90 1.00 A700
Mass flow (kg/hr)
Water 483664 1483664] 20000 | 20 1442189] 265 | 20196 41454 15514 |41377 15514 78 15436 78 78 483664 440 To ethanol storage
Glucose 65 65 63 65 P304
Xylose 333 333 333 333 -
Mannose 1811 | 1811 1811 1811
Arabinose 289 289 299 289
Galactose 487 487 467 487
Cellobiose 1386 | 1386 1386 1386
CSL 1350 1350 1350 1350
DAP 173 173 173 173
Ethanol 14087 |14087 45 228 14 235 113814116251 16251 13814 | 2437 | 13814 | 13814 | 14087 204
Acetic acid 477 477 0 456 0 21 21 477
Lactic acid 2246 | 2246 2245 1 1 2246 0
Sulphuric acid 91 91 91 91
Air
CO2 452 452 417 13222 20 35 35 35 35 35 35 452 | 12825
Methane
Cellulose 15791 15791 15791 15791
Xylan 2350 | 2350 2350 2350
Mannan 2648 | 2648 2648 2648
Arabinan 405 405 405 405
Galactan 683 683 683 683
Lignin 15287 | 15287 15287 15287
Cellulase 884 884 884 884
CaCO3
Extractives 3312 | 3312 3312 3312
Ash 8857 | 8857 8857 8857
Biomass PDF Newspaper-to-bioethanol
Gypsum 4357 | 4357 4358 4357 H
T e T o0 = = Section A300 Product recovery
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c
@ Air to combustor )
H401
AC401C :

M801

408

To combustor

To process water

€402 To combustor

PDF Newspaper-to-bioethanol
Section A400 Wastewater treatment

406
Distillation bottoms
N 4
S401
@ == P401 T504 @ 5402
ll A501
—~—= From boiler
s P603 @
T401 )From Cooling tower
From CIP
201 | 402 | 403 | 404 | 405 | 406 | 407 | 408 | 400 | 410 | 411 | 412 | 413 | 414 | 105 | 512 | 61l
Memperature CC)_ 25 | 40 | 66 | 70 | 66 | 74 | 35 | 35 | 37 | 21 | 21 21 21 21 | 100 | 309 | 28
Pressure (atm) | 100 | 950 | 3.20 | 3.20 | 3.20 | 2.00 | 2.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 100 | 210 | 96 | 1.00
Mass flow (kg/hr)
Water 312_|397971] 43907 [421666]421666] 180 |421350[463260| 46327 | 41694 | 4633 |416942]442189| 7200 | 16296
Glucose 57 | 6 | 57 | 57 6 1 0 0 0 1 63
Xylose 300 | 33 | 300 | 300 30 | 3 0 0 0 3 333
Mannose 1630 | 181 | 1630 | 1630 163 | 16 2 1 0 15| 1811 P405
Arabinose 269 | 30 | 269 | 269 27 | _3 0 0 0 2 299
Galactose 420 | 47 | 420 | 420 22 | 4 0 0 0 4| 467
Cellobiose 1247 | 139 | 1247 | 1247 125 | 13 1 1 0 11| 1386 \
CsL 1350 1350
DAP 173 173
Ethanol 2 | 205 | 21 | 205 | 205 20 | 2 0 0 0 2 228
Acetic acid 0 | 411 [ 45 [ 411 | 411 o 0 0 0 4| 456
Lactic acid 2021 | 225 | 2021 | 2021 202 |_20 2 2 0 18| 2245 AV
Sulphuric acid 81 | o | 81 | 81 91 @ (
Air 5500 | 5590 | 5590 2 1
Coz 1141 | 209 | 206 | 21 19 2 186 P406
Methane 1245 4 0 0 0 0 -
Cellulose 316 |15475] 316 | 316 316 | 316 | 316 0 316 15791
Xylan 47 | 2023 | 47 | 47 47 | 47 | 47 0 47 2350
Mannan 53 | 2595] 53 | 53 53 | 53 | 53 0 53 2648
Arabinan 8 | 397 | 8 8 8 8 8 0 8 405
Galactan 14 | 669 | 14 | 14 14 | 14 | 14 0 14 683
Lignin 306 | 14981] 306 | 306 306 | 306 | 306 0 306 15287
Cellulase 442 | 242 | 442 | 442 242 | 442 | 442 0| 442 884
CaCO3
Extractives 2980 | 331 | 2980 | 2980 2980 | 301 | 30 27 3 3312
Ash 177 | 8680 | 177 | 177 177 | 177 | 177 0 177 8857
Biomass 1328 | 1328 | 0 | 1328
Gypsum 87 | 4271] 87 | 87 87 | 87 | 87 0 87 4358
Z.mobilis 291 | 201 | 291 | 291 291 | 291 | 291 0 291 582
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LN N
505 - Vent to atmosphere )

S401 @
A400
Air from filter

S401
Soy 2

506

) Bottom ash landfill )

Solld from filter
A400 A502
Cell mass To Boiler
sy @
A400
Biogas
501 502 503 504 505 506 403 405 409 413
Temperature (C) | 27 203 278 157 157 157 66 66 37 21
Pressure (atm) 1.01 ] 1.01 | 0.97 | 0.97 | 0.97 | 1.00 3.20 3.20 1.00 | 1.00
Mass flow (kg/hr)
Water 5775 | 5775 | 83755 | 83755 | 83755 312 43907 |421350] 4633
Glucose 0 0 0 6 6 0
Xylose 0 0 0 33 30 0
Mannose 1.8 18 1.8 181 163 0
Arabinose 0 0 0 30 27 0
Galactose 0 0 0 47 42 0
Cellobiose 14 1.4 14 139 125 0
CSL 1350 | 1350 | 1350 1350
DAP 173 173 173 173
Ethanol 2 2 0 0 0 2 21 20 0
Acetic acid 0 0 0 0 45 41 0
Lactic acid 2 2 2 225 202 0
Sulphuric acid 9
Air 420422|420422| 344747 |344747(344747| 5590 2
CO2 89412 | 89412 | 89412 209 2
Methane 12 12 12 4 0
Cellulose 158 158 2 156 15475 | 316 316
Xylan 23 23 0 23 2023 47 47
Mannan 26 26 0 26 2595 53 53
Arabinan 4 4 0 4 397 8 8
Galactan 7 7 0 7 669 14 14
Lignin 153 153 2 149 14981 | 306 306
Cellulase 9 9 0 9 442 442 442 I Hezg;gfam I M Mllécgllhr I
CaCO3
Extractives 3 3 3 0 331 2980 3
Ash 8856 | 8856 | 106 | 8750 8680 177 177 -
Biomass o 3 0 B 1228 PDF Newspaper-to-bioethanol
Gypsum 4358 | 4358 | 52 | 4306 4271 87 87 Section A501 Combustion
Z.mobilis 6 6 0 6 291 291 291
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M501

513 From combustor 1

H302

From product recovery K520

‘ @ T503

M To wastewater treatment

(ws01) Surplus
1 Electricit

2230 p— /
[T502 P502

From D501 re-boiler
T501 P01

A300

P601

From D502 re-boiler @ 515
H303 A600 )

A300 Process water
|
From Molecular sieve C 1
W502
< 0« O ot € st S Yo )
T~ < v
P504 £ L CWW H503 H302
T~
] A300

507 | 508 | 509 | 510 | 511 | 512 | 513 | 514 | 515 | 516 | 517 | 518 | 519 | 520
Temperature CC)| 125 | 115 | 140 | 510 | 309 | 280 [ 192 | 174 | 174 | 46 46 46 26 125
Pressure (atm) | L.70 | 340 | 98.00 | 86.00 | 96.26 | 13.00 | 13.00 | 442 | 4.42 | 0.10 | 0.10 | .70 | .70 | .70 To product recovery
Mass flow (kg/hr)
Water 203284 210487{239987{232785] 7200 | 21635 | 21635 |125957] 29500 |55693] 55693 | 55693 | 7200 |203284 A300
Glucose To D501 re-boiler
Xylose
Mannose
Arabinose -A3OO
Galactose To D502 re-boiler
Cellobiose H303
CSL.
DAP A300
Ethanol .
Acetic acid To Molecular sieve
Lactic acid H601
Sulphuric acid -
CO2 A600
Methane Water sterilisation/CIP
Cellulose
Xylan
Mannan
Arabinan
Galactan
Lignin Heat stream | MMkcal/hr | Work stream KW
Cellulase Q501 156 W101 33134
Caco3 W102 14491
Extractives
Ash .
Biomass PDF Newspaper-to-bioethanol
?vpsk;{lrr' Section A502 Boiler/Turbogenerator
.Monllis
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H203

601

D303

E A200 >

Well water after

To scrubber

T

T101

To paper pulper

Evaporation to
atmosphere

I 1
1 1
1 1
1 1
1 1
1 1
1 1
cooling fermenter @ T501 H 500 Windage to H
‘ A502 805> cooling towerimake-up water | cooling atmosphere E
re S402
602 To boiler feed water makeup H water S Aa00 ) H
1 \ Water from system A400 i
i / cooling users Blowndown to i
I @ wastewater treatment :
1
1 @ 1
1 Cooling Users: 1
! 2 H201 H202 H304 H30g| |
From wastewater treatment : H401 H402; D501 :
H P603 D502 (condenser) 1
ey H
From product recovery Te01 506 LP steam @ —
< Sterilisation
“ water for CIP
601 602 603 604 605 | 606 | 607 608 609 610 611 612 303 310 414 519 LP steam
Temperature CC)| 13 26 30 30 30 30 121 28 28 28 28 37 26 120 21 26 H601
Pressure(atm) | 340 | 170 [ 1.00 | 1.00 [ 1.00 [1.00[<0.01] 0.04 [ 1.00 | 1.00 4.08 408 [1.70 [ 2.00 [ 1.00 [ 1.70 —
Mass flow (kg/hr)
Water 202508 1175309 634793|454501[178927] 200 | 200 [152430] 10532] 1626 | 10531963 |10531963|20000| 41377 1416942 7200
Glucose 0 0 0 0 1
Xylose 2 0 0 0 3
Mannose 11 4 0 0 15
Arabinose 2 0 0 0 2
Galactose 3 1 0 0 4
Cellobiose 8 3 0 0 11
CSL
DAP
Ethanol 1 0 0 0 2
Acetic acid 18 7 0 0 21 4
Lactic acid 14 6 0 0 1 18
Sulphuric acid
Air
CO2 186
Methane
Cellulose
Xylan
Mannan
Arabinan
Galactan
Lignin
Cellulase
CaCo3
Extractives 194 76 0 0
Ash .
Biomass PDF Newspaper-to-bioethanol
Gypsum Section A600 Process water
Z.mobilis

308



Appendices

P304

Ethanol

1704

@ T202

To fermenter

T203-7

K58

To seed inoculation

315

Temperature (‘C)

38

Pressure (atm)

1.00

Mass flow (kg/hr)

Water

78

Glucose

Xylose

Mannose

Arabinose

Galactose

Cellobiose

CSL

1383

1132

251

DAP

185

151

34

Ethanol

13814

Acetic acid

Lactic acid

Sulphuric acid

3230

3230

Air

CO2

35

Methane

Cellulose

Xylan

Mannan

Arabinan

Galactan

Lignin

Cellulase

884

884

CaCo3

Extractives

Ash

Biomass

Gypsum

Z.mobilis

309

Purchased CSL

@ 1202
— A200
To fermenter
@ T203-7
Y A200

To seed inoculation

PDF Newspaper-to-bioethanol
Section A700 Storage
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Appendix C Discounted cash flow calculation

Year -2 -1 0 1 2 3 4 5 6 7
Fixed capital cost 14755772.1 112512762 57178617
Working capital 9222358
Ethanol sales 39069428 52092570 52092570 52092570 52092570 52092570 52092570
By product credit 20511233 27348311 27348311 27348311 27348311 27348311 27348311
Total Annual sales 59580661 79440882 79440882 79440882 79440882 79440882 79440882
Annual manufacturing cost
Raw materials 28924521 33056595 33056595 33056595 33056595 33056595 33056595
Baghouse bags 671490.45 671490.4
Other variable costs 8094346.9 9250682.2 9250682.2 9250682.2 9250682 9250682 9250682
Fixed operating cost 6918679 6918679 6918679 6918679 6918679 6918679 6918679
Total product cost 44609037 49225956 49225956 49225956 49897447 49225956 49225956
Annual depreciation
General plant
DDB 15726122 26951206 19247717 13745225 9827451 9816446 9827451
Remain value 94323720 67372513 48124796 34379571 24552120 14735674 4908223
Steam plnat
DDB 2789899.1 5370741.8 4967508.3 4595521.8 4252550 3931898 3636540
Remain value 71607410 66236668 61269160 56673638 52421088 48489190 44852650
Net Revenue -3544397 -2107023 5999699.8 11874178 15463434 16466582 16750934
Loss forwards -3544397 -5651420 0 0 0 0
Taxable income 0 -5651420 348279.94 11874178 15463434 16466582 16750934
Income tax 0 0 97518.384 3324770 4329762 4610643 4690262
Annual cash income 14971624 30214925 30117407 26890156 25213674 25604283 25524664
Discount factor 1.21 1.1 1 0.9090909 0.8264463 0.7513148 0.6830135 0.620921 0.564474 0.513158
Annul present Value 205742339.2 13610568 24971013 22627654 18366338 15655708 14452950 13098189
Total capital investment + Interest 206648652.4 17854484.2 123764038 66400974
Net present worth 0
NPV of income tax 36700413.95 0 0 73267.005 2270862.6 2688441 2602588 2406846
NPV of ethanol income 431654197 35517662 43051711 39137919 35579927 32345388 29404898 26731725

310



Appendices

Year 9 10 11 12 13 14 15 16 17 18 19 20
Fixed capital cost
Working capital 9222358
Ethanol sales 52092570 52092570 52092570 52092570 52092570 52092570 52092570 52092570 52092570 52092570 52092570 52092570
By product credit 27348311 27348311 27348311 27348311 27348311 27348311 27348311 27348311 27348311 27348311 27348311 27348311
Total Annual sales 79440882 79440882 79440882 79440882 79440882 79440882 79440882 79440882 79440882 79440882 79440882 79440882
Annual manufacturing cost
Raw materials 33056595 33056595 33056595 33056595 33056595 33056595 33056595 33056595 33056595 33056595 33056595 33056595
Baghouse bags 671490.4 671490.4 671490.4
Other variable costs 9250682 9250682 9250682 9250682 9250682 9250682 9250682 9250682 9250682 9250682 9250682 9250682
Fixed operating cost 6918679 6918679 6918679 6918679 6918679 6918679 6918679 6918679 6918679 6918679 6918679 6918679
Total product cost 49225956 49897447 49225956 49225956 49225956 49225956 49897447 49225956 49225956 49225956 49225956 49897447
Annual depreciation
General plant
DDB
Remain value
Steam plnat
DDB 3319608 3318864 3319608 3318864 3319608 3318864 3319608 3318864 3318864 3318864 3319608 3318864
Remain value 38168796 34849932 31530324 28211460 24891852 21572988 18253380 14934516 11615652 8296788 4977180 1658316
Net Revenue 26895318 26224571 26895318 26896062 26895318 26896062 26223827 26896062 26896062 26896062 26895318 26224571
Loss forwards 0 0 0 0 0 0 0 0 0 0 0 0
Taxable income 26895318 26224571 26895318 26896062 26895318 26896062 26223827 26896062 26896062 26896062 26895318 26224571
Income tax 7530689 7342880 7530689 7530897 7530689 7530897 7342672 7530897 7530897 7530897 7530689 7342880
Annual cash income 22684237 22200555 22684237 22684028 22684237 22684028 22200763 22684028 22684028 22684028 22684237 22200555
Discount factor 0.424098 0.385543 0.350494 0.318631 0.289664 0.263331 0.239392 0.217629 0.197845 0.179859 0.163508 0.148644
Annul present Value 9620331 8559275 7950687 7227830 6570815 5973414 5314686 4936705 4487914 4079922 3709054 3299971
T 1370845
otal capital investment + Interest
Net present worth
NPV of income tax 3193747 2830998 2639461 2399576 2181372 1983121 1757777 1638943 1489948 1354498 1231328 1091472
NPV of ethanol income 22092335 20083941 18258128 16598298 15089362 13717602 12470547 11336861 10306237 9369307 8517552 7743229
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Appendix D LCIA results

Table D.1 Characterised LCIA results for virgin paper production models. (‘Virgin 1’ —Virgin 6’; Unit: 1 kg virgin paper product)

Impact categories Abiotic Acidification  Eutrophication = GWPyy ODP Human Fresh water aquatic  Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity
Unit kgSbeq. kgSO,eq. kg PO, eq. kg CO, kg CFC-11 kg 1,4-DB kg 1,4-DB eq. kg 1,4-DB kg C,H,
eq. eq. eq. eq. eq.

“Virgin 1°- newsprint 1.48E-2 9.23E-3 5.50E-3 0.505 8.58E-8 0.642 0.399 6.61E-3 3.67E-4
“Virgin 2’- newsprint 1.80E-2 9.69E-3 4.16E-3 0.956 8.95E-8 1.09 0.627 0.01 3.71E-4
“Virgin 3’- fine print paper 5.16E-3 5.35E-3 4.75E-3 -0.415 7.24E-8 0.295 0.198 2.92E-3 2.75E-4
‘Virgin 4°- fine print paper ~ 1.08E-2 8.36E-3 3.27E-3 0.468 1.21E-7 0.589 0.341 6.16E-3 3.65E-4
‘Virgin 5’- corrugated board  7.47E-3 6.94E-3 2.38E-3 -0.37 9.71E-8 0.414 0.237 3.95E-3 2.60E-4
liners

‘Virgin 6’- corrugated board 7.22E-3 5.72E-3 3.08E-3 -0.316 9.82E-8 0.432 0.263 4.22E-3 2.52E-4

liners

Table D.1 Normalised LCIA results for virgin paper production models. (‘Virgin 1” —*Virgin 6’; Unit: 1 kg virgin paper product)

Impact categories Abiotic Acidification  Eutrophication = GWPyq ODP Human Fresh water aquatic  Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity

“Virgin 1’- newsprint 9.99E-13  3.38E-13 4.41E-13 1.05E-13 1.03E-15 8.47E-14 7.90E-13 1.40E-13 4.44E-14
“Virgin 2’- newsprint 1.21E-12 3.55E-13 3.34E-13 1.99E-13 1.07E-15 1.44E-13 1.24E-12 2.13E-13 4.48E-14
‘Virgin 3°- fine print paper ~ 3.48E-13  1.96E-13 3.81E-13 -8.64E-14 8.68E-16  3.90E-14 3.92E-13 6.20E-14 3.33E-14
‘Virgin 4’- fine print paper ~ 7.25E-13  3.06E-13 2.62E-13 9.73E-14 1.45E-15 7.78E-14 6.75E-13 1.31E-13 4.41E-14
‘Virgin 5°- corrugated board 5.03E-13  2.54E-13 1.91E-13 -7.70E-14 1.17E-15 5.46E-14 4.69E-13 8.38E-14 3.15E-14
liners

‘Virgin 6’- corrugated board 4.87E-13  2.09E-13 2.47E-13 -6.58E-14 1.18E-15 5.70E-14 5.21E-13 8.95E-14 3.05E-14

liners
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Table D.3 Characterised LCIA results for reprocessed paper production models. (‘Reprocess 1’ —‘Reprocess 3’; Unit: 1 kg reprocessed

paper product)

Impact categories Abiotic Acidification Eutrophication =~ GWPyqq ODP Human Fresh water aquatic ~ Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity

Unit kg Sb eq. kg SO; eq. kg PO, eq. kgCO,eq. kgCFC-11 kg 1,4-DB kg 1,4-DB eq. kg 1,4-DB kg C,H,

eq. eq. eq. eq.

‘Reprocess 1°- 7.04E-3 1.36E-2 4.76E-3 -0.337 7.18E-8 0.278 0.16 2.29E-3 4.55E-4

newsprint

‘Reprocess 2’- fine 1.10E-2 3.63E-3 6.89E-3 0.469 5.42E-8 0.534 0.282 4.52E-3 2.62E-4

print paper

‘Reprocess 3°- 7.37E-3 4.52E-3 1.70E-3 -0.385 4.52E-8 0.34 0.252 2.53E-3 1.69E-4

cardboard

Table D.4 Normalised LCIA results for reprocessed paper production models. (‘Reprocess 1” —‘Reprocess 3°; Unit:

1 kg reprocessed paper

product)

Impact categories Abiotic Acidification Eutrophication ~ GWPq ODP Human Fresh water aquatic  Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity

‘Reprocess 1°- 4.75E-13 4.98E-13 3.82E-13 -7.01E-14 8.62E-16 3.67E-14 3.17E-13 4.86E-14 5.51E-14

newsprint

‘Reprocess 2°- fine 7.43E-13 1.33E-13 5.53E-13 9.75E-14 6.50E-16 7.05E-14 5.58E-13 9.58E-14 3.17E-14

print paper

‘Reprocess 3’- 4.97E-13 1.65E-13 1.36E-13 -8.01E-14 5.42E-16 4.48E-14 4.45E-13 5.35E-14 2.04E-14

cardboard
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Table D.5 Characterised LCIA results for incineration models for each type of waste paper. (Unit: 1 kg paper product processed)

Impact categories Abiotic Acidification Eutrophication GWPyq ODP Human Fresh water aquatic Terrestrial POCP
depletion ecotoxicity ecotoxicity ecotoxicity
Unit kg Sb eq. kg SO, eq. kg PO, eq. kg CO, kg CFC-11 kg 1,4-DBeq. kg 1,4-DBeq. kg 1,4-DBeg. kg C,H,
eq. eq. eq.

NP-‘Incineration 1° -1.84E-3 5.31E-4 7.09E-6 -0.153 -8.17E-10 7.60E-4 -2.41E-2 2.73E-2 -1.59E-6
NP-‘Incineration 2’ -2.81E-3 2.79E-4 -1.76E-5 -0.272 -1.46E-8 -2.06E-2 -2.71E-2 2.73E-2 -1.75E-5
NP-‘Incineration 3’ -8.19E-3 -1.60E-3 -4.70E-4 -0.943 -6.26E-8 -1.78E-1 -9.57E-2 2.61E-2 -1.09E-4
OP-‘Incineration 1’ -1.40E-3 8.25E-4 5.15E-5 -0.120 6.10E-10 2.32E-3 -8.24E-3 3.75E-3 1.03E-5
OP-‘Incineration 2’ -2.18E-3 6.22E-4 3.18E-5 -0.216 -1.05E-8 -1.49E-2 -1.06E-2 3.72E-3 -2.46E-6
OP-‘Incineration 3’ -6.51E-3 -8.89E-4 -3.33E-4 -0.757 -491E-8 -0.141 -6.60E-2 2.75E-3 -7.65E-5
MG-‘Incineration 1’ -1.50E-3 8.98E-4 7.67E-5 0.206 7.89E-10 6.49E-3 1.35E-2 3.64E-3 1.29E-5
MG-‘Incineration 2’ -2.34E-3 6.78E-4 5.48E-5 0.103 -1.11E-8 -1.21E-2 1.08E-2 3.60E-3 -8.25E-7
MG-‘Incineration 3’ -6.97E-3 -9.38E-4 -3.35E-4 -0.475 -5.24E-8 -0.147 -4.84E-2 2.57E-3 -8.00E-5
CB-‘Incineration 1’ -1.93E-3 6.85E-4 -1.81E-5 -0.163 -1.08E-9 -2.42E-2 -2.89E-2 6.14E-4 4.76E-6
CB-‘Incineration 2’ -2.93E-3 4.21E-4 -4.43E-5 -0.287 -1.54E-8 -4.66E-2 -3.21E-2 5.63E-4 -1.18E-5
CB-‘Incineration 3’ -8.52E-3 -1.53E-3 -5.15E-4 -0.985 -6.52E-8 -0.21 -0.103 -6.82E-4 -1.07E-4

Note: # NP= newspaper, OP= office paper, MG= magazine paper, CB=cardboard

Table D.6 Normalised LCIA results for incineration models for each type of waste paper. (Unit: 1 kg paper product processed)

Impact categories Abiotic Acidification Eutrophication GWP ODP Human Fresh water aquatic Terrestrial POCP
depletion ecotoxicity  ecotoxicity ecotoxicity

NP-‘Incineration 1° -1.24E-13 1.94E-14 5.86E-16 -3.18E-14 -9.81E-18 1.00E-16 -4.77E-14 5.79E-13 -1.92E-16
NP-‘Incineration 2’ -1.89E-13 1.02E-14 -1.41E-15 -5.66E-14 -1.75E-16 -2.73E-15 -5.36E-14 5.78E-13 -2.11E-15
NP-‘Incineration 3’ -5.52E-13 -5.84E-14 -3.77E-14 -1.96E-13 -7.51E-16 -2.34E-14 -1.90E-13 5.52E-13 -1.32E-14
OP-‘Incineration 1’ -9.46E-14 3.02E-14 4.13E-15 -2.50E-14 7.32E-18 3.06E-16 -1.63E-14 7.96E-14 1.25E-15
OP-‘Incineration 2’ -1.47E-13 2.28E-14 2.55E-15 -4.50E-14 -1.26E-16 -1.96E-15 -2.11E-14 7.88E-14 -2.97E-16
OP-‘Incineration 3’ -4.39E-13 -3.25E-14 -2.67E-14 -1.57E-13 -5.89E-16 -1.87E-14 -1.31E-13 5.83E-14 -9.25E-15
MG-‘Incineration 1’ -1.01E-13 3.29E-14 6.15E-15 4.29E-14 9.47E-18 8.56E-16 2.68E-14 7.72E-14 1.56E-15
MG-*‘Incineration 2’ -1.58E-13 2.48E-14 4.39E-15 2.15E-14 -1.33E-16 -1.60E-15 2.14E-14 7.63E-14 -1.03E-16
MG-‘Incineration 3’ -4.70E-13 -3.43E-14 -2.69E-14 -9.88E-14 -6.29E-16 -1.95E-14 -9.57E-14 5.44E-14 -9.68E-15
CB-‘Incineration 1’ -1.30E-13 2.51E-14 -1.45E-15 -3.39E-14 -1.3E-17 -3.19E-15 -5.72E-14 1.30E-14 5.76E-16
CB-‘Incineration 2’ -1.98E-13 1.54E-14 -3.55E-15 -5.98E-14 -1.85E-16 -6.15E-15 -6.36E-14 1.19E-14 -1.43E-15
CB-‘Incineration 3’ 5.75E-13 -5.95E-14 -4.13E-14 -2.05E-13 -7.83E-16 -2.77E-14 -2.05E-13 -1.45E-14 -1.30E-14

Note: ® NP= newspaper, OP= office paper, MG= magazine paper, CB=cardboard
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Table D.7 Characterised LCIA results for bioethanol system compared with petrol system with alternative ‘narrow’ system boundaries.
(Unit: “To drive 1 km in a FFV using bioethanol or petrol’ for alternative cases)

Impact Abiotic Acidification Eutrophication GWP ODP Human toxicity Fresh water aquatic ~ Terrestrial POCP
categories depletion ecotoxicity ecotoxicity

Unit kg Sb eq. kg SO, eq. kg PO, eq. kg CO, eq. kg CFC-11 eq. kg 1,4-DB eq. kg 1,4-DB eq. kg 1,4-DB eq. kg C,H, eq.
NP-CN 2.17E-3 1.96E-3 5.88E-4 0.36 1.60E-7 8.07E-2 1.14E-2 -3.36E-4 1.61E-4
NP-Ctec 9.43E-4 1.97E-3 1.43E-4 0.135 1.59E-8 6.80E-2 1.09E-2 -4.1E-5 1.52E-4
NP-Ctec-OL 2.53E-4 6.67E-4 1.60E-4 6.49E-2 6.15E-8 5.55E-2 2.03E-2 3.71E-4 5.59E-5
OP-CN 2.77E-3 2.60E-3 5.84E-4 0.392 1.26E-7 0.107 3.27E-2 2.35E-4 1.90E-4
OP-Ctec 1.68E-3 2.49E-3 2.22E-4 0.207 1.53E-8 9.08E-2 2.84E-2 3.71E-4 1.74E-4
OP-Ctec-DA 2.26-E3 3.06E-3 2.25E-4 0.291 2.32E-8 9.58E-2 3.27E-2 4.40E-4 1.99E-4
CB-CN 2.46E-3 2.38E-3 6.15E-4 0.382 1.57E-7 9.67E-2 2.89E-2 -1.83E-4 1.82E-4
CB-Ctec 1.23E-3 2.31E-3 1.71E-4 0.163 1.61E-8 7.80E-2 1.66E-2 9.61E-5 1.63E-4
MG-CN 3.14E-3 2.93E-3 8.34E-4 0.503 1.92E-7 0.144 7.42E-2 -1.23E-4 2.00E-4
MG-Ctec 1.61E-3 2.87E-3 2.93E-4 0.23 2.22E-8 0.124 6.70E-2 1.55E-4 1.85E-4
Petrol 1.78E-3 8.07E-4 1.46E-4 0.281 3.84E-8 0.128 7.03E-3 2.17E-4 1.15E-4

Note: * NP= newspaper, OP= office paper, MG= magazine paper, CB=cardboard; CN= Celluclast 1.5L/Novozyme 188, Ctec= Cellic Ctec 1, DA= dilute acid pre-treatment, OL= oxidative lime
pre-treatment.

Table D.8 Characterised LCIA results for comparison of ‘newspaper-to-bioethanol + Virgin 1’ with petrol system under different GWP
time frame.

Scenarios NP-CN + Virgin 1*  Petrol NP-CN NP-Ctec+ Virgin 1 Petrol NP-Ctec NP-Ctec-OL+ Virgin 1 Petrol NP-Ctec-OL
Unit kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq.
GWP20 0.943 0.374 0.663 0.366 0.435 0.346

GWP100 0.77 6.99E-3 0.507 3.25E-2 0.337 9.91E-2

GWP500 0.656 -0.164 0.415 -0.123 0.278 -1.61E-2

Note: a NP= newspaper, CN= Celluclast 1.5L/Novozyme 188, Ctec= Cellic Ctec 1, OL= oxidative lime pre-treatment.
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Table D.9 Characterised LCIA results for comparison of ‘office paper-to-bioethanol + Virgin 3’ with petrol system under different
GWP time frame.

Scenarios OP-CN + Virgin 3*  Petrol OP-CN OP-Ctec+ Virgin 3 Petrol OP-Ctec OP-Ctec-DA+ Virgin 3 Petrol OP-Ctec-DA
Unit kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq.

GWP20 0.445 0.931 0.253 0.769 0.318 0.875

GWP100 0.19 0.509 2.21E-2 0.489 0.127 0.451

GWP500 5.89E-2 0.33 -8.83E-2 0.325 3.63E-2 0.316

Note: a OP= office paper, CN= Celluclast 1.5L/Novozyme 188, Ctec= Cellic Ctec 1, DA= dilute acid pre-treatment.

Table D.10 Characterised LCIA results for comparison of ‘newspaper-to-bioethanol + Virgin 1’ with incineration and recycling models
under different GWP time frame.

Scenarios NP-CN NP-Ctec NP-Ctec-OL NP-Incineration 1 NP-Incineration 2 NP-Incineration 3 NP-recycling
Unit kg CO; eq. kg CO; eq. kg CO, eq. kg CO; eq. kg CO; eq. kg CO; eq. kg CO; eq.
GWP20 0.682 0.147 0.385 0.384 0.253 -0.477 -1.14
GWP100 0.512 1.35E-2 0.217 0.261 0.142 -0.529 -1.41
GWP500 0.369 -6.71E-2 0.117 0.192 7.73E-2 -0.568 -1.52

Note: a NP= newspaper, CN= Celluclast 1.5L/Novozyme 188, Ctec= Cellic Ctec 1, OL= oxidative lime pre-treatment.

Table D.11 Characterised LCIA results for comparison of ‘office paper-to-bioethanol + Virgin 3’ with incineration and recycling models
under different GWP time frame.

Scenarios OP-CN OP-Ctec OP-Ctec-DA OP-Incineration 1 OP-Incineration 2 OP-Incineration 3 OP-recycling
Unit kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq. kg CO, eq.
GWP20 0.312 -8.94E-2 7.24E-2 -0.106 -0.212 -0.8 0.305
GWP100 -0.117 -0.512 -0.354 -0.466 -0.562 -11 -0.14
GWP500 -0.339 -0.712 -0.551 -0.633 -0.725 -1.25 -0.315

Note: a OP= office paper, CN= Celluclast 1.5L/Novozyme 188, Ctec= Cellic Ctec 1, DA= dilute acid pre-treatment.
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