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Abstract: The life cycle assessment (LCA) methodology is increasingly used to ensure environmental sus-
tainability of emerging biofuels. However, LCA studies are usually not performed at the process design
stage, when it would be more efficient to identify and control environmental aspects. Moreover, the long-
term economic profitability of biofuels depends on future energy and climate policies, which are usually not
considered in techno-economic feasibility studies. This paper proposes a holistic approach, combining the
LCA method and a TIMES energy system model, to offer a novel simultaneous assessment of potential envi-
ronmental impacts and market penetration under different energy and climate policy scenarios of emerging
energy pathways. The approach is applied to butanol produced from pre-hydrolysate in a Canadian Kraft
dissolving pulp mill. Indeed, the integration of biorefinery processes into existing pulp and paper mills has
been identified as a promising avenue to maintain mills activities. It could increase and diversify revenues,
keep the forestry-based communities alive, and potentially mitigate climate change by replacing fossil-based
fuels or products. Results show that 1) the energy efficiency of the butanol production process is a critical
aspect to consider in future design and implementation steps in order to make butanol a competitive fuel
among all other alternative fuels, 2) with a 50% internal heat recovery, butanol has a role to play in the
transportation sector under climate policy scenarios, and may have a lower carbon footprint than gasoline
as estimated by a 2010 US EPA study, and 3) higher supply costs for feedstock might undermine the com-
petitiveness of butanol on the medium term (2030), but probably not on the long-term (2050). This novel
combination of assessment methods is replicable to assess any types of emerging energy pathways in Canada
and in other countries, and to help designing more sustainable forest biorefinery processes in other countries
with important forest sector.
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1 Introduction

Biofuels are often claimed to be better alternatives than their fossil-based counterparts in terms of environmental
impacts, climate change, and non-renewable resource depletion. Several jurisdictions, such as the United States and
the European Union, have implemented renewable fuel policies to increase energy security and mitigate climate change
[1, 2]. However, recent literature has shown that biofuels may also lead to economic, environmental and social issues
which should be carefully taken into account to improve their sustainability. For instance, biofuel production may have
adverse effects on biodiversity and ecosystem services [e.g. 3-5], or on climate change if land-use change emissions
are substantial [e.g. 6]. Issues with climate change and resource depletion may also arise if supply chains and
transformation processes require large amounts of fossil fuel [e.g. 7].

The life cycle assessment (LCA) method, supported by the ISO 14040/44 standards [8, 9], is the preferred approach
to assess biofuels potential environmental impacts while considering the entire supply chain, and to quantify the
potential reduction of greenhouse gas (GHG) emissions compared to substituted fossil-based fuels. Indeed, the LCA
method is a life cycle-based and multi-impacts approach. It can therefore identify shifting of potential impacts toward
other life cycle stages or other environmental issues that could be missed if only a portion of the value chain (e.g.
biofuel combustion) or one single impact indicator (e.g. GHG emissions) was considered. For these reasons, LCA has
often been used in recent literature to assess the environmental sustainability of biofuels [10] and to guide policies
such as the Renewable Fuel Standard in the United States [11].

Several factors affect biofuels competitiveness, and associated uncertainties create challenges for potential
investors [12]. For example, economic profitability of biofuels highly depends on the availability of low-cost feedstock,
and on the energy prices that usually account for a substantial part of operating costs for biofuel production. Biofuels
competitiveness also depends on fossil fuel prices, as increasing prices stimulate the market for alternative fuels and
vice versa [13]. Moreover, future market penetration of biofuels will be affected by future policies such as renewable
fuel regulations, carbon taxes or cap-and-trade systems. These factors are not all taken into account in traditional
techno-economic calculations performed during the process design, which usually only include capital cost analysis,
as well as revenue and operation costs estimation [14]. Moreover, the evolution of the energy sector should be analyzed
on a long-term horizon to improve decision-making, given the long-lived nature of the capital stock to which energy
production and consumption is tied.

A prospective approach is especially needed to evaluate emerging technologies such as advanced biofuels because
technological innovations and political environment play a determining role [15]. Environmental challenges add yet
another layer of complexity when assessing sustainability and viability of emerging biofuels. The complexity of these
interrelated dimensions suggests the use of a holistic approach that would combine several methodologies such as
energy system modelling and life cycle assessment. Today, decision makers are lacking this type of approach that
would improve their understanding of how the energy system would react to the widespread deployment of new energy
pathways. Indeed, consequences of such structural changes are traditionally assessed by analyzing technological,
environmental and socio-economic aspects using separate approaches in separate studies.

There is a growing interest for combining techno-economic models with LCA to generate prospective scenarios
and identify potential indirect impacts of policies or widespread deployment of new energy pathways. However, the
combination of such approaches is still in its infancy [16]. For instance, Eriksson and colleagues have used scenarios
coming from a dynamic optimization model of electricity and district heat production in Nordic countries (NELSON
model) to identify marginal technologies for electricity production to be used in an LCA study [17]. These authors
have identified several limitations regarding the suitability of these scenarios for their study, but they have shown that
the use of a bottom-up energy system model can be effectively used in LCA. Other studies have discussed the
importance of using energy system models to identify marginal technologies for electricity production in LCA [18, 19].
As another example, Earles has combined LCA with the US Forest Products Module, an existing partial equilibrium
model, to look at potential environmental and economic impacts of emerging forest bioenergy pathways [20].
However, this model is specific to the US forest sector and does not consider the rest of the energy system. Choi and
colleagues have combined LCA with a techno-economic model of the energy system (US MRM under the MARKAL
framework) to look at potential environmental impacts associated with electricity generation in the US under different
policy scenarios [15]. The US MRM model provided prospective electricity mixes that were then combined with life
cycle inventory data for different energy generation technologies.
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Menten and colleagues have proposed to integrate LCA GHG emissions data to the French MIRET model (under
the TIMES framework) to look at the impact of the introduction of the BTL technology (“biomass-to-liquid”, i.e.
synthetic biodiesel). [21]. TIMES (The Integrated MARKAL-EFOM System) is a bottom-up model representing the
entire energy system of a country or region over a long-term horizon. This typically includes extraction, transformation,
distribution, end-uses, and trade of various energy forms. Each step of the energy value chain is described by specific
technologies represented with their techno-economic characteristics (e.g., cost and efficiency). TIMES also computes
GHG emissions from fuel combustion and processes. Emission reduction is brought about in particular by technology
and fuel substitutions. TIMES is cast as a dynamic linear programming model. Under the assumption that energy
markets are under perfect competition, a single optimization, which searches to meet the exogenously defined demand
for energy services at minimum cost, simulates energy market equilibrium. From this perspective, it computes a perfect
foresight partial-equilibrium for energy goods, obtained through the optimization of energy uses, while respecting (in
some cases) specific policy constraints such as GHG emission reduction targets [22].

The work performed by Menten and colleagues [21] presents a first attempt to use a TIMES model in combination
with LCA. The TIMES model was used to determine changes in the French energy system caused by the introduction
of BTL fuel, as well as associated GHG emissions. In this paper, we propose a holistic approach combining 1) the life
cycle assessment (LCA) method and 2) a TIMES model (NATEM-Canada) to offer a novel simultaneous
comprehensive assessment of potential environmental impacts and market penetration of energy pathways. We then
apply this new approach to the assessment of butanol produced from pre-hydrolysate in a Canadian Kraft dissolving
pulp mill, a biofuel from a process that is still at the design stage.

In recent years, the Canadian forest sector has undergone a substantial decline, as also observed in other developed
countries with important forest sector [23]. In response to this decline, the forest sector is currently experiencing major
transformation through the development of new products and processes [24]. The current climate change context is
also driving this transformation since forest products are often seen as preferable alternatives to non-renewable
materials, chemicals, and energy sources. Therefore, an increasing number of policies and programs aim to promote
the use of forestry- and agricultural-based biomass to replace fossil fuels [e.g. 25].

The integration of biorefinery processes into existing pulp and paper mills, to convert lignocellulosic biomass into
a broad spectrum of products, has been identified as a promising avenue to maintain mills activities in Canada but also
in other countries such as the United States, Brazil, Finland and Sweden [26]. These products could increase and
diversify revenues, and keep the forestry-based communities alive. Three main classes of wood components, i.e.
cellulose, hemicellulose and lignin, can be chemically or biologically transformed into different molecules to serve as
biofuels, building block molecules, or biomaterials [27]. Research is ongoing to develop and optimize these processes,
as well as to reduce associated environmental impacts and production costs. However, as these technologies are
emerging, there are still very few published LCA studies assessing potential environmental impacts of integrated forest
biorefineries [e.g. 20, 28]. Moreover, to our knowledge, there is no LCA study available for the production of butanol
in an integrated forest biorefinery.

In Canada, major energy system modeling developments were reached through several successive research
projects, culminating into the development of a TIMES model for Canada [29]. The most advanced model for Canada
today is part of the NATEM (North American TIMES Energy Model) platform developed by ESMIA Consultants used
to derive minimal cost solutions for reaching ambitious GHG emission reduction targets by 2050 in Canada [30]. We
therefore use the NATEM-Canada model for the application of our novel approach to this case study, but other TIMES
models could be used following the same approach in other geographical contexts.

The assessed butanol production process is added to the NATEM-Canada model to complement other first- and
second-generation biofuel pathways. This new information could enhance the representation of the Canadian energy
sector in global TIMES models such as TIAM-WORLD [31, 32]. Moreover, the proposed approach is replicable to
assess other types of emerging energy pathways, and to help designing more sustainable and viable forest biorefinery
processes in Canada and in other countries with an important forest industry sector (e.g. United States, Finland,
Sweden). Observations from assessments performed at the process development stage using the holistic approach we
have developed can be used to help designing more sustainable new generation biofuels.
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2 Methodological approach

Butanol can be produced through biological conversion of hemicelluloses in existing Kraft pulp mills that produce
dissolving pulp, using the ABE (Acetone-Butanol-Ethanol) fermentation. The properties of the bio-based butanol are
similar to those of conventional gasoline [33], and better than ethanol (e.g. higher energy content, less corrosive, lower
volatility) [34]. A process simulation, developed using the Aspen Plus software, is used to model the production
process and provide data for both the LCA and the NATEM-Canada models. Consequently, sensitivity analysis can be
performed by modifying easily input parameters common to both models and evaluate the impact of these
modifications in a consistent manner.

2.1 Description of the butanol production process

In the Kraft process, hemicelluloses are usually burned, together with the black liquor, but can be partly diverted
without affecting pulp production [35]. In a Kraft dissolving pulp process, hemicelluloses are already extracted from
wood chips, prior to pulping, forming a pre-hydrolysate. This stream can then be diverted and used as a feedstock in a
biorefinery. The hydrolysis step, transforming oligomeric sugars derived from hemicelluloses into monomers using
sulfuric acid, is followed by concentration and detoxification steps using membrane filtration and flocculation. The
goal of this step is to remove part of the water and the inhibitory compounds that are toxic for the fermentation
microorganisms, such as furfural and phenolic compounds. Water is added to additionally decrease the phenolics
concentration as well as xylose from an external source [36]. A fermentation step then converts sugars into acetone,
butanol and ethanol, with recycling of non-fermented sugars. A two-column distillation step follows to separate ethanol
and acetone from butanol. Further optimization work has been undertaken to ensure detoxification of the hydrolysate
to the feasible thresholds for the ABE fermentation and to optimize the fermentation conditions. Figure 1 shows the
process diagram for the production of butanol from hemicellulose extracted in a Kraft dissolving pulp mill.

d

Pre _Fe,(S0O,) .
hydrolysate e Concentration Residues
and detoxi
' : fication —] Water
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Figure 1: Process diagram for the production of butanol from hemicelluloses extracted in a Kraft dissolving pulp mill

The process simulation, performed using the Aspen Plus software, provides values for material and energy flows
that are then used as input data for the LCA model and the NATEM technology database.

Table 1 presents a summary of this data. The design is based on the pre-hydrolysate flow coming from a Kraft pulp
mill that produces dissolving pulp and is fed with 2,000 odt/d (oven-dried tons per day) of wood, which is
representative of a Canadian pulp mill.
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Table 1: Summary of process data based on a process simulation performed using the Aspen Plus software

Material flows Energy flows

Pre-hydrolysate 56.7 kg/s HE-1 13,800 kW

H2S04 0.015 kg/s HE-2 143,300 kW
Inputs Lime 0.012 kg/s Cooling HE-3 3,600 kW

Fe2(S04)3 0.54 kg/s HE-5 2,700 kW

Water 200 kg/s HE-7 150 kW

Fresh xylose 2.7 kgls

Butanol 0.76 kg/s

Acetone 0.12 kg/s HE-4 84,200 kW
Outputs CO2 1.5 kg/s Heating HE-6 15,600 kW

Ethanol (42%) 0.63 kg/s Distillation 36,500 kW

Water 255 kg/s

Residues 1.0 kg/s

2.2 Description of the LCA model

The background data for this LCA study is taken from the version 3.1 of the ecoinvent database with default allocation.
This version of the database uses the technique of allocation at the point of substitution for which burdens are attributed
proportionally to specific processes. The approach used by the database developer to model product systems may have
an influence on the results. Therefore, a sensitivity analysis is performed using the cut-off allocation database which
is built on the idea that a producer is fully responsible for the disposal of its waste and that he does not receive any
credit for the provision of any recyclable materials [37]. Inputs of material and energy from the process simulation
shown in Table 1 are scaled to the functional unit, i.e. the production of 1 kg butanol, dividing them by the flow of
0.76 kg/s butanol. The most recent IMPACT 2002+ life cycle impact assessment method updated in 2011 [38], and
the SimaPro software are also used for this LCA study.

We assume that the Kraft mill is located at a distance of 500 km from the nearest important city from which
chemicals are bought and where butanol is sold to consumers. This distance is an estimated average for Quebec Kraft
pulp mills. Acetone and ethanol are considered to be sold as by-products. Therefore, the production of an equivalent
amount of each of these products is considered avoided in the LCA model and associated environmental impacts are
credited. The CO, emissions (see Figure 1) are considered to be released in the atmosphere. Residues are mainly
composed of lime, Fe2(S0.)s, water, phenol, and acetic acid and are considered treated and landfilled as pulp and paper
sludge. The transportation distance between the pulp mill and the waste treatment facility is assumed to be 250 km on
average.

Since pre-hydrolysate would be used as an energy input if not diverted as feedstock to the biorefinery, an energy
production process is added to the modeled system to compensate for this loss. We assume a 50% combustion
efficiency when pre-hydrolysate is sent to the mill boiler to have a worst-case scenario in terms of energy efficiency
as Kraft pulp mills in Quebec are quite old. An energy content of 0.54 MJ/Kkg is calculated using the composition of
pre-hydrolysate and lower heating value of each compound. The butanol production process still being at the
development stage, the configuration of heat exchangers is still unknown. We modeled the worst case, i.e. all the
energy needed by the process must be produced in the biorefinery or supplied by the pulp mill. The design of the
butanol production process is currently in an early simulation phase. An integration study will be performed later to
identify the opportunities for energy and material integration between the pulp mill and the biorefinery process. Such
integration should decrease the need for energy production and fresh water supply. In the LCA study, we model two
types of energy production often used in pulp and paper mills, i.e. wood in biomass boilers and natural gas. Figure 2
shows all the processes that are considered in the LCA model and Table SM1 in the supplementary material provides
additional details such as assumptions and selected ecoinvent processes.
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Figure 2: LCA model for butanol production in a biorefinery integrated to a Kraft dissolving pulp mill

2.3 Description of the NATEM-Canada model

NATEM-Canada, which follows a TIMES modeling approach, covers the integrated energy system of the 13 Canadian
jurisdictions. It is used to explore the techno-economic potential of butanol production from integrated biorefineries in
Kraft pulp mills up to the 2050 horizon in the province of Quebec. The model is driven by a set of 70 end-use demands
for energy services in five sectors: agriculture, commercial, industrial, residential and transportation. A large number
of technologies are in competition to satisfy each end-use demand, including existing technologies, improved versions
of existing technologies, as well as new technologies. The NATEM-Canada database includes all secondary conversion
technologies (e.g. power plants, refineries, biofuels/biomass plants, hydrogen production, and liquefaction of natural
gas) as well as primary sources (e.g. oil, gas, coal and uranium reserves, renewable potentials and biomass sources).
All energy flows between Canadian jurisdictions are optimized by the model while international trade movements are
specified exogenously. Finally, NATEM-Canada tracks direct GHG emissions from fuel combustion as well as fugitive
emissions from the energy sector.

Butanol production from integrated biorefineries in Kraft dissolving pulp mills was added to the NATEM-Canada
database using the assumptions presented in Table 2. This is represented through a technology producing butanol (and
heat) from a feedstock of pre-hydrolysate and accounting for all energy flows required during the conversion process
(e.g. biomass). The generated heat can be either a) lost, b) re-used within the butanol production process, or c) re-used
within the Kraft pulp mill. The butanol becomes a fuel in competition with both conventional fuels and other biofuels
for consumption in the transportation sector: as a flexible blend with gasoline (up to 100%) in the various types of road
vehicles and/or with jet fuel (up to 50%) for air transportation. The other biofuel pathways are: ethanol fermentation,
biodiesel transesterification, synthetic diesel from gasification (Fischer-Tropsch (FT) process), bio-methanol from
thermochemical platforms, and renewable natural gas (or upgraded biogas) from anaerobic digesters. Finally, supply
curves were built for a large variety of feedstock that are in competition for biofuel production, pellet production, space
heating and electricity generation, such as corn, soybeans, canola, greasy residues, fish oil, forest residues, agricultural
residues, industrial wastes, dedicated crops for fast-growing trees, municipal organic wastes, manure, etc.

Butanol is produced from pre-hydrolysate that is usually burned to produce heat for the Kraft pulping process.
Therefore, biorefinery implementation will lead to a higher external energy demand from the pulp mill, but no
feedstock will have to be bought. This additional energy could be provided by biomass, fuel oil or natural gas. Since
pre-hydrolysate is a lower quality fuel, we set the feedstock value to half the average price of heavy fuel oil [39]. To
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test the robustness of the results to this assumption, we also perform a sensitivity analysis using the full average price
of heavy fuel oil as a worse case.

Maximum feedstock availability is estimated for 2012, 2020, and 2050 to inform the NATEM-Canada model about
the maximum amount of butanol that could be produced in Quebec using the integrated production process. The
process has not yet been implemented in a Kraft pulp mill, we therefore set the maximum feedstock availability for
2012 to 0. The process simulation has been developed for an average Canadian Kraft dissolving pulp mill that processes
56.7 kg/s of pre-hydrolysate (see Table 1), which corresponds to 0.97 PJ/yr. We assume that a maximum of 2
biorefineries could be implemented by 2020, leading to a feedstock availability of 1.94 PJ/yr. For 2050, we assume
that the maximum number of biorefineries implemented is equivalent to the number of Kraft pulp mills currently in
operation in Quebec, leading to 11 biorefineries for a total maximum feedstock availability of 10.69 PJ/yr. The increase
in feedstock availability is considered linear between these moments.

We calculate investment costs using a classical process design approach [40]. These costs include equipment
purchase and installation, engineering, and other indirect costs. The investment costs are divided by the installed
capacity, which is the total amount of energy produced in terms of butanol and excess heat. Fixed and variable
operating costs are also calculated using the same approach [40]. Annual fixed operating costs include maintenance,
administrative overhead, and labor. They are also divided by the installed capacity. Variable operating costs include
direct production costs such as chemicals and utilities. They are calculated per unit of energy produced in terms of
butanol and excess heat, and do not include energy costs because they are already considered by the NATEM-Canada
model when energy is consumed by a given technology.

Table 2: Input data, for the NATEM-Canada model, which describes the production of butanol in biorefineries integrated to Kraft pulp
mills in Quebec

Parameters Values Comments
(in primary energy or CAD of 2012)

Feedstock cost Base case: 7$/GJ

Sensitivity analysis: 14$/GJ

Base case: Half of average heavy fuel oil price in 2011
Sensitivity analysis: Average heavy fuel oil price in 2011

Maximum feedstock 2012: 0 PJ/yr
availability 2020: 1.94 PJ/yr
2050: 10.69 PJ/yr

In 2012, the technology is not yet implemented.
We assume implementation in 2 plants in 2020, and in 11
plants in 2050.

2020: 327 $/kwW
2050: 294 $/kwW

Investment costs

10% decrease assumed from 2020 to 2050 from
technological improvement

Fixed operating costs 19 $/(yr-kW)

Variable operating costs 0.31 $/GJ Excluding energy costs

Annual availability factor 96% Two weeks of shutdown per year is assumed

First year of availability 2020

Lifetime 30 years After 30 years, additional investments are required for

modernization, etc.

3 Results and discussion

In this section, we present the results of the combined environmental and techno-economic assessment. We first
analyze potential environmental impacts from the butanol production process. We then identify hot spots in production
and potential for environmental improvement to guide future design steps. We also compare the butanol carbon
footprint to those of corn butanol and gasoline from a US EPA study [11]. Finally, we analyze potential market
penetration for butanol from integrated forest biorefinery under different GHG emission reduction scenarios, and
identify sensitive aspects to guide future design steps.

3.1 Potential environmental impacts

Figure 3 shows endpoint LCA results for the production of 1 kg butanol from pre-hydrolysate from Kraft pulp mill
producing dissolving pulp. These results are for the base case in which 100% of the energy needed by the production
process is coming from biomass. Absolute results are 3.9 kgCOz-eq for climate change, 1.2x10* DALY (disability-
adjusted life years) for human health, 26 PDF-m?-yr (potentially disappeared fraction of species per square meter area
and per year) for ecosystem quality, 28 MJ primary for resources, and 8x10* m? for water withdrawal.
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Energy consumption is the main contributor to potential impacts on climate change, ecosystem quality and
resources, followed by xylose consumption. For climate change, the treatment and landfilling of detoxification residues
is the third contributor. For potential impacts on human health and water withdrawal, the first and second main
contributors are reversed. Negative potential impacts are observed from avoided ethanol and acetone production for
climate change, resources, and water withdrawal categories. These negative impacts are negligible for human health

and ecosystem quality.
|
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Figure 3: Endpoint LCA results for the production of 1 kg of butanol from pre-hydrolysate from a Kraft pulp mill producing
dissolving pulp for the base case (100% energy is produced from biomass) showing the contribution of the different
processes

The preliminary results shown in Figure 3 are based on a process simulation performed with the ASPEN software
at a very early stage of the design process. Therefore, substantial uncertainties are associated with some process data.
However, the contribution analysis performed is already providing some insights to guide further design and
implementation in order to achieve better environmental performance. Of course, energy optimization will be a key
issue. Indeed, we considered that 100% of the energy needed by the process was to be produced at the biorefinery or
pulp mill, and that all the heat removed from streams that need to be cooled in the process was lost. This worst case is
not realistic. In a future design stage, an analysis will be performed to determine the best configuration for heat
exchangers to maximize energy recovery in the butanol production process. This analysis should include the Kraft
pulp mill in which the biorefinery will be integrated using a recently developed methodology [41].

To show the impact of improving energy efficiency on LCA results, we performed a sensitivity analysis considering
that only 50% of the energy needed by the process would have to be produced. The other 50% is recovered from other
process streams that have to be cooled. This 50% value is an arbitrary choice as it is difficult to estimate the energy
integration level that will be achieved at this design stage because it may vary significantly depending on the mill
configuration. Moreover, we added two other cases to show the impact on LCA results of using natural gas instead of
biomass with the same sensitivity analysis. Figure 4 shows the results of this sensitivity analysis. Having to
produce 50% of the energy instead of 100% decreases potential impacts by around 22 to 39% for climate change,
ecosystem quality and resources. For the human health and water withdrawal categories, the reduction in impact is
lower, i.e. 3 and 6% respectively. If natural gas is used to produce energy instead of biomass, potential environmental
impacts for climate change and resources increase by 250 to 800% depending on the energy integration level. However,
changing fuel does not affect potential impacts on human health significantly, and leads to a reduction for potential
impacts on ecosystem quality.
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Figure 4: Endpoint LCA results for the production of 1 kg butanol from pre-hydrolysate from a Kraft pulp mill producing
dissolving pulp for different assumptions regarding energy source, integration level, and ecoinvent system modelling
approach

Xylose production contributes substantially to potential impacts for all the endpoint categories. However, no xylose
production processes are available in version 3.1 of the ecoinvent database. Therefore, we used a proxy of sugar
production from sugar cane. Xylose production may have more or less impact than sugar from sugarcane. However,
these preliminary results do give an indication that we should pay attention to the amount of xylose needed in the
process and look for ways to decrease it to get a better environmental profile.

We compared the LCA results for the climate change impact category to those coming from the life cycle
greenhouse gas (GHG) assessment performed by the US EPA for the application of the Renewable Fuel Standard
published in 2010 [11]. Figure 5 shows the results in gCO2-eq/MJ of fuel so that we compare functionally equivalent
options. We used a lower heating value of 34.4 MJ/kg for butanol as a conversion factor [42]. Tailpipe emissions for
butanol from integrated forest biorefineries are considered equivalent to tailpipe emissions from corn butanol and are
taken from the US EPA study [11].

Results show that the carbon footprint of butanol is 20% higher than that of gasoline for the worst case scenario
(i.e. 100% of energy is produced), and 5% lower for the sensitivity analysis case (i.e. 50% of energy integration). These
results are valid as long as biomass is used as an energy source without any natural gas. The carbon footprint of corn
butanol is lower than that of butanol from a Kraft pulp mill pre-hydrolysate for both scenarios, being 23% lower than
that of gasoline. Of course, these results still have to be refined to decrease uncertainty as the design process goes on.
This preliminary study shows that efforts are still needed to improve the process before butanol produced from Kraft
pulp mill pre-hydrolysate replacing gasoline becomes an interesting choice in terms of GHG emissions reduction. The
three main aspects to pay attention to are energy efficiency and integration, fresh xylose consumption from an external
source, and detoxification residues.
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Figure 5: Comparison of life cycle GHG emissions for different fuels

3.2 Techno-economic assessment

This section presents the results computed by the NATEM model. Optimization models provide a rigorous analytical
basis for deriving minimum cost solutions that meet both growing demands for energy-related services and reductions
in GHG emissions. Capturing the whole energy system, they are commonly used to assess the techno-economic
potential of emerging technologies or fuels on energy markets under various socio-economic or environmental
conditions in a given country. The approach is applied here to the butanol produced from integrated forest biorefinery
and the results show to what extent this new biofuel can compete with other transportation fuels. The figures discussed
below represent relevant portions of the optimal configuration of the energy system under different conditions
(scenarios).

Optimization runs were carried out with the NATEM-Canada model for three main scenarios, i.e. one reference
case and two climate policy cases:

- REF: The reference scenario represents a business-as-usual case for Quebec including policies already in place,
but without any GHG emission reduction targets.

- GHGLI: A scenario with GHG emission reduction targets for 2020, 2030 and 2050 for Quebec, with access to a
carbon market with other jurisdictions (e.g. California); a portion of the target is thus achieved through emission
credit purchases (exogenously assumed, that yield lower emission reduction targets for Quebec, see Table 3).

- GHG2: A scenario with GHG emission reduction targets for 2020, 2030 and 2050 for Quebec, without access to
a carbon market with other jurisdictions (e.g. California); all reductions thus have to be achieved on the Quebec
territory.

Policies already in place for the Province of Quebec in the reference scenario include: measures from the
Electrification Plan to replace 66 million liters of conventional fuels consumed annually [43], CAFE (Corporate
Average Fuel Economy) standards, the federal regulation on the minimum renewable content in the gasoline (5%) and
diesel (2%) sold in Canada, and a minimum carbon price going from 10 $/ton in 2012 to 66 $/tonne in 2050 ($2011)
to account for the existing carbon market in Quebec (not optimized within the model).
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In addition to these existing policies, additional constraints are imposed in the climate policy scenarios to limit
GHG emissions from the energy sector, representing 66% of all GHG emissions in 1990 (and 69% in 2013) [44]. Two
series of targets are considered [45] depending on the possibility to achieve a fixed portion of the reductions through
emission credit purchases (GHG1) or if all reductions need to be achieved in Quebec (GHG2). NATEM-Canada
computes the optimal solution for each of these scenarios by identifying the technology and the commodity mixes that
minimize the total energy system cost.

Table 3: GHG emission reduction targets in the two climate policy scenarios

T;gsft GHG1 - with emissions trading GHG2 - without emissions trading
% reduction from 1990 . % reduction from 1990 .
Cap in Mt Cap in Mt
level level
2020 -14,8 % 49.9 Mt -20,0 % 46.8 Mt
2030 -25,9 % 43.4 Mt -375% 36.6 Mt
2050 -68,4 % 18.5 Mt -80,0 % 11.7 Mt

The result analysis was carried based on the assumption that 50% of the heat generated by the butanol production
process could be recovered and re-used for its own production. The optimal solution shows indeed that heat is
recovered and re-used in replacement of the biomass consumed in the process (natural gas is not used since its
combustion generates GHG emissions). The optimization runs without heat recovery show a very marginal production
of butanol in 2050 (2.9 PJ). A first insight of this analysis is that heat recovery will be a critical aspect to make butanol
a competitive fuel among all other alternative fuels.

In addition, a sensitivity analysis was performed in both climate policy scenarios on the supply cost of feedstock
for butanol production, an important factor affecting the economic profitability of producing butanol. As indicated in
Table 2, the cost has been set at 7$/GJ in the original scenarios (GHG1 and GHG2), but doubled in the new scenarios
(GHG1-HI and GHG2-H]I).

More than half of the GHG emissions in Quebec are coming from the transportation sector, since the electricity
sector benefit from the availability of abundant and clean hydraulic resources. Due to the dependence of the
transportation sector on gasoline and diesel to meet most of the growing demand in a business-as-usual case, this trend
is not expected to change over 2050 without incentives. However, under carbon constraints, most of the reductions are
coming from the transportation sector where GHG emissions decrease from 37.7 MtCO»-eq in 2050 in the reference
scenario (REF) to 6.8 MtCO2-eq and 2.8 MtCO--eq respectively in 2050 in the climate policy scenarios (GHG1 and
GHG?2). Figure 6 shows the evolution of emission reductions by sectors in the most stringent scenario (GHG2). This
reduction counts for 56% of total reductions required to reach the target in 2050.

80
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70
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60
I Transport
Z 50 mm Residential
SN 40 m Industrial
g Commercial
30
Agriculture
20 ~eceo
|
10 - - GHG2
0 REF
2011 2018 2025 2032 2029 2046

Figure 6: Emission reductions by sectors in the scenario GHG2
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Achieving such ambitious reduction targets involves significant transformation in the energy system. For instance,
in the GHG2 scenario, we observe: 1) endogenous reduction of the useful demands up to 15% for segments with fewer
reduction options such as air transportation, 2) energy efficiency improvements through technology replacements with
more advanced versions, 3) higher electricity penetration rate in end-use sectors up to 69% of the final energy
consumption in 2050 (compared with 43% in the reference scenario), and 4) a larger proportion of bioenergy rising up
to 19% in 2050 (compared with 4% in the reference scenario).

In particular, significant changes occur in the transportation sector (Figure 7) where the GHG reduction targets lead
to a much lower level of energy consumption globally for that sector: a 33% decrease in 2050 comparing the GHG2
scenario with the reference scenario. This is mainly due to the electrification of several useful demands for passenger
transportation as electric motors are approximately three to four times more efficient than internal combustion engines.
Second generation liquid biofuels such as Fischer-Tropsch diesel, biomethanol and cellulosic ethanol are also used in
plug-in hybrid vehicles (namely personal cars and light-duty trucks), while butanol is penetrating the market namely
for meeting the air transportation demand. Indeed, the road transportation segments benefit from a large variety of
alternative fuels, but replacement to conventional aviation fuels are limited.

As for freight transportation, conventional fuels are gradually replaced with a variety of alternative fuels including
liquid biofuels, renewable natural gas, liquefied natural gas (LNG), and hydrogen. Liquid biofuels and renewable
natural gas are mainly dominant in the road and rail transportation modes for freight, while LNG is replacing most of
the heavy fuel oil consumed for marine transportation. Hydrogen is an expensive option which is used for heavy freight
transportation when the total amount of biomass available for liquid biofuel production is already totally used such as
in 2050 in the GHG2 scenario. In general, most other alternative fuels start penetrating as early as 2020 in the energy
mix to replace conventional fuels. However, their penetration rates increase over time with the GHG reduction
constraints.
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Figure 7: Final energy consumption by type in the transportation sector in Quebec

In a context where ambitious GHG emission reductions are expected, all types of bioenergy play a major role in
all sectors and these trends are particularly strong on the long-term 2050 (Figure 8). Many useful demands are in
competition for various bioenergy, especially those where the electrification is not possible. The transportation sector
requires most of this bioenergy (56%), but the remaining portion is consumed in the commercial (13%) sector and the
industrial sectors (25%), although this proportion also includes biomass feedstock used in the pulp and paper industry.
While butanol represents a small portion, it has a role to play in the optimal strategies required to achieve ambitious
GHG targets.
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Figure 8: Consumption of various bioenergy by type in all end-use sectors in Quebec

Since biomass conversion processes normally have low efficiency rates, a large amount of feedstock is necessary
to produce all these forms of bioenergy (Figure 9). Energy crops allow to produce up to 11 PJ of biodiesel and 15 PJ
of ethanol, a maximum reached by 2030 in all climate policy scenarios. A very small quantity of these first-generation
biofuels is imported from neighboring jurisdictions. These are the only types of bioenergy allowed for trade in the
model due to the federal legislation on renewable content in conventional fuels sold in Canada.! Forest residues are
available in different quantities at different prices. They are in competition for many usages including second-
generation biofuel production, electricity generation, direct combustion for space heating, and feedstock in the pulp
and paper industries. A first step of the supply curve is reached by 2020 where the maximum amount of forest residues
related to existing harvesting activities (137 PJ) is used. The additional amount of biomass related to existing harvesting
activities coming from a more optimistic estimate (totalizing 180 PJ) is used completely by 2030 in the most stringent
scenarios (GHG2 and GHG2-HI). By 2050, additional amounts of not yet harvested biomass available at a significantly
higher cost is also requested (up to 242 PJ) in all scenarios. While the optimal solutions include the use of lower-cost
feedstock, the maximum potential is reached by 2050 for agriculture residues, industrial residues, dedicated crops,
organic municipal waste, and biogas.

Regarding the pre-hydrolysate from the pulp and paper industry available namely for butanol production, the results
show that the maximum potential is reached by 2020 in all scenarios (Figure 10). Based on the assumptions described
in Table 3, it would be cost-effective to implement biorefineries in two pulp mills. By 2030, assumptions on the supply
cost of feedstock are affecting the economic profitability of producing butanol: the maximal potential is reached in the
most stringent scenario GHG2 with lower supply cost (7$/GJ), but higher supply costs (14$/GJ) undermine the
competitiveness of butanol over other next-generation biofuels.

The marginal abatement costs increase rapidly with the reduction target level. In 2020, they reached 277 $/tCO-
eq (GHG1) and 352 $/tCO2-eq (GHG2). In 2030, they increase to 400 $/tCO-eq (GHG1) and 566 $/tCO,-eq (GHG2),
and in 2050, to above 1000 $/tCO»-eq due to the very ambitious targets combined with the lack of GHG emission
reduction options in some sectors and relatively inelastic useful demands. The total net discounted cost of the energy
system increases relatively to the baseline by 2.4% (GHG1) and 7.7% (GHGZ2); the total cost is discounted at 5% to
the 2011 base year.

1 The availability of feedstock in general and other types of bioenergy is limited to the borders of each jurisdiction. The
assumption is made that a jurisdiction cannot increase its biomass imports from neighboring jurisdictions, given the uncertainty on
the adoption of targets elsewhere, and consequently, competition for the available biomass and bioenergy. These issues are beyond
the scope of this analysis.
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Figure 9: Consumption of feedstock by type for bioenergy production in Quebec
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Figure 10: Consumption of pulp and paper residues for butanol production in Quebec

While it is not possible to compare the techno-economic potential of butanol production from an integrated forest
biorefinery with other estimates given in the literature due to the novelty of this process, a brief comparative assessment
of the role of transportation biofuels in climate mitigation scenarios in general is worth introducing. Indeed, numerous
carbon mitigation studies have been carried out using cost-optimization TIMES models in multiple countries. Our
results show that liquid biofuels could represent 45% of the transportation fuels in 2050 in order to meet Canadian
GHG reduction targets with renewable natural gas accounting for another 7% to 9%. In California, for instance, a
scenario analysis for achieving an 80% GHG reduction goal of 1990 levels by 2050 shows that liquid biofuels make
up 37% of transportation fuels in 2050 [46]; the rest of the sector being decarbonized through important demand
reductions and hydrogen use. In a similar scenario for Ireland, imported biofuels and domestic renewable natural gas
account for 82.5% of the transport energy consumption [47]. In Greece, biofuels cover 31% to 34% of transport energy
demand by 2050 in scenarios that respectively reduce 60% and 70% of the country’s GHG emissions [48]. On the
opposite, in India, there is no significant take-up of biofuels in the transport sector in deep decarbonization scenarios,
but rather a high penetration of hybrid vehicles, as biomass resources are limited and used for direct combustion in
other sectors [49]. The share of biofuels in general and of butanol in particular in the energy mix of a country will
depend on the availability of feedstock for their production and other low carbon options for the transport sector (e.g.
clean electricity supply, hydrogen, etc.). Based on the literature review, it is realistic to assume that butanol would play
an important role for GHG mitigation in several countries as a new option for decarbonization of the transportation
sector.
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4 Conclusion

The objective of this paper was to propose a holistic approach combining the LCA methodology and a TIMES energy
system model to assess potential environmental impacts and possible market penetration of emerging energy pathways.
The developed approach was then applied to the case of butanol produced from pre-hydrolysate in a Kraft dissolving
pulp mill at an early stage of the design process. Indeed, recent literature has shown that the potential of biofuels to
mitigate climate change highly depends on several factors such as the type of feedstock or the energy efficiency of the
production process. Biofuels production can also be undermined by other sustainability issues [e.g. 3-7]. LCA is
increasingly used to assess biofuel pathways. However, published studies are often limited to GHG emissions [50],
leading to risks of burden shifting toward other environmental issues, and are usually not performed at the process
design stage, when it would be more efficient to identify and control environmental aspects [51]. Moreover, the long-
term economic profitability of biofuels depends on future energy and climate policies [13], which are usually not
considered in techno-economic feasibility studies. The holistic approach developed in this paper allows identifying the
variables that strongly influence the environmental performance and the market penetration of emerging biofuels,
addressing two different aspects of sustainability at the same time. It also allows providing recommendations for the
future design and implementation steps. This new approach can be used to help the forest sector of other countries to
design more sustainable biorefinery processes. It is also replicable to assess other types of emerging energy sources
(e.g. other second-generation biofuels). From that respect, the idea of combining LCA and TIMES approaches is not
specific to Canada nor to a particular promising new energy source.

The LCA study identified three main contributors to potential environmental impacts: energy, fresh xylose
consumption, and the treatment of detoxification residues. The sensitivity analysis performed on the level of energy
integration, which is still unknown at this early design stage, showed that improving energy efficiency of the process
is one of the main leverage to increase its environmental performance for the climate change, ecosystem quality, and
resource depletion impact categories. Decreasing fresh xylose consumption and reducing detoxification residues would
also lead to substantial improvements. Research is ongoing to develop alternative hydrolysate detoxification techniques
in order to decrease or eliminate the amount of fresh xylose needed.

The study performed using the optimization energy system model NATEM-Canada also showed that the level of
energy integration between the pulp mill and the butanol biorefinery seems to be a critical aspect to consider in order
to make butanol a competitive fuel among all other alternative fuels. Indeed, only a very marginal amount of butanol
is produced in 2050 when heat is not recovered in the production process or re-used in the Kraft pulp mill, while
maximum level of production is reached at most periods in all scenarios with the assumption that 50% of the heat could
be recovered replacing biomass. Natural gas is never selected as an energy source for the butanol production process
by the NATEM-Canada model because of too high GHG emissions when burned. The LCA study also shows that
using natural gas instead of biomass would lead to substantial increases (250 to 800%) in environmental impacts for
climate change and resource depletion categories. Moreover, the comparison of butanol produced from pre-hydrolysate
in a Kraft dissolving pulp mill with corn butanol and gasoline showed that its carbon footprint may be better than that
gasoline if biomass energy is used and a high energy integration level is reached, and equivalent to that of corn butanol
depending on the energy efficiency of the process.

Since more than half of the GHG emissions in Quebec are coming from the transportation sector, major changes
are required in that sector to achieve ambitious GHG reduction targets. Under these conditions, butanol becomes a fuel
in competition with other alternative fuels (electricity, Fischer-Tropsch diesel, biomethanol, cellulosic ethanol,
renewable natural gas, liquefied natural gas, and hydrogen) to meet a growing transportation demand while respecting
the GHG emission targets. However, in a context where ambitious GHG emission reductions are expected, all types
of bioenergy, including butanol, have a role to play in the transportation sector, but also in the commercial and
industrial sectors. Butanol is primarily used by the model in the air transportation segments as a large variety of
alternative fuels are available for road transportation, while options for aviation are more limited. Most of the feedstock
sources available for the production of bioenergy are used at their maximum potential by 2050, including pre-
hydrolysate from Kraft pulp mills available for butanol production. In the medium-term, the supply cost of feedstock
might affect the economic profitability of producing butanol as higher supply cost (14$/GJ) undermine the
competitiveness of butanol over other next-generation biofuels. However, due to high marginal abatement costs, the
supply cost of feedstock for butanol production is not a sensitive parameter in the long-term.
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We have shown with the butanol case study that the proposed approach, combining LCAand a TIMES energy
system model, can provide process designers and investors with very useful information regarding the environmental
performance and potential market penetration of emerging energy pathways. The results could be used to focus future
efforts on the aspects that highly affect environmental impacts and economic competitiveness in order to decrease the
risks associated with their development. As TIMES models are used in more than 70 countries, the approach can be
adapted to other geographical contexts.

Although the analysis leads to interesting conclusions, important drawbacks need to be raised. Firstly, there are
many uncertainties associated with the estimation of process, techno-economic and environmental parameters for the
butanol production modeled in this study, and for other bioenergy production and consumption processes modeled in
NATEM-Canada. Considering that bioenergy plays a significant role in climate policy scenarios, it would be important
to assess the impact of having different estimations for the most sensitive parameters on optimal solutions from the
NATEM-Canada model and on life cycle environmental impacts. Secondly, energy and climate change issues are
complex and the analysis did not consider all the factors that could vary and affect the optimal solutions proposed by
the NATEM-Canada model. Aspects like the socio-economic growth, energy demand in the United Sates and the rest
of the world, adoption of GHG emission reduction targets in neighboring jurisdictions, optimisation of the carbon
market, availability of other potential disruptive technologies (e.g. biofuel from algae), and other reduction options in
the industrial sector (e.g. carbon capture and storage) should be considered for a more comprehensive assessment.
Thirdly, some limits are associated with the status of development of the NATEM-Canada model that does not account
at this stage for non-energy GHG emissions (representing 31% of total emissions in 2013), and other air pollutants.
Finally, some limits are inherent to the optimization bottom-up energy models in general which do not capture feedback
on macroeconomic variable such as the gross domestic product and employment rates. Combination with a general
equilibrium model would probably be beneficial. Future works will try to overcome these drawbacks.

5 Supplementary material

Table SM1: Detailed list of processes included in the LCA model (t-km: tons-kilometers, obtained from the multiplication
of the mass transported by the distance)

LCA processes Economic flow per Comments ecoinvent v.3.1 process
functional unit (i.e.
production of 1 kg
butanol)
H2S04 production 0.02 kg From simulation Sulfuric acid, RoW, production
H2S0O4 transportation 0.01 t-km 500 km assumed Transport, freight, lorry >32 metric ton,
EUROS5, RoW
Lime production 0.016 kg From simulation Lime, CA-QC, lime production, milled,
loose
Lime transportation 0.008 t-km 500 km assumed Transport, freight, lorry >32 metric ton,
EURO5, RoW
Fe2(S0a)s production 0.71 kg From simulation Iron sulfate, RoW, production
Fe2(S0a)3 0.36 t-km 500 km assumed Transport, freight, lorry >32 metric ton,
transportation EUROS5, RowW
Water 260 kg No water recycling is Tap water, CA-QC, market for
assumed
Xylose production 3.6 kg Fresh xylose input is Sugar, from sugarcane, RoW, cane sugar
needed, no xylose process production with ethanol by-product
available in ecoinvent
Xylose transportation 1.8t-km 500 km assumed Transport, freight, lorry >32 metric ton,
EUROS5, RoW
Ethanol (avoided 0.37 kg From simulation, Economic  Ethanol, without water, in 95% solution
product) flow adjusted from 42% state, from fermentation, US
(simulation) to 95%
(ecoinvent) concentration
Acetone (avoided 0.16 kg From simulation Acetone, liquid, Row

product)
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Energy needed to 180 MJ Worst case: all heating must  Heat, district or industrial, other than

operate the process be produced, cooling is not natural gas, RoW, heat production,

(for the biomass case) considered softwood chips from forest at furnace

1000 kW

Energy needed to 180 MJ Worst case: all heating must  Heat, district or industrial, natural gas,

operate the process be produced, cooling is not RoW, heat production, natural gas, at

(for the natural gas considered industrial furnace > 100 kW

case)

Additional energy 21 MJ Assumption:  combustion Heat, district or industrial, other than

needed by the Kraft efficiency of pre- natural gas, RoW, heat production,

mill because pre- hydrolysate in the boiler is softwood chips from forest at furnace

hydrolysate is 50%, energy content of pre- 1000 kW

diverted (for the hydrolysate is 0.54 MJ/kg

biomass case)

Additional energy 21 MJ Assumption:  combustion Heat, district or industrial, natural gas,

needed by the Kraft efficiency of pre- RoW, heat production, natural gas, at

mill because pre- hydrolysate in the boiler is industrial furnace > 100 kW

hydrolysate is 50%, energy content of pre-

diverted (for the hydrolysate is 0.54 MJ/kg

natural gas case)

Residues (waste) 1.32 kg Sludge from detoxification  Sludge from pulp and paper production,
process (lime, Fez(SOs4)s, RoW (adapted for CA-QC context),
water and organic  treatment of, sanitary landfill
compounds) considered
treated and landfilled

Residues 0.33 t-km 250 km assumed between Transport, freight, lorry >32 metric ton,

transportation to
treatment facilities

the pulp mill and the farm

EURO5, RoW

Infrastructure

1.4x107%0 pulp factory

Assumption: 10% of a pulp

Pulp factory, RoW, construction

mill surface for a 30-year
lifetime

0.5 t-km 500 km assumed Transport, freight, lorry >32 metric ton,

EURO5, RoW

Butanol transportation

References

[1] European Union. Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of the use of energy
from renewable sources and amending and subsequently repealing Directives 2001/77/EC and 2003//30/EC, http://eur-
lex.europa.eu/eli/dir/2009/28/0j; 2009 [accessed 27.07.16].

[2] US Environmental Protection Agency. Regulation of Fuels and Fuel Additives: Changes to Renewable Fuel Standard Program; Final Rule,
https://www.gpo.gov/ fdsys/pka/FR-2010-03-26/pdf/2010-3851.pdf; 2010 [accessed 27.07.16].

[3] Fletcher Jr RJ, Robertson BA, Evans J, Doran PJ, Alavalapati JRR, Schemske DW. Biodiversity conservation in the era of biofuels: risks and
opportunities. Front Ecol Environ 2011; 9(3): 161-168.

[4] Joly CA, Verdade LM, Huntley BJ, Dale VH, Mace G, Muok B, Ravindranath NH. Biofuel impacts on biodiversity and ecosystem services. In:
Souza GM, Victoria R, Joly C, Verdade L, editors. Bioenergy & Sustainability: Bridging the gap, 2015; Paris: SCOPE; 2015, p. 554-580.

[5] Immerzeel DJ, Verweij PA, van der Hilst F, Faaij APC. Biodiversity impacts of bioenergy crop production: A state-of-the-art review. GCB
Bioenergy 2014; 6(3): 183-209.

[6] Humpendder F, Schaldach R, Cikovani Y, Schebek L. Effects of land-use change on the carbon balance of 1% generation biofuels: An analysis
for the European Union combining spatial modeling and LCA. Biomass and Bioenergy 2013; 56: 166-178.

[7] Wang M, Wu M, Huo H. Life-cycle energy and greenhouse gas emission impacts of different corn ethanol plant types. Environmental Research
Letters 2007; 2(2): 024001.

[8] ISO 14040:2006. Environmental management — Life cycle assessment — Principles and framework. Lausanne: International Organization for
Standardization; 2006.

[9] ISO 14044:2006. Environmental management — Life cycle assessment — Requirements and guidelines. Lausanne: International Organization for
Standardization; 2006.

[10] Muench S, Guenther E. A systematic review of bioenergy life cycle assessments. Applied Energy 2013; 112: 257-273.

[11] US EPA. Renewable Fuel Standard Program (RFS2) Regulatory Impact Analysis. EPA-420-R-10-006, United States Environmental Protection
Agency; 2010.

[12] van Eijck J, Batidzirai B, Faaij A. Current and future economic performance of first and second generation biofuels in developing countries.
Applied Energy 2014; 135(15): 115-141.

[13] Coyle W. The future of biofuels: A global perspective. Amber Waves 2007; 5(5): 24-29.

[14] Hytbnen E, Stuart PR. Technoeconomic assessment and risk analysis of biorefinery processes. In: Stuart PR, El-Halwagi MM, editors.
Integrated Biorefineries — Design, Analysis and Optimization, 2013; Boca Raton, FL: CRC Press, p. 59-92.



http://eur-lex.europa.eu/eli/dir/2009/28/oj
http://eur-lex.europa.eu/eli/dir/2009/28/oj
https://www.gpo.gov/%20fdsys/pkg/FR-2010-03-26/pdf/2010-3851.pdf

Les Cahiers du GERAD G-2016-84 — Revised 17

[15] Choi J-K, Friley P, Alfstad T. Implications of energy policy on a product system’s dynamic life-cycle environmental impact: Survey and model.
Renewable and Sustainable Energy Reviews 2012; 16(7): 4744-4752.

[16] Earles JM, Halog A. Consequential life cycle assessment: A review. International Journal of Life Cycle Assessment 2011; 16(5): 445-453.

[17] Eriksson O, Finnveden G, Ekvall T, Bjorklund A. Life cycle assessment of fuels for district heating: a comparison of waste incineration,
biomass and natural gas combustion. Energy Policy 2007; 35: 1346-1362.

[18] Pehnt M, Oeser M, Swider D. Consequential environmental system analysis of expected offshore wind electricity production in Germany.
Energy 2008; 33: 747-759.

[19] Mathiesen BV, Miinster M, Fruergaard T. Uncertainties related to the identification of the marginal energy technology in consequential life
cycle assessments. Journal of Cleaner Production 2009; 17: 1331-1338.

[20] Earles JM. LCA and Forest Biorefining: Environmental Assessment of a Modified OSB Mill and an Integrated Partial Equilibrium Framework
for Policy Analysis 2011; Master of Science Thesis, Department of Forest Resources, University of Maine.

[21] Menten F, Tchung-Ming S, Lorne D, Bouvart F. Lessons from the use of a long-term energy model for consequential life cycle assessment:
The BTL case. Renewable and Sustainable Energy Reviews 2015; 43: 942-960.

[22] Loulou R, Remme U, Kanudia A, Lehtila A, Goldstein G. Documentation for the TIMES model, Energy Technology Systems Analysis
Programme, http://wwwv.iea-etsap.org/web/Documentation.asp; 2005 [accessed 28.07.16].

[23] Gan J. Economic and policy aspects of integrated forest biorefineries. In: Christopher LP, editor. Integrated Forest Biorefineries — Challenges
and Opportunities, 2012; Cambridge: The Royal Society of Chemistry; p. 67—79.

[24] Natural Resources Canada. Overview of Canada’s forest industry, http://www.nrcan.gc.ca/forests/industry/overview/13311; 2016 [accessed
27.07.16].

[25] Ontario Ministry of Energy. Achieving Balance Ontario’s Long-term Energy Plan, http://www.energy.gov.on.ca/en/ltep/achieving-balance-
ontarios-long-term-energy-plan/; 2013 [accessed 27.07.16].

[26] Hamalainen S, Nayha A, Pesonen H-L. Forest biorefineries — A business opportunity for the Finnish forest cluster. Journal of Cleaner Production
2011; 19(16): 1884-1891.

[27] Paleologou M, Radiotis T, Kouisni L, Jemaa N, Mahmood T, Browne T, Singbeil D. New and emerging biorefinery technologies and products
for the Canadian forest industry. Journal of Science & Technology for Forest Products and Processes 2011; 1(3): 6-14.

[28] Gonzalez-Garcia S, Hospido A, Agnemo R, Svensson P, Selling E, Moreira MT, Feijoo G. Environmental life cycle assessment of a Swedish
dissolving pulp mill integrated biorefinery. Journal of Industrial Ecology 2011; 15(4): 568-583.

[29] Vaillancourt K, Alcocer Y, Bahn O, Fertel C, Frenette E, Garbouj H, et al. A Canadian 2050 energy outlook: Analysis with the multi-regional
model TIMES-Canada. Applied Energy 2014; 132(1): 56-65.

[30] Trottier Energy Futures Project. Canada’s challenge & opportunity — Transformations for major reductions in GHG emissions,
http://iet.polymtl.ca/en/tefp/; 2016 [accessed 28.07.16].

[31] Loulou R, Labriet M. ETSAP-TIAM: The TIMES integrated assessment model — Part I: Model structure. Computational Management Science
2008; 5(1): 7-40.

[32] Loulou R. ETSAP-TIAM: The TIMES integrated assessment model — Part I1: Mathematical formulation. Computational Management Science
2008; 5(1): 41-66.

[33] Baral N, Shal A. Micrabial inhibitors: formation and effects on acetone-butanol-ethanol fermentation of lignocellulosic biomass. Applied
Microbiology and Biotechnology 2014; 98(22): 9151-9172.

[34] Lee SY, Park JH, Jang SH, Nielsen LK, Kim J, Jung KS. Fermentative butanol production by clostridia. Biotechnology and Bioengineering
2008; 101(2): 209-228.

[35] Marinova M, Mateos-Espejel E, Jemaa N, Paris J. Addressing the increased energy demand of a Kraft mill biorefinery: The hemicellulose
extraction case. Chemical Engineering Research and Design 2009; 87: 1269-1275.

[36] Mechmech F, Chadjaa H, Rahni M, Marinova M, Ben Akacha N, Gargouri M. Improvement of butanol production from a hardwood
hemicelluloses hydrolysate by combined sugar concentration and phenols removal. Bioresource Technology 2015; 192: 287-295.

[37] Weidema BP, Bauer C, Hischier R, Mutel C, Nemecek T, Reinhard J, et al. The ecoinvent database: Overview and methodology, Data quality
guideline for the ecoinvent database version 3, www.ecoinvent.org; 2013 [accessed 29.09.16].

[38] Jolliet O, Margni M, Charles R, Humbert S, Payet J, Rebitzer G, Rosembaum R. IMPACT 2002+: A New Life Cycle Impact Assessment
Methodology. International Journal of Life Cycle Assessment 2003; 8(6): 324-330.

[39] INSEE. International prices of imported raw materials — Heavy fuel oil (Rotterdam). National Institute of Statistics and Economic Studies,
http://www.insee.fr/en/bases-de-donnees/bsweb/serie.asp?idbank=001642883; 2016 [accessed 29.09.16].

[40] Peters M, Timmerhaus K, West R. Plant Design and Economics for Chemical Engineers, 5" edition. McGraw Hill Education, 2002; 1008 p.

[41] Keshtkar M, Ammara R, Perrier M, Paris J. Thermal energy efficiency analysis and
enhancement of three Canadian Kraft mills. Journal of Science & Technology for Forest Products and Processes 2016; 5 (1): 24-60.

[42] Oak Ridge National Laboratory. Biomass Energy Data Book. Oak Ridge National Laboratory, U.S. Department of Energy,
http://cta.ornl.gov/bedb/index.shtml;2012 [accessed 29.09.16].

[43] Ministére des Transports du Québec. Propelling Québec Forward with Electricity: Transportation Electrification Action Plan. Direction de la
planification et Direction des communications du ministere des Transports du Québec 2015; 65 p.

[44] Ministere du Développement durable, de I’Environnement et de la Lutte contre les changements climatiques du Québec. Inventaire québécois
des émissions de gaz a effet de serre en 2013 et leur évolution depuis 1990. Direction des politiques de la qualité de 1’atmosphere 2016; 21p.

[45] Bureau des changements climatiques du ministére du Développement durable, de I’Environnement et de la Lutte contre les changements
climatiques du Québec. Cible de réduction d'émissions de gaz a effet de serre du Québec pour 2030. Document de consultation 2015; 53 p.

[46] Yang C, Yeh S, Zakerinia S, Ramea K, McCollum D. Achieving California’s 80% greenhouse gas reduction target in 2050: Technology, policy
and scenario analysis using CA-TIMES energy economic systems model. Energy Policy 2015; 77: 118-130.

[47] Chiodi A, Gargiulo M, Rogan F, Deane JP, Lavigne D, Rout UK, O Gallachéir BP. Modelling the impacts of challenging 2050 European
climate mitigation targets on Ireland’s energy system Energy Policy 2013; 53: 169-189.

[48] Tigas K, Giannakidis G, Mantzaris J, Lalas D, Sakellaridis N, Nakos C, Vougiouklakis Y, Theofilidi M, Pyrgioti E, Alexandridis AT. Wide
scale penetration of renewable electricity in the Greek energy system in view of the European decarbonization targets for 2050. Renewable
and Sustainable Energy Reviews 2015; 42: 158-169.



http://www.iea-etsap.org/web/Documentation.asp
http://www.nrcan.gc.ca/forests/industry/overview/13311
http://www.energy.gov.on.ca/en/ltep/achieving-balance-ontarios-long-term-energy-plan/
http://www.energy.gov.on.ca/en/ltep/achieving-balance-ontarios-long-term-energy-plan/
http://iet.polymtl.ca/en/tefp/
http://www.ecoinvent.org/
http://www.insee.fr/en/bases-de-donnees/bsweb/serie.asp?idbank=001642883
http://cta.ornl.gov/bedb/index.shtml
http://www.sciencedirect.com/science/article/pii/S0301421512009263
http://www.sciencedirect.com/science/article/pii/S0301421512009263
http://www.sciencedirect.com/science/article/pii/S1364032114008247
http://www.sciencedirect.com/science/article/pii/S1364032114008247

18 G-2016-84 — Revised Les Cahiers du GERAD

[49] Gambhir A, Napp TA, Emmott CIJM, Anandarajah G. India's CO2 emissions pathways to 2050: Energy system, economic and fossil fuel
impacts with and without carbon permit trading. Energy 2014; 77: 791-801.

[50] Soratana K, Khanna V, Landis AE. Re-envisioning the renewable fuel standard to minimize unintended consequences: A comparison of
microalgal diesel with other biodiesels. Applied Energy 2013; 112: 194-204.

[51] Zaimes GG, Vora N, Chopra SS, Landis AE, Khanna V. Design of sustainable biofuel processes and supply chains: Challenges and
opportunities. Processes 2015; 3: 634-663.


http://www.sciencedirect.com/science/article/pii/S0360544214011116
http://www.sciencedirect.com/science/article/pii/S0360544214011116

	G1684R_TEX
	G1684R_WORD

