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Abstract

The main goal of this dissertation is to build on the current state-of-the-art research
regarding ionic liquid (IL) sustainability assessment to help answer the research question, "how
sustainable are ILs as alternatives to conventional technologies?” This is accomplished by
developing a systematic computer-aided framework that integrates life cycle assessment (LCA)
and life cycle costing (LCC) with process modelling and simulation for the consistent and
complete economic and environmental assessment of ILs. The work further explores the use of
monetization and an advanced framework that couples uncertainty analysis and global sensitivity
analysis to enhance decision-making. The main novelties of the thesis are the methodological
components and the case studies, in which the production of different ILs are evaluated in the
context of relevant applications including their use.

This thesis has contributed to the existing body of research by developing the following
aspects. First, an integrated framework that combines LCA, LCC with process modelling and
simulation was applied to evaluate the production of 1-butyl-3-methylimidazolium tetrafluorob-
orate using two synthesis routes and compare them with two conventional solvents in terms
of their application in fuel desulfurization. Second, the developed framework was enhanced by
incorporating factors of monetization, and this was applied to a case study involving hydrogen
sulfate-based ILs to quantify their externalities and compare the true cost of these ILs with that
of conventional solvents in biomass pretreatment applications. Finally, LCA uncertainty and
global sensitivity analysis (GSA) was included in the framework to improve uncertainty analysis
by accounting for process model uncertainties and identifying key parameters in non-linear
systems, which was demonstrated in a case study involving the production of dialkylimidazolium
ILs.

The results show that the use of data from detailed process models, as highlighted in the
holistic framework, makes a big difference compared to the use of simplified methods. Unlike
short-cut methods, the framework accounts for process efficiency, emissions, and waste and covers
a wide range of environmental impact categories for a more consistent and complete assessment.
Additionally, coupling monetization with LCA can improve the assessment by turning a multi-
objective problem into a single-objective problem, and hence, facilitating decision-making. The
environmental externalities quantified through monetization reveal hidden costs that are usually
overlooked when conducting a conventional economic assessment. Moreover, the importance of

including foreground uncertainties in the uncertainty analysis was demonstrated by the results



obtained from applying uncertainty-GSA analysis. In particular, foreground uncertainties can
significantly overlap with the background uncertainties because of the multiplicative effect,
which impacts decision-making. Furthermore, using GSA can help correctly identify uncertain
parameters by accounting for collaborative effects in non-linear systems.

Finally, case studies were used to test the efficiency of the developed framework and
its methodological components. The contributions of this thesis build on the state-of-the-art
economic assessment and LCA for ILs and support research on evaluating the sustainability of
ILs and similar novel chemicals. This in turn will help us better understand the potential of such
chemicals in terms of their sustainability performance as decision-making in most industries

today is driven by policies pursuing sustainable development.
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Chapter 1

Introduction

With the continuous growth in population and standards of living, the energy and material
consumption continues to grow, leading to the depletion of non-renewable resources and the
release of harmful emissions. In 2018, energy consumption globally grew at a rate that is almost
twice the rate of 2010, accompanied by an acceleration in the release of harmful greenhouse gas
emissions [1, 2]. This in turn leads to unsustainable living conditions due to the ever increasing
negative impacts on our planet, society and finite resources that put future generations at risk.

Thus, there is an urgent need for solutions that can drive sustainable development.

1.1 Post World War 11

The end of the Second World War marked the beginning of a new era in human history. By
the end of the 20" century, the population doubled to over six billion, and the world economy
increased by more than 15 times [4]. Since 1960, industrialisation and oil consumption have
been increasing rapidly, and the number of automobiles has increased more than 17-fold by the
end of 1996. This era has also seen a significant increase in urbanisation. Between 1950 and
2000, the population living in urban areas increased from 30% to 50%. Overall, this has led to a
continuously growing demand for energy and chemicals, driven by the rising standards of living.
As a result, human activity has not only polluted the environment on an unprecedented scale
but also resulted in several industrial accidents, which have had severe impacts on both humans

and the environment [5, 6].
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Figure 1.1: Global energy consumption from fossil fuels by source between 1971 and 2019.[3]

Between 1950 and today, global energy consumption increased to a total of more than
173,000 terawatt-hours. As of today, the world’s three largest sources of energy are oil, coal, and
gas, which are fossil fuel and together account for around 85% of the total energy supply [7, 8].
Figure 1.1 shows the increasing energy consumption from fossil fuels between 1971 and 2019.
As a result, the world’s cumulative carbon dioxide emissions from fossil fuels jumped from 231
billion tonnes in 1950 to 1.65 trillion tonnes in 2019. Currently, the United States and China
contribute almost 40% of the global carbon emissions [7]. Additionally, around 11 billion tonnes
of solid waste and 400 million tonnes of hazardous waste are produced globally every year, and
more than 1.3 million square kilometres of forests have been lost since 1990 due to deforestation
and land use [9]. Other environmental changes include a decline in global freshwater supply

and an increase in other types of air pollutants, such as particulate matter and sulphur-based
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compounds, all of which can pose a danger to humans’ well-being and the life on the planet we
live on.

As carbon dioxide emissions and other greenhouse gases build up in our atmosphere, the
effects of global warming become increasingly more dangerous to our habitat. Global warming
and its subsequent impacts, such as sea level rise, can increase the severity and frequency of
many natural disasters such as storms, floods, and droughts [10]. In addition, it can be a driver
for communicable diseases that are sensitive to temperature and cause respiratory diseases, such
as asthma, which are more common in summer months [11]. Similarly, hazardous waste can
cause health issues such as chemical poisoning, neurological diseases, and cancer [12]. Moreover,
deforestation causes the loss of habitat for many species, which in turn leads to species extinction
and loss of biodiversity. Therefore, avoiding such impacts by reducing energy consumption,
cutting environmental emissions, and eliminating waste can make positive changes to society

and the environment and enable sustainable development.

1.2 Sustainable development

As industrialisation started to grow at an accelerated rate in the mid-20th century, growing
concerns about the environmental impacts and the imminent ecological crisis these activities can
cause led to the emergence of the concept of sustainable development. In 1968, Garret wrote a
letter, namely “The Tragedy of the Commons,” where he argued that if humans act independently,
focusing on their own interests only, they will eventually act against their common interests,
which consist mainly of their habitat and its finite resources [13]. According to him, people
need to change the way they consume common resources to avoid future disasters. In 1972, the
United Nations (UN) Conference on the Human Environment took place in Stockholm. This was
the first time the UN conference focused on environmental issues, and the goal was to determine
the common goals and principles required to guide the world and protect the environment.
Efforts to forge a common path for a sustainable future culminated in the publication of the
Brundtland report by the World Commission on Environment and Development in 1987.

The most recognised definition of sustainable development first appeared in the Brundtland
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report, “development that meets the needs of the present without compromising the ability
of future generations to meet their own needs” [14]. The main objectives of the reports were
to re-evaluate the critical issues of the environment and to develop an action plan, call for an
international act to form channels of collaboration and work on policies that support sustainable
development, and increase the level of awareness and understanding of the global crisis at the
individual and institutional levels. The report also functioned as a basis for the Rio Declaration
in the Conference on Environment and Development in 1992, also known as the Earth Summit
in Rio de Janeiro. The document consisted of 27 principles that could provide a guide for
countries to create policies that advance sustainability and environmental conservation [15].
In 2015, efforts led by the UN and its stakeholders concerning the environment and
sustainability resulted in the adoption of 17 Sustainable Development Goals (SDG), which
were set by the United Nations General Assembly [16]. Climate action, sustainable cities and
communities, and responsible consumption and production are examples of the SDGs, the
common purpose of which is to achieve a sustainable life for future generations. It was clear that,
after decades of industrialisation, economic growth at the expense of ecological conservation
and social rights could not last forever. Therefore, herein, sustainability refers to maintaining
the balance between three interconnected pillars: environment, economy, and society. While
many government tools can be used, such as policy changes, all efforts need to be combined
with innovative technological approaches to promote substantial change that can help achieve
sustainability [1]. One such solution is the development of technologies that reduce energy
consumption and environmetnal emissions. This can be done at different levels ranging from
the factory scale, through the optimisation of technological systems, to the molecular scale, by
replacing or changing the chemistry within the units. An example of the latter is the use of

“oreen” chemicals.

1.3 Early sustainability indicators

Green chemistry refers to the design of chemicals and processes to reduce or eliminate the use or

generation of hazardous substances. The origins of the idea date back to 1990, in response to the
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Figure 1.2: The 12 principles of green chemistry.[18]

Pollution Prevention Act, which hs the goal of preventing, controlling, and reducing air pollution
through changes in production, operation, and use raw materials [17]. The 12 principles of green
chemistry were published in 1998. Green chemicals, therefore, refer to chemicals that meet one
or more of the 12 principles.

The 12 principles, as illustrated in Figure 1.2, are based on four main concepts that
are meant to guide researchers regarding the practices and concepts to keep in mind when
designing a chemical or process. The main concepts are based on the following suggestions:
using chemicals that reduce the amount of waste produced, using non-toxic or low-toxicity
chemicals, using non-fossil fuel resources or renewable feedstocks, and using chemicals that
reduce energy in the process.

An example of a green chemical in our everyday lives is water. It is inherently safe, readily
available without the need for processing or manufacturing, and is not derived from fossil fuels.
Another example is supercritical CO,, which is non-toxic, non-flammable, non-reactive, and
inherently safe. Although attractive, they also have their shortcomings, which may limit their

uses. For example, water is difficult to purify as a solvent and has a high enthalpy of evaporation;
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therefore, it can increase energy consumption in separation units, which in turn increases both
cost and carbon emissions [19]. Similarly, supercritical CO, is considered a poor solvent because
of its low polarity [20]. In addition, the high pressure of supercritical fluid systems, in general,
makes them expensive to use compared to other technologies. These issues can make them
unattractive since they may cancel out their green benefits.

Although green chemistry principles and measures are good preliminary sustainability
indicators, which can be used to identify green chemicals during the early stages, they are rather
qualitative and limited in scope, e.g. focus on a few aspects such as the improvement they make
in certain processes and their toxicity, rather than taking a holistic view of their sustainability
considering their entire life cycle. Therefore, the greenness of these chemicals during processing
does not necessarily mean they are sustainable. To address this, more comprehensive methods
that can quantify their performance in different sustainability dimensions, i.e., economic,

environmental and social, using computational tools such as LCA should be used instead.

1.4 Tonic liquids (ILs)

ILs can be defined as salts with melting temperatures below 100 °C, and most ILs are liquids at
room temperature [21]. They are relatively new chemicals that have been studied extensively
in the last two decades. Their unique properties make them attractive in a wide range of
applications such as synthesis [22], extraction [23], working fluids [24], lubricants [25], and
electrolytes [26], to name a few. In addition, ILs have long been claimed to be green due to
their low vapour pressure and also because of the high thermal and chemical stabilities for most
[Ls [27-29]. Their low vapour pressure minimises their losses during processing and the thermal
and chemical stabilities for most ILs allow them to operate within a wide range of temperatures
and mix with many chemicals without being altered or decomposed.

ILs are usually made of an organic cation and inorganic anion. There are numerous
cations and anions that can be combined to form ILs which make them more customizable and
versatile. Also, under atmospheric conditions, these salts tend to have a wide liquidus range,

i.e., the difference between melting temperature and boiling temperature, which differentiates
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Figure 1.3: Schematic representation of ionic liquids from a life cycle perspective.[32]

them from molecular solvents, in addition to a wide range of other attractive properties, such as
non-flammability, biopolymer solubility, catalytic activity, and high ionic conductivity, which is
a key property of ILs and common to all of them [30, 31].

ILs, therefore, could have potential to replace conventional chemicals as green alternatives.
However, as mentioned earlier, to accurately evaluate the sustainability of ILs, or any other
chemical, their entire life cycle, including their production, needs to be considered. This is
necessary to ensure that the issues avoided in one stage, e.g., the use phase, are not shifted to

other stages of the life cycle, e.g., the production phase, as shown in the schematic of Figure 1.3.

1.5 1ILs economic and environmental concerns

ILs are a promising class of green chemicals, but their sustainability from a life-cycle perspective
is controversial because of economic and environmental factors. First, the high cost of most
ILs is considered a limiting factor [33]. Second, there is an environmental burden caused by
the use of volatile organic chemicals (VOC) in IL manufacturing [34] and by the toxicity [35]

and low biodegradability [36] of some ILs and their ionic constituents [37] when released to
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the environment. Additionally, the synthesis of ILs is complex and requires many steps [38].
Generally, not only does multi-step synthesis reduce the overall yield and add to the operating
expenses, but it can also generate a large amount of waste.

Research on IL technologies, although active, is still generally at an early stage. Therefore,
there is relatively limited information available for most of them, which hinders efforts to
fully evaluate them economically and environmentally. Also, out of the few available ones at
commercial scale such as the ISOALKY and BASIL processes by Chevron and BASF [39, 40],
respectively, no techno-economic or LCA studies are published. Additionally, there are hundreds
of thousands of possible ILs, not to mention the hundreds of applications where they can be used.
Because of a lack of data, combined with limited access to confidential information regarding
the few commercialised ones, state-of-the-art research on their economic and environmental
performance is scarce and limited to only a few ILs and applications [32].

Moreover, the few available studies, which will be discussed in the following Chapter, have
shortcomings that need to be addressed. For example, they use different approaches and levels
of detail in an inconsistent manner to conduct the assessments, e.g., for comparing alternatives
which include ILs. This includes oversimplified models and using estimations inconsistently to
bridge the gaps in data, leading to potentially erroneous results. Additionally, several economic
and environmental metrics are used in the comparative studies, which makes it difficult to
make a decision based on the results obtained, especially when there are trade-offs. Finally, ILs
are emerging chemicals from different sources, and thus, considering their variety is important
not only to improve the interpretation but to ensure better decisions are made regarding their
applications. However, the existing studies either omit the use of uncertainty analysis or use
only a few scenarios, rather than accounting for detailed technical parameters.

Unfortunately, the inconsistency and application of inappropriate methods can lead to
varying results, which defeats the purpose of the assessment. Therefore, without clear guidance
for conducting such assessments in a detailed and consistent manner that can be used under all
circumstances, the assessments will be challenging to perform and trust, and the number of
assessments will remain scarce compared to the immense number of possible ILs and applications.

This may slow down their progress in terms of their technological readiness and commercialisation
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because these assessments play a big role in the early stages of design [41].

1.6 Research objectives

The goal of this project is to develop a systematic computer-aided for the consistent and
complete economic and environmental assessment of ILs. It aims to address the shortcomings of
existing approaches used for evaluating the economic and environmental performance of ILs and
to answer the central research question, “how sustainable are ILs as alternatives to conventional
technologies?”

The novel combination of case studies, methods, and tools used in this research project is

intended to achieve the following objectives:

e To develop a systematic framework for the holistic and consistent economic and environ-

mental assessment of ILs.

e To address multi-criteria problems in comparative economic and environmental assessment
of ILs with several conflicting metrics using appropriate sustainability-based decision-

making approaches.

e To enhance the framework by incorporating a systematic approach to uncertainty analysis,

utilizing computer-aided methods and tools.

e To apply the developed methods on multiple case studies, which includes evaluating
the economic and environmental performance of different ILs compared to conventional

chemicals in selected applications.

The remainder of this thesis is organised as follows. In Chapter 2, a literature review is
presented regarding the sustainability assessment of ILs. Specifically, the chapter provides back-
ground concerning the two main classes of ILs and their synthesis, state-of-the-art sustainability
assessment of ILs, the types of methods used, and the gaps that need to be addressed. The
chapter concludes with a brief overview of the main contributions of the thesis. In Chapter 3,

the general methodological framework used throughout this thesis for evaluating the economic
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and environmental performance of ILs is elaborated. The main contributions of this thesis are
presented in Chapters 4 to 6. Finally, Chapter 7 ends this thesis with concluding remarks and

future work. The Appendices include all the supplementary material.
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Chapter 2

Sustainability Assessment of Ionic

Liquids

This chapter discusses the sustainability assessment of ILs and is organised as follows. First, an
overview of ILs and their classes are provided. Then, the current state of research regarding the
sustainability of ILs in terms of their economic and environmental aspects is reviewed. Finally,
the state-of-the-art methods and tools used for evaluating the sustainability of ILs are discussed,
which is the main subject of the thesis. All sustainability assessment methods utilized in the
literature concerning ILs, ranging from simple metrics to integrated holistic approaches, are
reviewed. The chapter concludes with research gaps and highlights the contributions of the

research work documented in this thesis, through which these gaps are addressed.

2.1 ILs Classification and Synthesis

ILs can be classified, due to their versatility and the huge possible number they can be made of,
in many ways. One way to categorize them is via synthesis into PILs and AILs [42]. Simply put,
PILs are produced by combining a Bronsted acid and a Bronsted base unlike AILs which are
synthesized by transferring an alkyl group to the cation followed by anion exchange. One of the
challenges in using AlILs is their high cost due to the complex synthesis procedures required to

prepare them, e.g., the anion exchange step alone requires multiple washing steps for removing
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impurities like halides and generates salt waste, leading to higher resource consumption and
more generated waste, not to mention the expensive raw materials such as the metal salts used
to make them. Their cost can sometimes be 20 times higher than conventional solvents, which
is a major factor that could limit their use in industry [43]. Most PILs, however, are synthesised
in one step after obtaining the required raw materials, and in some cases, these raw materials

are available at low prices. The following subsections will discuss and review both IL classes.

2.1.1 Protic ionic liquids (PIL)

As menioned earlier, PILs represent a class of ILs made of a Bronsted acid and a Bronsted base.
A Bronsted acid is defined as a proton donor and a Bronsted base is a proton acceptor. The
term proton in this definition refers to a hydrogen ion. This can be illustrated in Reaction R2.1,
where AH and B are the Bronsted acid and base, while HB* A~ is the desired IL. The most

common cations and anions used in PILs are shown in Figures 2.1 and 2.2, respectively.

AH+B = HB'A~ (R2.1)

Because of their distinctive structure and simple synthesis, PILs found their way into
many applications. An example is lignin extraction from biomass using ILs, which has become
more attractive in the last few years. Several studies have used PILs to extract lignin from
different biomass sources [44-47]. Reis et al. studied the pretreatment of cashew apple bagasse
using 2-hydroxyl-ethylammonium acetate and found that up to 95.8% of the lignin can be
removed with a 8.7% w/w biomass to solvent ratio. Verdia et al. used Miscanthus giganteus
with 1-butylimidazolium hydrogen sulphate and reported over 90% lignin yield using an IL-water
mixture of 80% IL/20% water.
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Figure 2.1: Representative PIL cations: (a) ammonium cations, (b) 1-alkylimidazolium cations,
(¢) l-alkyl-2-alkylimidazolium cations, and (d) 1,1,3,3-tetramethylguanidinine. Adapted from
Greaves and Drummond [48]
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Figure 2.2: Representative PIL anions: (a) carboxylates, (b) trifluoroacetate (TFA), (c)
bis(perfluoroethylsulfonyl)imide (BETI), (d) bis(trifluoromethanesulfonyl)imide (TFSI), (e)
nitrate, and (f) hydrogen sulphate.[48]
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PILs are also used in fuel cell applications, as highlighted in the works of Lee et al. [49],
Yasuda and Watanabe [50], and Rana et al. [51]. Another application of interest is their use as
lubricants, as illustrated in the works by Qu et al. [25] and Kondo [52]. In addition, PILs can
be used as catalysts and solvents in organic synthesis for many types of reactions [53, 54|, as

solvents in chromatography [55], and in other biological applications [56].

2.1.2 Aprotic ionic liquids (AIL)

AlLs, on the other hand, have a broader range of cations that they can be comprised of.
The cation types include all the cations used for PILs but all substituents are other than
hydrogen, e.g., tetraethylammonium, on the protonated site. The cations used for AILs can be
categorised into the following groups: five-membered heterocyclic; six-membered and benzo-fused
heterocyclic; ammonium, phosphonium, and sulphonium based; functionalised imidazolium; and
chiral as shown in Figure 2.3 [57]. Five-membered heterocyclic cations include imidazolium,
pyrazolium, triazolium, thiazolium, and oxazolium. 1-butyl-3-methylimidazolium [BMIM]*
and 1-ethyl-3-methylimidazolium [EMIM]|" are the most commonly studied cations in this
category. Six-membered heterocyclic cations have aromatic characteristics. They include one
of the most studied cations, pyridinium, and other less studied cations, such as viologen-
type, benzotriazolium, and isoquinolinium. Tetraalkylammonium, tetraalkylphosphonium, and
trialkylsulphonium based salts, in general, have decreasing melting points with increasing alkyl
chain length. Because of their varying properties, such as melting point, viscosity, and stability,
they are often used in a wider range of applications compared to the other types of AlLs, with
tetraalkylammonium as the most studied among them.

Functionalised imidazolium is another class of cations where a functional group is covalently
attached to the cation to enlarge the number of applications by expanding and customising the
properties for specific applications. Another new class of cations is chiral cations, which are
made from chiral molecules or through asymmetric synthesis. However, this class is still in its

early stage in terms of synthesis development and application.
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Just like cations, many anions can be used to make up AlLs. Examples of anions are
acetate, tosylate, thiocyanate, hexafluorophosphate [PFg|", tetrafluoroborate [BF,]", chloride,
and alkyl sulphate. Similarly, the choice of anion is based on the properties desired for the
application of interest.

The synthesis of AILs can generally be achieved in two steps: the synthesis of the precursor
salt with the desired cation and the anion exchange. However, sometimes the latter may not be
required if the former step provides the desired IL, e.g., 1-butyl-3-methylimidazolium chloride
[BMIM]CI from 1-methylimidazole with 1-chlorobutane. The synthesis of the salt with the
desired cations can be performed with alkylation by nucleophilic substitution using haloalkanes
or dialkyl sulfates as alkylating agents for the alkylation of amines, phosphines, or sulphides.
However, the reaction temperature and time required for a high yielding alkylation depend on
the alkylating agent. For example, reactions with chloroalkanes are the slowest and require
high temperatures since they are the least reactive halides [58]. In the second step, the anion
exchange, there are generally two methods: through the reaction of halide salts with Lewis acids
or by anion metathesis. An example of the former is the preparation of chloroaluminates using
aluminium chloride (AICl;) and chloride salts such as 1-ethyl-3-methylimidazolium chloride
[EMIM]CI. This reaction takes place simply by mixing the two reactants, but it is highly
exothermic and needs to be conducted under cooling to remove excess heat and keep at low
temperatures below 100 °C to avoid decomposition. In the second method, anion metathesis,
two salts exchange their anions using specific techniques depending on the desired IL and
whether it is water-soluble or water-immiscible. An example is the preparation of [EMIM]|[PFg]
from [EMIM]|CI and hexafluorophosphoric acid (NaPFg) with sodium chloride as a by-product.
Reactions R2.2-R2.3 illustrate the steps for the case of AlILs prepared from haloalkanes followed
by anion exchange with metal salts, where RX is the haloalkane, B is the cation precursor,
[RB]"X" is the halide IL, MY is the metal salt with the desired anion, [RB]TY" is the desired
IL, and MX is the halide salt byproduct.
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Figure 2.3: Representative AIL cations: (A) five-membered, (B) six-membered, (C) ammonium,
phosphonium, and sulphonium, (D) functionalized imidazolium, and (E) chiral ((1S, 2R)-(+)-
N,N-dimethylephedrinium).[57]
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RX + B — [RB]*X"~ (R2.2)

[RB]"X~ + MY — [RB]*Y™ + MX (R2.3)

Like PILs, there is a growing number of potential applications where AlILs can be advanta-
geous over conventional chemicals. For example, AILs can be used in bioprocessing [59], organic
synthesis [60], and as electrolytes [61]. Additionally, they can be used in separation technolo-
gies. For example, Meindersma et al. [62] tested several AlLs for the extraction of aromatics
from aliphatics. Accordingly, 4-methyl-N-butylpyridinium tetrafluoroborate [mebupy|[BFy], 4-
methyl-N-butylpyridinium methyl sulphate [mebupy][CH3SO4], and 1-butyl-3-methylimidazolium
tetrafluoroborate [BMIM][BF,| exhibited the highest performance. Another example is their
use in carbon capture, as reported by Li et al. [63], who tested pure and mixed AlLs for
COg sequestration. It was found that both pure AILs and mixtures are capable of effectively
absorbing CO, and are easily regenerated. In addition, AILs have been used to remove metals
from hydrocarbons. An example is the work of P.J. Corbett et al. [64], who tested a range of
AlLs to remove metals, like sodium ions, from diesel, and an extraction of up to 99.1% was

achieved.

2.2 Economic and Environmental Sustainability of ILs

Generally, there are two approaches for sustainable chemistry. One is making chemical reactions
and processes more sustainable, and another by using chemistry to drive sustainability which is
the case with ILs. From the discussion above, it is evident that [Ls may have a great potential
to replace conventional chemicals. However, their economics and environmental performance
need to be considered when compared with their conventional counterparts before they can be
considered for full commercialisation. In this section, two aspects of sustainability, i.e., economic

and environmental aspects, will be reviewed.

42



2.2. Economic and Environmental Sustainability of ILs

2.2.1 Economic performance of ILs

It is well known that the economic aspects of any process are weighted heavily in all feasibility
studies before introducing new technologies to the market. It is also an essential component in
most comparative studies. As mentioned earlier, one of the potential limitations of the use of
ILs is their high cost. However, they have an advantage over their conventional counterparts
in that they can be easily recycled during processing due to their low vapour pressures, which
results in easier separation and minimal solvent losses. This lowers the consumption of fresh
solvent, and hence, can compensate for the high cost. Therefore, it is necessary to assess the
economics of manufacturing ILs, and also using them in processing applications when comparing
alternatives. The use phase is especially important since it determines the recyclability of ILs
and hence the overall amount required.

A good example is an early work by Klein-Marcuschamer et al. [65] where they investigated
the economics of using IL for the pretreatment of lignocellulosic biomass. It was concluded that,
for the process to be feasible, both IL price and biomass loading need to be reduced while IL
recycling needs to be increased. Another techno-economic study by Sen et al. [66], investigated
the use of [EMIM]|CI for biomass pretreatment, and the cost of the ILs ($10/kg) was the major
contributor to the total cost, which was related to the amount and price of fresh IL used. It
was concluded that unless the price of IL is lowered, alternative process configurations need to
be developed to lower the consumption of the solvent (0.31 IL/biomass wt%) for the process to
be economically feasible. Although these examples are focused on the use of ILs in biorefining
applications, and not inclusive of all available economic studies on ILs, many papers reviewing
the use of ILs in other technologies such as carbon capture and biodeisel production had similar
conclusions, emphasizing the challenge of the high prices of ILs [67, 68].

It is clear from both studies that IL price plays a major role in the economic feasibility
of the process. However, the prices of ILs could be a limiting factor under the following
scenarios: when the IL prices are derived from their production in small quantities instead of
their large-scale production considering economy of scale, and when the ILs are produced in
high purity, which may not be necessary for all applications. Both factors can increase the

price significantly, and this may affect the outcome of the feasibility study. For example, Chen
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et al. [69] conducted an economic assessment to estimate the cost of IL when produced in
bulk. A scale-up procedure was used to simulate the industrial process for manufacturing two
ILs, triethylammonium hydrogen sulphate [TEA|[HSO,| and 1-methylimidazolium hydrogen
sulphate [HMIM][HSOy]. The lowest reported cost for [TEA][HSO,4] was $1.24/kg, which was
lower than the selling price of acetone and ethyl acetate. Furthermore, the authors suggested
that the cost of PILs can be simply estimated from the cost of the acid and the base used to
make them and their molecular weights. Although this may be too general, it can be used to
get a quick estimation early in the feasibility stage.

Since the work of Chen et al., the idea of inexpensive ILs has gained momentum and
more research concerning their economics has been conducted. For example, George et al. [70]
investigated the both the performance and the economics of biomass pretreatment using the
inexpensive ILs studied by Chen et al. and compared it to a different system using 1-ethyl-3-
methylimidazolium acetate [EMIM][OAc], a relatively expensive AIL. The authors concluded
that the use of the former not only enhances the process, e.g., by raising the decomposition
temperature for higher thermal stability, but can also compete with the cheapest pretreatment
chemicals, such as ammonia in terms of pretreatment efficiency and cost effectiveness. This
result indicates that ILs can be attractive for large-scale commercialisation. Another study,
by Chiappe et al. [71], reported that cost-effective biodiesel from microalgae can be produced
using inexpensive PILs. According to the authors, the cost of biofuel from microalgae can be
a barrier to large-scale production since it is expensive compared to fossil fuels. However, by

using low-cost switchable PILs, the cost of microalgae fuels can be reduced by 75%.

2.2.2 Environmental impact of ILs

The economic assessment results from the examples above are promising and show that ILs can
be economically feasible and have the potential to replace existing solvents. However, there have
been concerns about the environmental characteristics of ILs for several reasons. One reason is
that most ILs are manufactured using lengthy and complex procedures. This is accompanied by
the use of conventional solvents, thus shifting the burden upstream, i.e., moving the impacts

from the use phase to the production phase. Another reason is that, although ILs usually
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have low vapour pressure and usually are chemically stable, they are environmentally stable
after disposal, i.e., higher lifetimes and higher exposure [72]. Since most ILs are non-volatile at
atmospheric conditions, they end up entering aqueous streams. For this reason, toxicity and
bioaccumulation data are required to assess their viability.

Although there were a couple of techno-economic studies on biomass pretreatment using
ILs, none have reported their LCA. However, other applications of ILs have reported their LCA.
An example is the study by Zhang et al. [34] where the authors compared the use of [BMIM][BF,]
with other conventional solvents, like acetone and water, for the production of cyclohexane and
reported the environmental impacts of the different solvents. It was found that [BMIM][BF,] had
the highest footprint in most impact categories including global warming potential. Similarly,
Alviz et al. [73] compared the environmental impact of 1-butyl-3-methylimidazolium bromide
[BMIM|Br and toluene for the production of acetylsalicylic acid. Since [BMIM]|Br is manufactured
via a complex and lengthy synthesis route, the results showed a higher ecological footprint for
[BMIM]|Br, which is more than twice that for toluene. However, when the authors considered
another case for the recovery of [BMIM|Br, which is an advantage of using ILs, its impact had
been reduced and was lower in several impact categories than toluene at a recovery rate of
89-98%. This result shows that the benefits from the recyclability of ILs may compensate for
the initial environmental footprint of manufacturing them.

One of the first experimental studies concerning the biodegradability of ILs was conducted
by Gathergood and Scammells [36] using COq evolution tests. They prepared ILs with properties
recommended for enhancing biodegradation. The experimental results showed that the most
biodegradable ILs on their list, [BMIM][BF,4] and 1-butyl-3-methylimidazolium hexafluorophos-
phate [BMIM][PF¢], were on the passing level of 60% CO, evolution for a biodegradable chemical.
In another study, by Neumann et al. [74], nine ILs were evaluated for anaerobic degradation,
which is a suitable biodegradation test for waste water treatment processes in the absence of
oxygen, using HPLC-UV, and eight out of nine exhibited no change in the initial concentration.
This indicates that ILs generally tend to degrade slower than conventional chemicals.

As for the ecotoxicity of ILs, numerous studies have tested and reported their toxicity on sev-

eral organisms such as bacteria, yeast, and algae. For example, in the study by J. Cornmell et al.
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[75], two water-immiscible ILs, trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide
[P6,6,6,14][NTf,] and methyltrioctylammonium bis(trifluoromethylsulfonyl)amide [N1,8,8,8][NTfy],
and two chloride-based ILs, trihexyltetradecylphosphonium chloride [P6,6,6,14]C] and methyl-
trioctylammonium chloride [N1,8,8,8]Cl, were tested for their toxicity to microbial cells using
Fourier transform infrared analysis. The results showed that all of them caused changes in
the spectral fingerprints of the cells with varying degrees. In another study, thirty mice were
exposed to 1-octyl-3-methylimidazolium bromide [OMIM]|Br to test its toxic effects [35]. The
results showed damage to the mouse caused by acute exposure, which resulted in the release of
antioxidants in the livers. These few examples show that ILs can be toxic and detrimental to
the health of humans and other living species.

Because of the results above and other unknown potential impacts, it is necessary to
conduct an environmental assessment of ILs early in the design stage. Considering both economic
and environmental performance ensures that the chemicals are not only economically viable but
also environmentally benign, enabling more robust and sustainable application. In the following
sections, the different assessment methods used to evaluate the sustainability of ILs are reviewed

and analysed.

2.3 Sustainability assessment of IL

Sustainability mainly revolves around three interdependent pillars: environment, economy, and
society. To improve existing processes and products and to design better alternatives, their
sustainability needs to be measured using a combination of experimental data and sustainability
assessment methods and tools.

According to Devuyst et al., sustainability assessment is defined as “a tool that can help
decision-makers and policy-makers decide which actions they should or should not take in an
attempt to make society more sustainable” [76]. In the last decade, the number of articles on
ILs has been growing. However, only a few reports have investigated their sustainability using
various tools and methods. Generally, the tools used to evaluate the sustainability of ILs can be

categorised into metrics-based and holistic approaches, which consist of conventional economic
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assessment, environmental (LCA), and integrated approaches. These will be discussed in detail

next.

2.3.1 Sustainability metrics

Metrics or indicators are values that are based on defined equations used to measure the quality
of a specific indicator, e.g. mass and energy indicators. These metrics are simple to use, can
be applied to a wide scope, are quantifiable, and allow for tracking trends [77]. One of the
earliest metrics developed is the E-factor, which is an environmental metric that quantifies
the amount of waste generated per kilogramme of product as shown in Equation 2.1 [78]. It
accounts for the actual waste produced in the process, including the waste from chemicals not
involved in the production, such as solvents and catalysts, and can be applied to processes
with individual or multiple steps. Atom economy (Equation 2.2) is another environmental
metric that is used to measure the amount of reactant that ends up in the final product, using
theoretical stoichiometric relations and yields. Products with the lowest stoichiometric amount
of waste and by-products are given the highest scores. Unlike the E-factor, atom economy is
only applied to single steps and therefore is narrower in scope. Both the E-factor and atom
economy have been used as the basis to derive other mass-based metrics and address specific
aspects of reactions, e.g., solvent intensity and carbon economy, which measure the amount
of solvents used to produce a chemical and the relative amount of carbon in the final product

compared to its reactants.

actual mass of total waste
E-factor = (2.1)
actual mass of product

molar mass of product
Atom Economy = P (2.2)
molar mass of reactants
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Because of their simplicity and convenience, these tools have been widely used to measure
and describe the sustainability of various chemical reactions involving ILs [79-85]. To assess
the sustainability of 1-alkyl-3-methylimidazolium ILs, Maggel et al. [80] used the E-factor
and atom economy to give a score to several different laboratory-scale synthesis routes. Since
mass-based scores are not enough to address the problem, and due to a lack of other data, such as
energy requirements, the authors included qualitative tools, such as the Strengths, Weaknesses,
Opportunities and Threats analysis (SWOT), to combine their mass-efficiency scores with the 12
green principles as well as current and future strengths and weaknesses. However, the combined
use of these metrics, e.g. atom economy and E-factor, for measuring the sustainability aspects
of processes may lead to overemphasising or double counting some characteristics, e.g., amount
of waste. In addition, energy-intensive atom-efficient processes may end up requiring more
materials and producing more waste and emissions than an energy-efficient, low atom economy
process if, for example, fossil fuels are used to power the process. This can lead to eliminating
less atom-efficient alternatives that may be more sustainable than the apparently atom-efficient
ones.

Another metric of interest that can be used in parallel with the metrics mentioned above is
the cumulative energy demand (CED) [86]. CED measures the total amount of primary energy
used in all the processes leading to the final product. This is another common tool that is widely
adopted [87-90]. According to Kralisch et al. [91], CED is an indicator of all environmental
impact categories, i.e., environmental issues, except for human health and ecotoxicity. Although
this may be true in some cases, e.g., where one source of energy is used and assuming all
processes are 100% atom-efficient, most products are manufactured using different energy mixes,
which can greatly affect their results. Additionally, when mass flows are not accounted for when
comparing different products, it is implicitly assumed that these products may use the same
raw materials and quantities, and thus, their impact on resources would be equal.

To address these issues, all possible environmental impacts and economic factors need
to be characterised and quantified independently. It is worth noting that the simple metrics
discussed earlier did not cover economic aspects, and economic assessments have been usually

conducted in isolation of other sustainability aspects, i.e., environment and society. Additionally,
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all parameters that may affect the overall result need to be considered. For example, quantities
and costs of starting materials are not enough to characterise the economics of a product because
there are other factors, such as type of equipment, utilities, production rate, recycling, and
reaction yield, that should be accounted for. Similarly, all environmental impacts beyond human
toxicity and ecotoxicity, such as global warming potential and ozone depletion, need to be
considered for full environmental assessment since they also contribute to environmental damage.

This can be addressed using holistic approaches, as discussed next.

2.3.2 Holistic approaches

Unlike metrics that use simplified equations to relate an input variable to specific indicators in

one or more of the sustainability pillars, holistic approaches refer to one or more of the following:

1. Approaches that consider all input variables and parameters that may affect an indicator

in a sustainability domain, e.g., cost determined from a full economic assessment.

2. Approaches where multiple impacts or characteristics in a sustainability domain are consid-
ered simultaneously, e.g., using multiple environmental impact categories for environmental

assessment.

3. Approaches where two or more sustainability characteristics are integrated to assess

different sustainability dimensions simultaneously.

The holistic methods used in the literature for the sustainability assessment of ILs can be
further categorised into conventional assessment, life cycle assessment and integrated assessment,

where economic and environmental performance are analysed simultaneously.

Conventional economic assessment

A conventional economic assessment refers to the current practices performed by industries
and governments to evaluate the economic feasibility of products and services. This is usually
conducted by evaluating the various expenses linked to making the desired product. Generally,

there are two types of expenses: capital expenses (CAPEX), which are those required to start
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operating the plant, like the cost of equipment and start-up; and operating expenses (OPEX)
incurred during the operation of the plant, like raw materials, utilities, maintenance, and
auxiliary components. Additional parameters, like plant lifetime, interest rate, depreciation,
and tax rate, are provided or assumed to complete the assessment.

Such assessments are needed to support the research efforts on ILs and to help make an
informed decision about whether they are economically feasible. An example is the work of Sen
et al. [66], estimating the CAPEX and OPEX of producing sugars from biomass hydrolysis using
[EMIM]CL The authors assumed the production rate as a basis and also used a combination of
different costing models for the cost of equipment, e.g., the power law for most equipment with
a correlation from the literature for other equipment. Another example is the work of Ruth et
al. [92], comparing the cost of retrofitting IL-supported membranes to that of amine scrubbing
for carbon capture in a power plant. The authors estimated the marginal change in the CAPEX
and OPEX due to retrofitting while keeping everything else unchanged.

Although the economic assessment was conducted with varying models and assumptions
because a lot of data are lacking at this stage, the results can still be used initially to inform
researchers about the feasibility of using ILs for specific applications. However, there are many
IL applications other than the examples mentioned above, for which economic viability needs to

be evaluated in parallel with their environmental assessment.

Environmental life-cycle assessment (LCA)

To investigate the environmental performance of a product, their impacts in the form of
emissions and resource depletion need to be quantified and characterised. LCA is a standardised
environmental assessment tool that has been used widely and consists of four phases: goal and
scope, inventory analysis, impact assessment, and interpretation. Furthermore, LCA considers
the full life cycle of a product, which includes the extraction of raw materials (cradle), production
(gate), use and end of life (grave), and in some cases, recycling for reuse. Therefore, when
conducting a cradle-to-grave assessment in comparative LCA, it is ensured that the basis on
which different alternatives are compared is the same. Additionally, by visualising the different

life-cycle stages of a product at the same time, all environmental issues along the chain can be
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identified early on for better decision-making.

Regardless of its benefits, there are only a few studies that conducted LCA on ILs [32].
Moreover, these studies can have varying scopes aligned with the different goals of the assessments.
For example, the goal of the work by Zhang et al. [34] was to compare [BMIM][BF4] to other
solvents to produce cyclohexane, and the process included in their study was the production of
solvent (cradle-to-gate). However, in a study by Peterson [93], the goal was to compare the full
life cycle of ILs as a co-fluid with CO2 in refrigeration, and thus, the scope included the use
and disposal (cradle-to-grave).

Since ILs are relatively new solvents, data about their production and use are scarce.
Therefore, most studies use a combination of known data with various estimation tools to
bridge the gap. To estimate missing mass flows for the LCA of [BMIM]CI, Huebschmann
et al. [94] used lab-scale data. In another work, Farahipour and Karunanithi [95] used a
combination of data from the literature and simulations for [BMIM][OAc|. Similarly, for missing
energy flows, Cuellar Franca et al. [96] used thermodynamic models for the synthesis of
trihexyl(tetradecyl)phosphonium 1,2 4-triazolide, while Zhang et al. [34] combined process
simulation with reported data for [BMIM]|[BF,].

To translate mass and energy flow into impacts, a characterisation method is needed to link
them to environmental issues such as global warming potential. Since each of the IL LCA studies
had a specific goal, different characterisation methods were used, and different impact categories
were selected. For example, Kralisch et al. [91] selected toxicity and energy as indicators, for
which toxicity data were used in addition to CED as a characterisation method. Moreover,
Righi et al.[97] selected multiple impact categories as indicators, and a more comprehensive
characterisation method was used, which is CML 2001.

Finally, in the interpretation step, once results are generated, an uncertainty analysis, i.e.,
investigates the uncertainty of different variables, is conducted to test the robustness of the
results. This is especially important for emerging chemicals such as ILs with low technological
readiness levels, and hence, a high degree of uncertainty. However, most of the studies use
sensitivity analysis with limited scenarios as an alternative to full uncertainty analysis. An

example is the work of Zhang et al. [34], where sensitivity analysis in the form of a range of
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values was applied to replace the missing data for intermediate chemicals. Another example
is the work of Huebschmann et al. [94], where sensitivity analysis was used to identify key
process parameters with the highest impact on LCA results. Although convenient, this simplified
approach to uncertainty analysis is limited and does not capture the full range of uncertain
scenarios because it does not account for all uncertainties throughout the whole supply chain.
For example, uncertainties in LCA assessments may come from all processes leading to the final
product and accounting for them is necessary for completeness. Thus, including full uncertainty
analysis is crucial in the decision-making process, especially when comparing chemicals that are
quite similar in terms of their impacts.

As stated earlier, there is a gap between the number of possible IL applications and the
number of their reported LCA results. This is in large part due to a lack of LCA data because
ILs are novel chemicals and only a few commercial processes are known, for which such data are
inaccessible. Additionally, using different approaches can lead to varying results. For example, a
simplified approach based on stoichiometric calculations and not account for process parameters
that have an impact on mass and energy flows would have different results than a full assessment

that accounts for such variables.

Integrated approaches

As mentioned earlier, sustainable development requires bringing the different elements of
sustainability together when comparing alternatives. However, when different criteria are
considered, it turns into a multi-criteria decision-making problem, which requires certain
analytical tools or weighting methods to solve.

One of the earliest studies that considered different aspects of ILs was the work of Kralisch
et al. [38]. The authors compared different solvent options for the different stages of synthesising
[BMIM]CI by looking at their CEDs, human health impacts, ecosystem impacts, and prices.
Both CEDs and prices were quantified, whereas the environmental impacts were qualitatively
analysed. Although some options can be easily eliminated if their performance is worse than
others in all indicators, options with trade-offs need a basis on which they can be ranked before

a decision can be made.
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One way to solve this problem is by using weighting factors. To compare the environmental
and economic performance of different biomass pretreatment options using ILs, Morales used
CED, operating cost, and investment cost with equal weighting factors on their normalised values
to find the optimal choice [90]. This implies that all indicators have the same weight. In reality,
this is not the case because preferences for certain criteria may give them more weight and affect
the results obtained for the optimal choice. To avoid such issues, an optimisation procedure
combining partial ranking was used by Kralisch et al. [91], with preferences varied to determine
the different scenarios under which different optimal results are obtained. Although this method
solves the problem of predefining preferences, it still fails to provide a solution that is optimal
under all scenarios, since it is preference-based. To address this issue, a relationship between the
different criteria or a common goal needs to be established to turn the multi-objective problem
into a single-objective problem.

When tackling sustainability problems, multiple interdependent factors need to be looked at
wholly rather than individually. For example, most decisions made in industry are economically
driven, and thus, can undermine the environmental consequences resulting from such decisions.
While this is true, their activities can have impacts on other areas outside their system, such as
the environment and society, which are equally important for sustainable development. This
instability in other systems can affect the economics of the company, e.g., because of the scarcity
of raw materials due to external effects. Therefore, it is necessary to capture these external
effects when conducting an economic assessment.

In addition, the integrated approaches reviewed so far have only used a limited number of
environmental indicators, which do not cover all the known environmental impacts. What this
may fail to address is the possibility of shifting an impact from one category to another. It is
critical to ensure that a proposed alternative does not solve an existing issue by creating another
one. Therefore, a full assessment of environmental performance using LCA with a broad set of

categories covering a wide range of environmental issues is required.
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2.4 Thesis contributions

This thesis addresses the gaps identified above by developing a systematic computer-aided
framework that integrates life cycle assessment (LCA) and life cycle costing (LCC) with detailed
process modelling and simulation. It also incorporates advanced decision-making tools, and
approaches to enhance the evaluation of ILs in terms of economic and environmental metrics
while promoting the adoption of life-cycle thinking. The developed methods are applied to
relevant IL case studies, where different types of ILs are evaluated and compared to conventional
chemicals in the context of specific applications.

By assessing ILs use in representative case studies, this research project will focus on two
types of ILs: protic alkylammonium ILs and aprotic dialkylimidazolium ILs. Out of the many
types of ILs discussed in the literature, these two types were chosen for the following reasons.
First, unlike AILs, protic alkylammonium ILs and PILs in general, are not as complicated to
synthesise and can simply be made from the transfer of a proton from a Brgnsted acid to a
Brgnsted base, which could have a positive effect on their cost and environemntal impacts.
Second, aprotic dialkylimidazolium ILs are considered one of the most studied types of ILs due
to their additional beneficial properties, allowing them to be used in many disparate applications.
Additionally, due to the complex synthesis of many ILs and the lack of data, the work was
limited in scope to the production phase and their performance in selected applications.

In Chapter 3, the methodological framework used throughout this thesis is explained. The
framework combines both process design and modelling methods with conventional economic
and life-cycle assessments. The former involves a scale-up process of the experimental procedure
followed by modelling using process simulation software to quantify the mass and energy
flows that are needed as inputs in the assessment stage. The latter is then performed using
mathematical programming tools that translate these inputs into economic and environmental
indicators.

Chapter 4 presents a novel case study where the general framework established in Chapter
3 is applied. It addresses the importance of developing alternative, cleaner routes for producing

ILs. The study compares two routes for producing 1-butyl-3-methylimidazolium tetrafluorob-
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orate [BMIM]|[BF,|, namely metathesis and a halide-free method, using both economic and
environmental indicators. The assessment is based on their industrial processes, which are de-
signed using a scale-up procedure from their corresponding experimental procedures. The study
is further extended to include the use of [BMIM][BFy] in fuel desulfurization. Here, both routes
of producing [BMIM][BF,]| are compared with conventional fuel desulfurization solvents in both
the production phase and the use phase. This Chapter is based on the peer-reviewed paper below:
Baaqel, H.; Hallett, J. P.; Guillén-Gosdlbez, G. Chachuat, B. (2021). Sustainability assessment
of alternative synthesis routes to aprotic ionic liquids: the case of 1-butyl-3-methylimidazolium
tetrafluoroborate for fuel desulfurization. ACS Sustainable Chemistry Engineering, 2022, 10, 1,
323-331.

Chapter 5 builds on the framework presented in Chapter 3 to include a method for
solving multi-criteria problems, which is applied using a relevant case study. Here, a weighting
method based on monetization is used to quantify the cost of environmental impacts in the
form of externalities. This method stresses the importance of accounting for both direct and
indirect costs to estimate the true cost of chemicals. The case study compares two PlLs,
namely triethylammonium hydrogen sulphate [TEA|[HSO,| and 1-methylimidazolium hydrogen
sulphate [HMIM][HSO,], with two conventional biomass pretreatment solvents. The evaluation
is conducted in both the production phase and the use phase, which considers the biomass
pretreatment application. This Chapter is based on the peer-reviewed paper below: Baaqel, H.;
Diaz, I.; Tulus, V.; Chachuat, B.; Guillén-Gosélbez, G. Hallett, J. P. (2020). Role of life-cycle
externalities in the valuation of protic ionic liquids — a case study in biomass pretreatment
solvents. Green Chemistry, 22(10), 3132-3140.

In Chapter 6, the methodological framework presented in Chapter 3 is improved by
including uncertainties from different sources that may arise when conducting an LCA of ILs.
This approach emphasises the importance of accounting for uncertainties from both background
and foreground processes, especially when comparing ILs with a high degree of similarity in
terms of their economic and environmental performance. Essentially, the chapter presents an
improved framework that involves a detailed uncertainty analysis. The framework also includes a

method for improving uncertainty analysis using advanced sensitivity analysis approaches to help
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identify key uncertainty parameters, which can be used to further guide research efforts. The
framework is demonstrated using a case study that compares [BMIM][BF,] and [BMIM][PF].
The material of this Chapter is based on a working manuscript.

Finally, Chapter 7 ends the thesis with conclusions and perspectives on future work.
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Chapter 3

Methodological Framework of Ionic

Liquid Sustainability Assessment

This chapter will describe the general methodological framework that will be used throughout this
thesis to meet the outlined objectives. The framework consists of the following main components:
the life cycle assessment (LCA), the life cycle costing (LCC) and the process system design.
An advantage of the framework detailed below is to ensure that both LCA and LCC being
consistent in terms of system boundaries, and material and energy flows. The following sections

describe the methods and approaches that are used in each of these components.

3.1 Life cycle assessment (LCA) and life cycle costing
(LCC)

For sustainability assessment, there is a need for a tool that can check and measure the
performance of the core elements, i.e., environment, economy, and society, using consistent
methodologies and guidelines to ensure these components are addressed properly. In addition,
to perform a full evaluation of products, the system boundaries need to encompass everything
related to or associated with the product under investigation. This includes everything from
its production to its end-of-life disposal and treatment. Theoretically, even R&D activities

early in the design stage should be included whenever possible since such activities are linked
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to that product. These requirements can be met with the use of life cycle sustainability
assessment (LCSA) [98]. This is a holistic life-cycle framework that consists of three assessment
methods: life-cycle assessment (LCA), life-cycle costing (LCC), and social life-cycle assessment
(S-LCA) corresponding to the environmental, economic, and social components of sustainability,
respectively. The application of S-LCA currently poses many challenges in practice, e.g., choice
of indicators and aggregation detail, which are not widely agreed upon in addition to several
other limitations, e.g., subjectivity in qualitative data, as discussed in the S-LCA guidelines by
UNEP [99]. Additionally, its impacts are still not well defined and there is little information
regarding the S-LCA cause-effect chain models for characterising impact accurately [100, 101].
Finally, many of the social impacts depend largely on company’s behaviours, which can also vary
significantly by its geographic location further complicating S-LCA of ILs at low TRL. Therefore,
this work will focus only on the environmental (LCA) and economic (LCC) counterparts, which

are discussed next.

3.1.1 Life cycle assessment (LCA)

LCA is the most common environmental assessment method that follows the ISO 14040 standard
[102] and has been used by many organisations, including governments, and in various industries
for decision-making [103-107]. LCA methodology consists of four phases: goal and scope,
inventory analysis, impact assessment, and interpretation. These phases are used to identify
the purpose of the LCA study, from which the boundaries are defined, data are collected, and
impacts are characterised for analysis and recommendations. In this work, SimaPro software is
used to help collect and analyse LCA results [108]. The following section discusses each of these

phases in detail.

Goal and scope

An LCA is a simplified model of a real system. To address this issue, the goal and scope need
to be defined in a way that ensures consistency throughout. The goal sets the basis on which
the remaining phases are formed. When the goal is defined, the application and audience need

to be stated, in addition to the purpose.
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In the scope, the functional unit, system boundaries, and allocation modelling are defined.
The functional unit sets the reference upon which the comparisons of LCA results are based.
This is usually chosen such that it reflects the function that the product fulfils. For example, if a
comparison is made between two fuels, the functional unit would be one unit of distance travelled,
and so on. For system boundaries, the parts of the system included in the study are specified,
which mainly depends on the goal. For example, if the goal is to compare similar products
with common processes used during their life cycle, only those parts that are uncommon are
included. Additionally, the geographical coverage, i.e., what geographical area or region the
data represent is also specified. Finally, in processes where there are multiple products, an
allocation is used to distribute the environmental impacts between products, which is usually
conducted using a physical or economic basis. The former is usually used when the economic
values of the products have the same order of magnitude, while the latter is used when the

other products have negligible economic value.

Inventory analysis

In this step, the data for all the mass and energy flows are collected. This is the most
demanding step because it requires a substantial amount of time and resources to gather the
data. Furthermore, the data quality and completeness are key to obtaining reliable results.

Generally, there are two different types of data: foreground data and background data.
Foreground data are the data of the system under the control of the decision-maker, whereas
background data are those of systems where the decision-maker has no influence and commonly
precede those of the foreground system and are already available, e.g., in the literature. In this
work, background data will be obtained from the ecoinvent database [109], which is one of the
most common LCA databases because it provides reliable, transparent, and accessible data,
which are critical for a robust LCA assessment.

One of the main issues with conducting a LCA for ILs is that many processes required
for preparing their precursors are inaccessible or unavailable in the literature. To address this,
process modelling and simulations are used to collect missing data. Process simulation has been

used in many studies of LCA for ILs [93, 95, 97, 110] because it has many advantages, such as
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convenience and speed of obtaining results, compared to conventional methods, such as field
surveying, where it is infeasible in most cases, e.g., due to data protection. Additionally, to
ensure all processes leading to the production of the ILs are considered in the evaluation, a
synthesis tree needs to be created. This helps identify missing processes early on, which ensures
consistency and completeness of the evaluation.

Synthesis trees can be constructed using a synthesis route that can be obtained from
different sources, e.g., handbooks, articles, and patents. Additionally, because of their complexity,
most ILs have multiple synthesis routes reported in the literature. However, at this stage, efforts
should focus on commercial synthesis routes, or those that can be used on an industrial scale.

However, emissions and waste treatment data are often estimated using proxy data. Using
proxy data is a simplified LCA method where data for similar processes or those with similar
characteristics are adapted and used to bridge the gap. In this work, the guidelines developed
by Hischier et al. [111] are used because they are the same guidelines used in some ecoinvent
processes, thus ensuring consistency. The proxy data and methods of obtaining them are

presented in Table 3.1.

Impact assessment

In the impact assessment phase, the data collected in the inventory analysis phase need to be
linked to environmental impacts and quantified using environmental mechanisms and severity
factors. This is referred to as classification and characterisation, both of which depend on the
characterisation model used.

In the classification step, the substances released or extracted from nature are linked to
one or more environmental issues. For example, carbon dioxide is linked to global warming
while other substances, like 1-Chloro-1,1-difluoroethane CFC 142b, are linked to both global
warming and ozone layer depletion. Once this step is complete, the quantified emissions and
inputs are characterised.

In the characterisation step, the emissions data and inputs are converted to environmental
impacts using characterisation factors. These factors usually refer to the impact severity of the

substance relative to a reference substance. Environmental impact categories include, but are
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Table 3.1: Proxy data used in LCI

Data category Proxy data Proxy method

Raw materials 0.2% by mass of inflows are assumed to be vaporized

4% by volume of total cooling water are assumed to be
vaporized

90% by mass of carbon in the waste stream is assumed
to be completely burned in waste treatment to produce
COy as per the following complete combustion equation:
CoHgO,+(a+ & — 1)O, — aCO, + £H,0

The chemical oxygen demand (COD) or total oxygen
consumed is assumed to be equivalent to the amount
COD of oxygen needed to react with the amount of carbon
remaining in the waste stream after treatment, which is
assumed to be 10% of total carbon
For the worst-case scenario, the biological oxygen demand
BOD (BOD), which is the oxygen consumed due to biological
Water emissions aerobic digestion by organisms, is assumed to be equivalent
to the amount of COD
The total organic carbon (TOC) is assumed to be equiva-
TOC lent to 10% of the total carbon in the waste stream, which
is the amount of carbon remaining after treatment
For the worst-case scenario, the dissolved organic carbon
(DOC) is assumed to be equivalent to TOC

Cooling water
Air emissions

CO,

DOC

not limited to, global warming, human toxicity, water use, resource scarcity, ozone depletion,
and acidification. In some models, these impacts can further be grouped into fewer high-level
protection areas such as human health and ecosystems.

Here, ReCiPe 2016 [112] is used as the characterisation model. ReCiPe is considered the
most recent and harmonised LCA impact assessment tool. The substances in ReCiPe are linked
to 17 midpoints that include categories like global warming, toxicity, ozone depletion, and land
use, and the severity of their impacts are determined from widely used environmental models.
In addition, different impact factors are developed for three different cultural perspectives
representing different time horizons, which are the individualist, hierarchist and egalitarian
perspectives, from the most optimistic to the most precautionary, respectively. Some of the
advantages of using ReCiPe are the set of impact categories, which are considered the broadest

among other approaches and rely on impact mechanisms which are globally applicable in terms
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of environmental fates and ecosystems.

Interpretation

The final phase in LCA is the interpretation, where the following steps are conducted. First, a
hotspot analysis is performed to identify the parts or processes in the system with the highest
contributions to environmental impacts. This is used later to make recommendations for
improvements. Second, data variation and uncertainties are addressed by uncertainty analysis
using approaches like Monte Carlo simulations.

Uncertainties can generally be categorized into two types: foreground uncertainties and
background uncertainties. Foreground uncertainties refer to those of data from processes which
the LCA modeler can control, unlike background uncertainties which come from processes over
which the LCA modeler has no control, and usually retrieved from LCA databases such as
ecoinvent. This framework focuses on the latter since they are readily available from the LCA
database ecoinvent, which is used throughout this thesis. However, foreground uncertainties need
also be accounted for whenever feasible for a complete assessment, and Chapter 6 is dedicated
to dealing with these uncertainties using an advanced uncertainty and sensitivity analyses
framework to enhance decision-making. Note that different LCA databases and software may
address these uncertainties differently, e.g., it could be easier to address foreground uncertainties
in GaBi than by using SimaPro with ecoinvent, and hence different approaches maybe required
for the comprehensive handling of these uncertainties.

Data uncertainties in the background arising from varying sources, differing quality, and
estimations are assessed using the Pedigree matrix proposed by Weidema [113]. In this method,
a score Up; is given from 1 to 5 based on five criteria: reliability, completeness, temporal,
geographical, and technological differences. Every combination of scores for the criteria gives
a standard deviation value. These values, in addition to a basic uncertainty factor Upy, are
then added up to obtain the geometric standard deviation o;. The data are assumed to follow a

log-normal distribution:
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5
or = exp | In(Upp)2+ Y In(Up,)? (3.1)
=1

All the uncertainties starting from the first process are propagated throughout using a

Monte Carlo simulation built in SimaPro.

3.1.2 Life-cycle costing (LCC)

LCC refers to any of the methods and tools that are used to estimate the total economic cost of a
product or a process over its entire life cycle. Total cost is made up of capital expenses (CAPEX)
and operating expenses (OPEX) [114]. The cost of the IL in this work is estimated using
the total annualized cost (TAC), which consists of OPEX and annualized CAPEX. The latter
represents the annual cost of paying off the fixed capital investment of a plant over its entire
lifespan; herein, 330 days of operation a year (equivalent to 7,920 hours) and a 10-year lifetime
are assumed. CAPEX covers all costs related to planning, constructing, and commissioning
a plant and consists of fixed capital and working capital. However, since working capital is
returned at the end of plant life, it is not considered here. Additionally, cost of decommissioning
at the end of plant life is omitted in this work, assuming that revenues from depreciated value of
equipment material will make up for it. OPEX covers all costs related to operating a plant and
consists of variable costs of production and fixed costs of production. Table 3.2 elaborates on
what is included for each of these components, how they are calculated, and their contribution to
the overall cost. The included costs are selected according to the guidelines of Towler and Sinnott
[115]. Fixed capital consists of onsite expenses (ISBL), offsite expenses (OSBL), engineering
costs, and contingency charges. ISBL is the main component of the fixed capital cost and the
other components are calculated as percentages of ISBL. Generally, there are three approaches

for estimating ISBL:

1. Rapid estimation: this method relies on data for existing plants or sections thereof.

2. Factorial method estimation: this method relies on the cost of major equipment and the
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remaining components are estimated as factors of the total major equipment cost.

3. Detailed estimation: this is a rigorous method that is usually done later in the final stage

of plant design.

Table 3.2: Breakdown of cost estimation. Estimations of offsite capital costs, engineering and
construction costs, contingency charges, supervision, salaries, maintenance, land, taxes and
insurance, and general plant overhead were obtained from Towler and Sinnott [115]

CAPEX, Ccapex

Fixed capital, Cgc:

Onsite capital costs, Cispr,

Equipment cost

Offsite capital costs, Cogpr, = 40% CispL

Engineering and construction costs, Crng = 10% (Cispr, + Cospr)
Contingency charges, Coon = 15% (Cispr, + Cospr)

OPEX, Copex

Variable cost of production, Cycp:

Raw materials, Crym

Utilities, Cy

Fixed cost of production, Crcp:

Operation labour, Cor, = 720, 000 US$9920®
Supervision, Cs,p, = 25%Cor, = 180,000 USS$2020
Salaries, OSal = 50%(OOL + Csup> = 450, OOOUS$2020
Maintenance, Cyiain = 3% Cisgr,

Land, Crana = 1%(Cisgr + Cospr,)

Taxes and insurance, Cray = 1.5% Crc

General plant overhead, Capo = 65%(Cor + Csup + Csal + Chain)

?Based on 4.8 operators per shift with three shift positions and an average salary of
$50k per operator.

In this work, I use the factorial method because industrial data for most IL technologies
and their production processes are inaccessible or not known. In addition, the purpose of this
work is to obtain economic and environmental data based on preliminary process flow diagrams,
and thus, detailed estimation is not appropriate at this stage. Using this method, Cispr, can be

calculated from Equation 3.2.

64



3.1. Life cycle assessment (LCA) and life cycle costing (LCC)

CISBL = Z Fece (32)

ecEquipment
with:
C., cost of equipment item e

F,, equipment item installation factor

Due to a lack of data, the cost of equipment is calculated from the correlation in Equation

3.3.

C, =a+bSe (3.3)

with:
a,b, constants

e, equipment type exponent

S, size parameter

Capital costs are inflated to reflect up-to-date costs using the cost indices, as shown in

Equation 3.4.

Cost index
Costyew = Costgq + ————— 3.4
4T Cost indexq (3-4)

The inflation rate is set using the Chemical Engineering Plant Cost Index, one of the
most commonly used published composite indices, which was developed based on four main

components: process equipment, construction labour, buildings, and supervision and engineering.
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For variable costs of production, like utilities and raw materials cost, data from various
sources, like the ecoinvent database [109] and iea statistics [116], are used in this work. The
prices from ecoinvent represent a global and long-term average (mostly five years). The mass

and energy flows and the type of utility are determined from the simulation results.

3.2 Process system design

The scope of this thesis encompasses all processes related to the production and use of ILs. To
conduct such an assessment, all environmental and economic data related to these processes need
to be collected. However, if these data are missing or not available, they need to be obtained

from process modelling and simulations, as discussed next.

3.2.1 Process synthesis and design

Process synthesis is a step during process design where different process parts or functions are
selected and interconnected to define and build a flowsheet [117]. Once the main functions
and units are identified, detailed process design is conducted, where design parameters are
determined to optimise the flowsheet, e.g., optimal separation sequence. Process synthesis
and design represent a bilevel decision-making problem and are interconnected because one
cannot be decided until the other is decided. Therefore, the process synthesis-design problem
is combinatorial and there are multiple higher-level decisions, which each contain lower-level
decisions. The approaches used to solve this problem generally fall under three categories:
heuristic-based, mathematical techniques, and hybrids using a combination of the former [118].
The first approach is based on a set of rules and the experience of the engineer, whereas the
second is based on a mathematical superstructure representation of all possible flowsheets, where
an objective is optimised, e.g., profit maximisation and energy minimisation. Since each assessed
IL involves many processes leading up to its production while balancing detail and time efficiency,
the heuristic-based approach is used in the present work. This forms an appropriate starting
point for initial assessment, after which further optimisation using mathematical approaches

can be used when necessary. The following steps are used to generate a flowsheet of a process
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for which data is missing.

First, an industrial process is obtained from the literature, if available. The process
description should be detailed enough to allow for a complete process flowsheet. However, in
many cases, especially for emerging chemicals like ILs, such information is either unavailable
or inaccessible. In this case, a process flowsheet needs to be generated from scratch, and to
accomplish this, process information must be collected, including design, units, and conditions,

in the following order:

1. An industrial production pathway is obtained from the literature, e.g., Ullman’s ency-
clopaedia. These references usually list the most common synthesis routes for common

products with a description of how they are produced industrially.

2. When no industrial processes are available, which is the case for most ILs, a lab-scale
process is used. Here, a scale-up procedure of the most common lab process is applied to

produce a flowsheet that is suitable for industrial use.

Depending on the process information and data availability, one or more of the following
guidelines, which represent the hierarchy of process design proposed by Douglas [119], are used

in the following order to create and complete a flowsheet:

1. Decide whether the process is batch or continuous. There are several guidelines that
determine whether the process is batch or continuous. The main two guidelines are related
to operational issues and production rates. For example, if the reaction is slow, i.e., takes
hours or days, a batch process is used. In addition, if the production rate is low, i.e., less
than 1 x 10° 1b/yr, a batch process is preferred. The case studies throughout this work
evaluate the commercial production of ILs, i.e., at a large scale, with an output of over 10
x 109 Ib/yr. Additionally, if there is any batch operation, implicit intermediate tanks are

used to ensure an overall continuous steady-state process.

2. Draw the structure of the process. This starts with a conceptual design from reaction
information using only feeds as inputs and products as outputs, then progresses gradually

to a process block diagram after identifying the tasks needed to make the desired product.
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For example, the main tasks needed to produce [TEA|[HSO,] from the reaction of 1-
methylimidazole and sulfuric acid are reaction and separation. In the reactor, the 1-
methylimidazole and sulfuric acid are mixed and converted to [TEA|[HSOy], which is the
product. Since reactants in most reactions are not converted 100%, e.g., due to impurities
or side reactions, and also due to the use of solvents in some processes, a separation
operation is used as a second stage in the process to isolate the product, [TEA][HSO4] in

this case, from excess water used a solvent.

. Add a recycling structure. The unused materials are recycled for the most efficient material
use. In the example of above, the excess water is recycled to minimise waste and reduce

fresh water consumption.

. Add a separation structure. In this step, a strategy is used for designing a separation
sequence when a process produces more than one product. Usually, the most volatile
component, i.e., the lowest boiling point (BP), is separated first, followed by the second
most volatile, and so on. For example, an IL and water mixture in the liquid state are
separated by removing water (BP = 100°C) since it has a lower BP than IL. Different
types of separators can be used depending on the mixture, its components, and its phases,
so more than one type of separation operation may be needed in the same process. For
example, a crystallizer is used to separate solid-liquid mixtures while extraction columns

are used to separate liquid-liquid mixtures using a solvent system, and so on.

. Add a heat exchanger network (HEN). Conventionally, the structure of a HEN is determined
using pinch analysis [120]. The approach begins first by identifying the hot, cold, and
utility streams. Hot streams are streams that need to be cooled down, while cold streams
are those that need to be heated up, and utility streams are external streams that are
either hot or cold. These are used to supplement or extract excess energy not supplied by
the HEN. Then, thermal data, such as inlet and outlet temperatures, heat capacities, and
enthalpy difference, are extracted for each stream, and a minimum temperature difference
is determined. Temperature-enthalpy diagrams are constructed, known as composite

curves, from which the minimum energy required for heating and cooling by utilities and
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a minimum number of heat exchangers can be determined. However, instead of using
this approach, heat integration is automated using process modelling and mathematical
programming tools that optimise both energy and cost, which is discussed in the next

subsection.

3.2.2 Process modelling and simulation

After designing the process, it is modelled and simulated to collect necessary data such as the
mass and energy flows. In this work, integrated computer-aided tools are used for process
modelling and simulation. Commercial simulators, such as Aspen HYSYS and Aspen Plus, based
on a sequential modular approach are used for generating and simulating the desired flowsheet.
Both tools allow the user to model the different units and overall process for simulating plant
operations.

They also have large built-in chemical databases that contain chemicals pure and mixture
properties. However, since ILs and novel chemicals are not readily available in their databases,
and there is insufficient experimental data, some methods are used for modelling their thermo-
physical and mixture properties. Throughout this work, the missing properties are filled in using
the following procedure. First, literature-based data obtained from experiments are prioritised
because they provide the most reliable data. An example is ILThermo, which is an online
database for ILs [121]. The remaining properties can be obtained using various approaches. One
such approach involves semi-empirical models derived from group contribution methods. Group
contribution methods generally use molecular structures to predict different properties based on
the principle that organic groups always behave the same way in different molecules. Examples
of where a group contribution method was used include the work of Valderrama and Rojas to
estimate the physiochemical properties of ILs [122] and the work of Gardas and Coutinho to
predict the viscosity of ILs [123]. Alternatively, the missing properties can be obtained using
computational methods and tools based on thermodynamic and quantum chemistry simulations
such as COSMO-RS and COSMO-SAC.

Since energy flows can have a significant impact on the economic and environmental

results of ILs, enthalpy of formation estimation is necessary for calculating the heat of reaction,
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which affects the calculation of the energy requirement. For the heat of formation, the molecular
structure of the cation and anion are first drawn and optimised in molecular modelling and
graphics software such as ArgusLab, an open-source software, which is used in this work. The
structure is then processed using a quantum chemistry tool like MOPAC, an open-source
software, also considered here for the charge density profile and calculating the enthalpy of

formation. The heat of formation is then calculated from the Born-Haber cycle, as shown in

Equation 3.5 below [124].

A[J-;IL = A}If(:::ation + AHF& - AHL (35)

nion

where AHj, is the lattice energy calculated from Equation 3.6 below [125].

AHy = Upy + [p (”7‘“ - 2) +q (% - 2)} RT (3.6)

where n,, and n, are parameters that depend on the nature of the cation and anion,
respectively. They are equal to three for monoatomic ions, five for linear polyatomic ions, and
six for non-linear polyatomic ions. p and ¢ are the oxidation states of the cation and anion,

respectively, and U, is the potential energy, which is calculated from Equation 3.7 as follows:

P 1/3
Upot =1 (M—m> —+ 0 (37)

where p,, is the density and M, is the molecular weight of the IL, while n and § are
coefficients that depend on the stoichiometry of the IL. Finally, the remaining properties can
be estimated from the software’s built-in property estimation methods, e.g., using the built-in
property constant estimation system in Aspen HYSYS.

Finally, while the first four steps of the process synthesis are done manually, heat integration

is automated through the use of either the MINLP approach presented by Yee and Grossmann
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[126] or similar models based on a stage-wise superstructure. Herein, the energy use and capital
expenses of the HEN are optimised simultaneously. Once these models are solved, the minimum

required utilities, number and areas of heat exchangers, and the HEN configuration are obtained.
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Chapter 4

Economic and Environmental
Assessment of the Combined
Production and Use of the Ionic Liquid
1-Butyl-3-Methylimidazolium
Tetrafluoroborate in Fuel

Desulfurization

Abstract

In this chapter, the methodology outlined in the previous chapter is applied to a case study
where a one-pot, halide-free production route to 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF,] is compared against metathesis and two conventional fuel desulfurization solvents,
namely acetonitrile and dimethylformamide. Halide-free synthesis is predicted to reduce the cost
and environmental impacts associated with the production of [BMIM][BF,| by two- to five-fold
compared to metathesis. By including the use phase of the solvents in fuel desulfurization
and accounting for the uncertainty in background data, halide-free [BMIM][BF,] consistently
exhibits the lowest cost and environmental impacts, while dimethylformamide is worst in class.

As well as demonstrating the influence of synthesis routes on the sustainability, these results
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highlight the need to perform detailed process modelling and include the use phase of solvents

for more comprehensive lifeconomic and environmental assessments.
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Chapter 4. Economic and Environmental Assessment of the Combined Production and Use of the
Ionic Liquid 1-Butyl-3-Methylimidazolium Tetrafluoroborate in Fuel Desulfurization

4.1 Context and problem definition

As discussed in Chapter 2, the metathesis route required for making an AIL with the desired
anion is complex, and concerns have been raised over the resulting IL purity [127, 128]. For
instance, the presence of halides may greatly alter an IL’s physical properties [129, 130], or cause
catalyst deactivation and poisoning [131, 132]. A purification step, therefore, becomes necessary
to remove the halides and obtain the desired purity. This step increases the complexity and
cost of the synthesis of AlLs, potentially hampering their large-scale production. In response
to this, i.e., to tackle chloride impurities, which are undesired from an application point of
view, halide-free routes have been developed [57]. By avoiding unnecessary purifications steps,
these routes could potentially minimise waste and unnecessary intermediate reactants, reducing
cost and environmental impacts . One such route is the direct synthesis of 1,3-disubstituted
imidazolium tetrafluoroborate that avoids the anion exchange step altogether [133].

The overall sustainability performance of AILs remains unclear because the impact of
their synthesis may not be as sustainable as their subsequent use within a process [134, 135].
Conventional synthesis pathways for the most common AlLs are complex, while the use of
VOCs as part of these pathways, either directly as raw materials or indirectly as solvents, raises
concerns about their environmental performance. Therefore, further studies are required to
quantify their environmental impact more accurately.

LCA methodology quantifies the environmental burdens of products across their entire life
cycle, from resource extraction (cradle) to use (gate) and disposal (grave) [136]. Although LCA
has been conducted for a wide range of chemicals [137], it has been scarcely applied to ILs [138].
Furthermore, most LCA studies of ILs rely on simple models, such as stoichiometric and heat of
formation calculations or approximations, rather than detailed first-principles process models
[34, 38, 96, 139, 140]. The latter addresses the shortcomings of the former by accounting for
many missing parameters, such as process efficiency, utilities, and material losses, not to mention
enabling process optimisation by applying mass and heat integration. Additionally, previous
reports focus on conventional IL synthesis routes. In contrast, alternative synthesis procedures,

such as halide-free synthesis, have remained largely unexplored. A recent comparative LCA
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of two PILs using detailed process modelling has also highlighted the need to include the use
phase of solvents in the analysis to ensure a meaningful comparison [141].

One potential application for ILs is the removal of sulphur compounds from fuels, which
remains an ongoing challenge in the oil refining industry due to ever more stringent regulations.
Besides causing catalyst poisoning in automotive catalytic converters, sulphur oxides emitted by
fuel combustion have deleterious effects on human health and ecosystems [142-144]. Conventional
solvents for oxidative desulfurization of fuels using liquid-liquid extraction include acetonitrile
and dimethylformamide (DMF) [145]. ILs are an attractive alternative to these organic solvents
because of their low volatility, ease of recycling, and high thermal stability, while their high
tunability may enable tailor-made solvent extractions [146]. In particular, imidazolium ILs, such
as 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM]|[BF,], can attain higher desulfurization
levels than traditional hydrodesulfurization [147].

For the first time, this case study compares the economic and environmental performance
of [BMIM]|[BF,| with that of the conventional fuel desulfurization solvents, namely acetonitrile
and DMF. The analysis considers the metathesis and one-pot halide-free synthesis routes of
[BMIM][BF,] by building on published experimental protocols and data [133, 148] in combination
with detailed process modelling for quantifying the cost and environmental impacts of 1L
production on an industrial scale. Furthermore, the analysis covers both the production phase
and the use phase of the solvents. This methodology is detailed in the following section, followed

by the results and conclusions.

4.2 Materials and methods

Inventory and cost data for the production of [BMIM]|[BF,| via both routes (metathesis and
halide-free) are currently unavailable in commercial LCA databases. To bridge this gap, detailed
process models were developed by scaling up the available experimental procedures [133, 148].
This is a standard approach for predicting the performance of processes at a low technology-
readiness level [149]. The same strategy is applied to model the production of various precursors

of [BMIM][BF,], for which data are also missing—synthesis trees for [BMIM][BF,] are shown in
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Figure 4.1: Synthesis tree of [BMIM][BF4| using the metathesis route
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Figure 4.2: Synthesis tree of [BMIM][BF4] using the halide-free route

Figures 4.1 & 4.2. The relevant process models and the methods and tools used to conduct the
assessment are described in the following subsections.

An important difference between the metathesis and halide-free routes is that the former
process yields an aqueous solution of [BMIM]|[BF,], whereas the latter results in an aqueous
solution of [BMIM][BF,| with 1,3-Di-N-butylimidazolium tetra uoroborate [BBIM|[BF,] and
1,2,3-trimethylimidazolium tetra uoroborate [MMIM][BF,] in a 5:4:1 molar ratio (details below).
However, given the small difference in key physical properties caused by the change in cation
(see Appendix A), the behaviour of the IL mixture shall herein be assimilated to a different
technical grade of [BMIM][BF,| regarding its desulfurization efficiency. A confirmation of this

performance similarity can be found in the work of Souza et al. [133].
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4.2.1 Modelling of AIL production processes

The process simulations for both synthesis routes of [BMIM|[BF,] were conducted in Aspen

HYSYS® (version 9). The relevant process models are detailed next.

[BMIM][BF,] production via the metathesis route The synthesis of [BMIM|[BF,| pro-
ceeds via anion exchange between 1-butyl-3-methylimidazolium chloride [BMIM]CI and sodium
tetrafluoroborate NaBFy, producing solid sodium chloride (NaCl) as a by-product—see Reaction
R4.1. The scaled-up manufacturing process (Figure 4.3A) is based on the experimental procedure
described by Chen et al. [148]. [BMIM]CI is mixed with an excess of NaBF, under atmospheric
conditions. The reaction mixture is separated into an upper phase, which contains the main
aqueous product with impurities and a lower phase containing solid NaCl and undissolved
NaBF,. The upper phase is sent to a 3-stage washer using NaBF, solution to remove impurities.
In the final step, [BMIM][BF,] is separated from water in a vacuum flash vessel, resulting in

aqueous [BMIM]|[BF,] with 25 wt% water content.

[BMIM]CI + NaBF, — [BMIM][BF,] + NaCl (R4.1)

The production process of the [BMIM]CI precursor (Figure A.1) is based on the experi-
mental procedure reported by Baba et al. [150]. It starts by mixing 1-methylimidazole in toluene
with excess 1-chlorobutane and running the reaction at 112 °C under atmospheric pressure.
[BMIM]CI is separated in a vacuum flash vessel from toluene and other unreacted materials,
which are returned to the reactor.

The precursor 1-methylimidazole is synthesised using the Debus-Radziszewski method
(Reaction R4.2)[151]. Glyoxal, formaldehyde, methylamine, and ammonia react in equimolar
ratios and condense to form water and 1-methylimidazole. This reaction takes place at 50-100 °C

in water with a yield between 60-85%.

(CHO), + CH,O + CH,NH, + NH, — H,C,N(NCH,)CH + H,0 (R4.2)
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LCA inventories for this synthesis were previously estimated by Righi et al. [97]. Because
of a lack of details about the process configuration and operating conditions and the fact that
neither process water nor cooling water was reported, these inventories could not be used here.
Instead, a scaled-up process is developed (Figure A.2) using the standard method by Douglas
[119], which is consistent with the modelling methodology of ionic liquid production. Equimolar
amounts of the four reactants are mixed in water at 25 °C under atmospheric pressure. This
mixture is pressurised to 3 bar and then cooled down to 80 °C before entering a biphasic
reactor, where it reacts at 80 °C and 2.5 bar to form the 1-methylimidazole and water with
75% conversion. The outlet liquid stream from the reactor is depressurised to 1.5 bar and
heated up to 98 °C using steam, then feeds into a flash drum to separate the aqueous mixture
of 1-methylimidazole from the unreacted feed products and steam in the flashed gas. The outlet
gas stream from the reactor is mixed with this flashed gas and recycled back to the reactor. This
recycled stream is cooled down to 25 °C and compressed to 3 bar, and a 10% purge is applied.

Finally, the production of 1-chlorobutane (Figure A.3) starts by reacting 1-butanol with
an excess of hydrochloric acid at 120 °C [152]. The reaction mixture is cooled down to 25 °C
and sent to a flash vessel tank, where the vapour phase containing mainly hydrochloric acid is
separated. Next, the liquid phase is reheated to 69 °C and sent to a second flash vessel, where

1-chlorobutane is isolated from the residual 1-butanol and excess water.

[BMIM][BF,] production via the halide-free route. This alternative synthesis route of
[BMIM][BF4| (Figure 4.3B) is based on the experimental procedure developed by Souza et al.
[133]. Equimolar amounts of n-butylamine in toluene, formaldehyde, methylamine, glyoxal, and
fluoroboric acid are reacted under atmospheric conditions to directly produce [BMIM]|[BF 4|—see
Reaction R4.3. Diethylether and saturated sodium bicarbonate are added to the reaction
mixture, which is then separated into an aqueous phase containing the IL and an organic phase.
The aqueous phase is sent to an extraction column, where the desired IL is separated using
dichloromethane. The remaining impurities are removed in a final vacuum flash vessel resulting
in a mixture of [BMIM][BF,|, [BBIM|[BF,], and [MMIM][BF,] in a 5:4:1 molar ratio with

25 wt% water content.
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CH,O + C,H,0, + C,H,;N + CH;NH, + HBF, — [BMIM]|[BF,] + 3H,0 (R4.3)

Fluoroboric acid is synthesised by reacting hydrogen fluoride with a boric acid solution at
80 °C under atmospheric pressure (Figure A.4). The conversion of this exothermic reaction is

close to 100%.

Physical property estimation [BMIM|[BF,|, [BBIM|[BF,]|, [MMIM]|BF,4|, [BMIM]CI, 1-
methylimidazole, fluoroboric acid, boric acid, sodium bicarbonate, and NaBF, are currently
unavailable in the Aspen HYSYS database; hence, pseudo-components were created to estimate
their properties. The methodology is described in Chapter 3, while the complete set of properties
is reported in Tables A.1-A.9 in Appendix A. Physical properties, such as densities, were retrieved
from the literature [121]. Critical properties and normal boiling points of the ILs were estimated
using the group contribution method established by Valderrama and Rojas [122]. Properties of
the other pseudo-components were estimated from their molecular structure using the Aspen
HYSYS built-in property constant estimation system. The heat of formations were determined

via quantum calculations.

4.2.2 Economic assessment

The production cost of [BMIM][BF,4] was estimated via the total annualised cost (TAC) of the
scaled-up processes. The TAC is expressed on a per-weight basis of solvent or a per-weight
basis of desulfurized fuel, in agreement with the chosen functional unit in the environmental
assessment (see below). The costing method presented by Towler and Sinnott [115] was applied
for the TAC, which adds up the OPEX and the annualised CAPEX—see the full methodology
in Chapter 3 and Table 3.2. The inflation rate was set based on the Chemical Engineering Plant
Cost Index. The costs of raw materials and utilities were sourced from ecoinvent 3.5[109] and
are listed in Table A.10, while the CAPEX and other OPEX data relative to the production of
[BMIM][BF,], [BMIM]CI, 1-chlorobutane, and fluoroboric acid are reported in Tables A.11-A.20.
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For consistency, all of these costs are expressed in US$2020 using currency conversion and

inflation factors.

4.2.3 Environmental assessment

The LCA follows the ISO 14040 principles and was conducted using the SimaPro software

(version 9.0) interfacing with ecoinvent 3.5[109].

1. Goal and scope The goal of the analysis is two-fold: (i) to compare two production routes
for the synthesis of [BMIM][BF,] and (ii) to compare the performance of [BMIM][BF,] with
that of acetonitrile and DMF for fuel desulfurization. The functional units are defined as 71 kg

2

of solvent” according to objective (i) and "1 kg of desulfurized fuel” to encompass the use phase
according to objective (ii). A cradle-to-gate scope is adopted in response to both objectives,
which includes all processes from raw material extraction to the actual solvent production and
use, but excludes any further processing or waste management after the solvent use. Furthermore,

it is assumed that [BMIM][BF4] is the single product of both process alternatives, so no allocation

is needed, and the geographical location is chosen as Europe.

2. Life-cycle inventory (LCI) The mass and energy flows for the two production processes
of [BMIM][BF4], and the associated precursors, are predicted via process simulation in Aspen
HYSYS because they are unavailable in ecoinvent. These are combined with inventory data
gathered from ecoinvent for the background processes to quantify the life-cycle inventories of
[BMIM][BF,4]. A complete list of the foreground inventory flows, expressed for the functional

unit of “1 kg of solvent”, can be found in Tables A.21-A.25.

3. Life-cycle impact assessment (LCIA) The LCI entries are converted into environmental
impacts using the ReCiPe 2016 methodology [112]. These impacts are first categorised into 18
midpoint indicators, including global warming, toxicity, ozone depletion, and land use, and then
further aggregated into three endpoint categories: the damage areas of resources, human health,
and ecosystems quality. Furthermore, the assessment follows the hierarchist perspective, which

is based on the cultural theory of scientific agreement and adopts a medium timeframe of 100
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Table 4.1: Fuel desulfurization data for functional unit conversion

solvent type fuel type solvent-to- extraction solvent solvent rof.
fuel ratio efficiency loss make-up
[BMIM][BF4] metathesis light fuel oil 1.40kgkg~! 55% 0.3% 0.008kgkg™! [157]
[BMIM][BFy4] halide-free light fuel oil 1.40kgkg™!  55% 45% 0.3% 0.008kgkg™! [157]
acetonitrile gasoil 0.94kgkg™! 82% 5% 0.058kgkg™! [158]
dimethylformamide gasoil 1.14kgkg ™! 92% 13% 0.160kgkg=! [158]

years for environmental impacts. The complete ReCiPe midpoint and endpoint results are given
in Tables A.26 & A.27 for the functional unit of "1 kg of solvent”, respectively.

Expressing these environmental impacts in terms of the second functional unit of 71 kg of
desulfurized fuel” entails the application of conversion factors that reflect the need for solvent
makeup based on process performance for sulphur extraction. The applied conversion factors
consider the extraction efficiency, solvent-to-fuel ratio, and percentage loss, as summarised in
Table 4.1 with the corresponding data sources, which are based on 99.5% sulphur removal, so
the sulphur content of the desulfurized fuel is below 0.5 wt% [153]. To make up for the lack
of process data for IL solvent loss, a percentage loss is estimated from the IL solubility in fuel
oil [154]. Because the solubility of [BMIM][BF,] in aromatics is much higher than in aliphatic
molecules and cycloalkanes [155], it is assumed that the desulfurized fuel only contains aromatics
to stay conservative. The resulting estimate of 0.3% solvent loss is obtained by averaging the

solubilities of [BMIM][BF,] in benzene, toluene, o-xylene, m-xylene, and p-xylene [156].

4. Interpretation and uncertainty analysis The final phase of LCA entails checking that
the conclusions are well-substantiated, typically using uncertainty quantification. Regarding
the multiple sources of uncertainty that can affect the calculations herein, the focus remains on
uncertainty in background inventory data. This uncertainty arises from a combination of factors
and is modelled using the Pedigree matrix [113, 159] in SimaPro (cf. Chapter 3). Specifically,
the life-cycle inventory entries are assumed to follow log-normal distributions with standard
deviations resulting from the aggregation of uncertainty factors (Tables A.21-A.25). Each of
these factors is quantified based on several data quality indicators describing the reliability,

completeness, temporal correlation, geographical correlation, technological state, sample size,
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and expert judgement related to the data. The uncertainty in the life-cycle inventory entries
is propagated to the environmental impacts using Monte Carlo sampling in SimaPro. Finally,
an additional 5% uncertainty factor was applied to the desulfurization efficiency of the halide-
free [BMIM][BF4] (cf. Table 4.1). This factor represents 10% of the 53% (wt%) fraction of
[BBIM][BF,] and [MMIM]|[BF,] in the aqueous IL solution.

4.3 Results and discussion

4.3.1 Economic assessment

The bar chart in Figure 4.4 compares the production costs of [BMIM][BF,] with those of
acetonitrile and DMF on a per-weight basis to reflect current commercial practice for solvent.
The production cost of [BMIM]|[BF,| using the halide-free method ($6.4/kg) is predicted to be
nearly half that of the metathesis route ($11.8/kg). Notably, the contributions of the annualised
CAPEX and fixed OPEX to both production costs are negligible in comparison to the variable
OPEX—the corresponding figures can be found in Appendix A. The difference in variable
OPEX is attributed to the high price of NaBF 4, which is used as a reactant and in the washing
steps—none of the NaBF} is recycled in this process after it has been used and contaminated
with impurities. Overall, feedstock procurement contributes about 98% of the variable OPEX for
the metathesis route, and reduces down to 59% in the halide-free synthesis, where utility costs
for compression (electricity) contribute a significant 40%. Nevertheless, even the production cost
of halide-free [BMIM][BF,4| remains about 4-fold higher than those of acetonitrile ($1.57/kg)
and DMF ($1.75/kg). This large difference is a result of the relatively inexpensive raw materials
required for these organic solvents. The production of acetonitrile from propylene ($1.20/kg)
and ammonia ($0.56/kg) via the Sohio process is slightly cheaper than the production of DMF
from dimethylamine ($1.57/kg) and CO ($0.72/kg).
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Figure 4.4: Cost comparison of [BMIM][BF,] and organic solvents. Annualised CAPEX values
are not shown since they make up less than 0.05% of the total cost.

A radically different picture emerges after accounting for the use phase of the solvents.
The superimposed line chart in Figure 4.2 compares the use costs of [BMIM]|[BFy| with those of
acetonitrile and DMF on a per-weight-of-desulfurized-fuel basis to reflect the variation in process
performance for sulphur extraction across the range of solvents (cf. Table 4.1). Notably, halide-
free [BMIM][BF4] becomes the cheapest option ($0.05/kg desulfurized fuel), while metathesis
[BMIM][BF,] becomes comparable with acetonitrile ($0.09/kg desulfurized fuel) and significantly
cheaper than DMF ($0.28/kg desulfurized fuel). These results are explained by the reduction in
the amount of IL solvent makeup required to extract the same amount of sulphur from sour
fuel compared to the more volatile organic solvents, recalling that the makeup of IL is 7 and 20

times lower than the makeup of acetonitrile and DMF, respectively.

4.3.2 Environmental assessment

The bar charts in Figure 4.5 summarise the LCA results for all three endpoint damage categories—
human health, ecosystem quality, and resources—on a per-weight basis of solvent. The complete
set of midpoint and endpoint indicators for all four solvents are reported in Tables A.26 & A.27.
Note that the midpoints and endpoints are complementary in the sense that the indicators at
the midpoint level have stronger relation to environmental flows with low uncertainty, while

those at the endpoint level provide better information on the environmental relevance of the
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mass and energy flows, and easier to communicate, but with higher uncertainty due to higher
aggregation level of the characterization factors.

The production of [BMIM][BF4| via the halide-free route greatly alleviates the damage on
human health (79%), ecosystem quality (80%) and resources (67%) compared to the metathesis
route. Such improvements are the result of a shorter synthesis tree (compare Figures 4.1 & 4.2)
and fewer processing steps (compare Figures 4.1A & 4.1B). Producing the precursors in the
metathesis route is by far the main hotspot, making up over 95% of the impacts in all three
damage areas. The precursors in the halide-free process are also contributing over two-thirds of
the endpoint impacts, followed by utilities (mostly electricity), with a share between 24-31%
in each damage area. But regardless of the selected [BMIM]|[BF,] route, the production of
acetonitrile or DMF is predicted to have lower impacts in all three damage areas. For instance,
DMF has a lower impact than metathesis [BMIM][BF,] on human health, ecosystem quality,
and resources by 90%, 91%, and 80%, respectively. Only under the resource damage area is
halide-free [BMIM][BF,| comparable to acetonitrile, but still significantly worse in other damage
areas or in comparison to DMF. Notably, the values of several midpoints of [BMIM][BF,] vary
from those reported by Zhang [34]. This is mainly due to the reaction yields, heating and
cooling requirements, separation efficiency, waste, and emissions, all of which are not accounted
for in the simplified version. This holds not only for IL production but also for their precursors.

The main impacts on human health caused by the production of any of the solvents are
attributable to particular solvent precursors: for [BMIM][BF,] via metathesis, the production
of NaBF, (65%) and [BMIM]CI (32%); for halide-free [BMIM][BF4], fluoroboric acid (31%),
butylamine (21%), and dichloromethane (12%); for acetonitrile, propylene (34%) and ammonia
(26%); and for DMF, dimethylamine (50%) and carbon monoxide (26%). The main midpoint
contributions to this endpoint damage area, for either [BMIM][BF,] routes, are global warming
and fine particulate matter formation. Global warming is mostly caused by CO5 emissions from
burning fossil fuels, such as coal and natural gas, for heat and electricity production. Particulate
matter formation is mainly attributed to sulphur dioxide, emitted either from sulphuric acid
production, which is needed to make boric acid, or by fossil fuel combustion for electricity

generation, and to particulate matter with diameters | 2.5 nm, which are emitted by lignite
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combustion for electricity generation.

The production of the solvent precursors also cause the largest impacts on ecosystem
quality: in the case of [BMIM]|[BF,] via metathesis, the production of NaBF, (51%) and
[BMIM]CI (45%); for halide-free [BMIM]|[BF,], fluoroboric acid (25%) and butylamine (23%);
for acetonitrile, propylene (37%) and ammonia (25%); and for DMF, dimethylamine (54%)
and carbon monoxide (22%). The largest midpoint contributions to this endpoint damage
area, for either [BMIM][BF,] routes, are global warming (>50%), acidification, terrestrial ozone
formation, and water consumption. Terrestrial acidification is mostly caused by sulphur dioxide
(>75%) emitted from sulphuric acid production. A majority of the ozone formation impacting
terrestrial ecosystems in [BMIM][BF,| via metathesis is attributed to toluene emissions (67%) as
part of the production of [BMIM]CI, while in halide-free [BMIM]|[BF,], it is attributable to NOx
emissions (85%) from transportation activities. Lastly, water consumption is mainly associated
with hydroelectricity production.

Over 99% of the impacts caused by either [BMIM]|[BF,] routes concerning the resource
damage area are due to fossil fuel scarcity. In the metathesis route, these impacts are mostly
attributed to the production of [BMIM]CI (56%) and NaBF, (42%) precursors. In the halide-free
synthesis, they are associated with the production of butylamine (29%), diethylether (15%),
glyoxal (13%), and fluoroboric acid (13%) precursors. Such resource depletion is, to a large
extent, caused by the use of natural gas for the production of methanol, electricity, and other
utilities (>45%) and crude oil for the production of fossil-intensive chemicals such as ethylene
and propylene (>45%). Regarding acetonitrile, 77% of the impact on resources is attributed to
propylene production and another 14% from ammonia production—using natural gas feedstock.
For DMF, dimethylamine production from methanol and ammonia makes up 65% of the impact
on resources, and carbon monoxide contributes another 21%.

The superimposed line charts in Fig. 4.5 represent the solvent impacts on a per-weight-of-
desulfurized-fuel basis. As with the economic assessment earlier, accounting for the use phase
of solvents depicts a completely different outcome from the bar charts, whereby [BMIM]|[BF,]
is now competitive with acetonitrile and DMF under all three damage areas. The halide-free

synthesis of [BMIM][BF,] is even predicted to reduce all endpoint environmental damages by
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Figure 4.5: LCA comparison of [BMIM]|[BF,] and organic solvents.
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3.5- to b-fold compared to acetonitrile and by 8- to 9-fold compared to DMF. This trend, which
is consistent with the economic comparison in Fig. 4.4, can again be explained by the reduction
in the amount of [BMIM]|[BF,] needed to extract the same amount of sulphur from sour fuel
compared to the more volatile organic solvents (Table 4.1). It is robust in the sense that 0.3%
solvent loss for [BMIM]|[BF,] corresponds to a conservative estimate based on the IL solubility
in the fuel, which is a worst-case scenario.

To strengthen the conclusions of this environmental assessment, the box plots in Fig. 4.6
show the variations in the predicted endpoint indicators by propagating uncertainty in the
background inventory data. The central line inside each box represents the median scenario.
The upper and lower ends of the box represent the 25" and 75" percentiles, respectively, and
the whiskers extend the box to include all the data within the 95% highest-posterior density
interval. Halide-free [BMIM][BF,] consistently exhibits the lowest environmental impacts across
all four solvents and all uncertainty scenarios, while DMF is consistently worst in class. By
contrast, the impact ranges of [BMIM][BF,] via metathesis and acetonitrile present significant
overlaps for the damage areas of human health and ecosystems quality—the probability of
acetonitrile causing less environmental damage in these two areas is 83% and 66%, respectively.
Conversely, acetonitrile consistently causes more damage to resources than [BMIM][BF,4]. A
follow-up analysis, therefore, can consider the combined monetized cost of externalities and

direct production cost for each solvent.[141]

4.4 Conclusions

A major impediment to the commercialisation of ILs in fuel desulfurization is the high production
cost caused by their relatively complex synthesis procedures. Simpler synthesis routes for ILs
may not only help reduce their production costs but reduce the overall cost of fuel desulfurization
and make them attractive in multiple applications. Industrial applications of ILs have also been
hindered by the lack of life-cycle assessments regarding their large-scale deployment.

This chapter presents an economic and environmental assessment of a one-pot, halide-

free production route to [BMIM][BF,] against the metathesis route and two conventional fuel
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desulfurization solvents, namely acetonitrile and DMF. The halide-free route can halve the
production cost of [BMIM]|[BF,] using metathesis. This alternative route may reduce the
environmental impacts associated with the production of [BMIM]|[BF,] by three- to five-fold.
Nevertheless, by omitting the use phase of solvents, the volatile organic solvents, acetonitrile
and DMF, emerge as cheaper and cleaner options by the nature of their feedstock and their
simpler synthesis trees.

Including the use phase in the assessment draws a radically different picture, whereby halide-
free [BMIM][BF4| consistently outperforms the volatile organic solvents for fuel desulfurization
due to its superior sulphur extraction efficiency and recyclability. Even [BMIM][BF,] produced
via metathesis, despite showing the highest production cost and environmental impacts on a
per-weight basis, becomes competitive with acetonitrile and superior to DMF, both economically
and environmentally, on a per-weight-of-desulfurized-fuel basis. The cost and environmental
impacts of [BMIM][BF,] for fuel desulfurization might even be lower in practice because the
assessment used a conservative estimate of the solvent losses. In future work, this analysis can
be further refined by accounting for other parameters such as the effect of solvent viscosity,
extraction time, and temperature.

This case study also demonstrates, using a specific application like fuel desulfurization,
that ionic liquids can be more sustainable in their combined production and use phases than
conventional organic solvents. It further highlights the value of using detailed process modelling
with LCA studies for more accurate results because it accounts for critical parameters that are
usually omitted using short-cut methods. However, one shortcoming of the proposed framework
is that, with multiple economic and environmental indicators, it does not address multi-criteria
problems, especially if applied to case studies with clear trade-offs. Therefore, appropriate

weighting methods need be used in order to draw conclusions and facilitate decision-making.
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Chapter 5

Coupling Monetization with Economic
and Environmental Assessment of the

Combined Production and Use of the

[HSOy4]™-Based Ionic Liquids in

Biomass Pretreatment

Abstract

As an answer to the multi-criteria problem when comparing different technologies with
multiple sustainability indicators and trade-offs, this chapter explores combining the concept of
monetization with detailed process simulation and LCA to estimate the true cost of ionic liquids.
Hence, all sustainability indicators merge into a single score to facilitate decision-making. A case
study on four solvents used in biomass pretreatment is conducted: triethylammonium hydrogen
sulphate [TEA][HSO4|, 1-methylimidazolium hydrogen sulphate [HMIM][HSO,], acetone from
fossil sources, and glycerol from renewable sources. The results show that the total monetized
cost of production accounting for externalities can be more than double the direct costs estimated
using conventional economic assessment methods. The ionic liquid [TEA][HSO4,] is found to
have the lowest total cost, while the renewable solvent glycerol presents the highest total cost.

This case study highlights the need for monetizing environmental impacts to estimate the true
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cost of ILs and address multi-criteria analysis problems in their sustainability assessment. It is

expected that this methodology will be incorporated into future research and development of

sustainable ILs.
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Figure 5.1: Monetization framework for quantifying the cost of externalities.

5.1 Context and problem definition

The standard approach to economic assessment often disregards indirect costs due to environ-
mental externalities, namely impacts that occur as part of a product’s life cycle and incur a
cost for their mitigation. Such externalities need to be taken into account as indirect costs
alongside direct production costs to reflect a product’s true cost [160, 161]. For instance, natural
phenomena such as global warming can have adverse effects on both human health and ecosystem
quality, both of which carry indirect costs. Poor health can affect an individual’s capacity to
perform certain tasks, which leads to the loss of productivity or the need for health care [162].
Similarly, anthropogenic impacts on ecosystem quality may be reversed through environmental
remediation projects [163].

Because most decisions are economically driven, it is of paramount importance to account
for the externalities associated with the production and use of ionic liquids to compare them
fairly with their non-ionic counterparts. Additionally, when comparing alternatives in LCA
with environmental impact trade-offs, a weighting method is usually used in the weighting
phase to convert different impacts with different units into a single score. There are several
weighting methods suggested to tackle this issue, which include monetary valuation, panel, and
distance-to-target methods. [164]

Monetary valuation—monetization in short—converts social and environmental impacts
into currency Figure 5.1. It has been used to determine the cost of non-market goods in various

sectors including energy systems to estimate the environmental damage cost of a specific energy
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mix [165], health care systems to quantify the benefits of informal care [166], and insurance
systems to predict the demand by homeowners after a disaster [167]. It has also been used in
the weighting phase of LCA to evaluate trade-offs [168-170]. The advantages of monetization
have been discussed in several papers, and it appears to be the preferred weighting method
over the panel and distance-to-target methods for two main reasons [164, 171, 172]. First,
unlike monetization, panel methods are based on individual preferences, such as experts and
politicians rather than the public, while distance-to-target methods weigh the impacts using the
ratio between the current level of the impact and a target level, which is based on rule ethics
rather than utilitarian ethics. Second, in addition to ranking options from a welfare perspective,
monetization makes it possible to inform decision-makers on whether the benefits from certain
policies exceed the costs.

Herein, we combine LCA and monetization to quantify the true cost of ionic liquids for the
first time. The focus is on [TEA|[HSO,] and [HMIM]|[HSO,], two widely used protic ionic liquids
in biomass pretreatment for their lignin solvating power [30], which we compare against acetone
and glycerol regarded as the business-as-usual solvents [173-177]. The analysis starts with an
environmental impact assessment of the solvents using LCA. These environmental impacts are
then turned into currency via monetization and combined with the direct production costs to

yield a total monetized cost.

5.2 Materials and methods

We consider four solvents for biomass pretreatment: two conventional solvents, acetone, and
glycerol, that are produced industrially; and two PILs, [TEA|[HSO,] and [HMIM][HSO,], for
which only experimental synthesis procedures are currently available.

Glycerol and acetone are both market products. Their price and LCA data are readily
available, e.g., from the ecoinvent 3.5 database,[109] where over 90% of the acetone is co-produced
with phenol by the cumene process, while about 80% of the glycerol is a by-product of the
biodiesel manufacturing process. Respectively 28% and 10% of the environmental impacts

generated by these processes are then allocated to acetone and glycerol. Note that environmental
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Figure 5.2: Process flow diagrams for the production of the protic ionic liquids.

impacts of acetone and glycerol are allocated based on economic allocation, and hence, changes
in market prices could change the results.

To circumvent the lack of data for both ionic liquids, detailed process models are developed
by scaling up the available experimental procedures. The process model as well as the methods

and tools used to conduct the assessment are detailed in the following subsections.

5.2.1 Modelling of protic ionic liquid production processes

The process simulator Aspen HYSYS v9.0 is used to model the production processes of the
ionic liquids [TEA|[HSO,] and [HMIM][HSO4].

Ionic liquid production The ionic liquids of interest are synthesised through the transfer
of a proton from a Brgnsted acid to a Brgnsted base [48]. The bases triethylamine and 1-
methylimidazole are used for the synthesis of [TEA][HSO,4] and [HMIM][HSO,], respectively, in
combination with sulphuric acid. The synthesis trees for both ILs are shown in Figures 5.3 & 5.4.
The scaled-up manufacturing process (Figure 5.2) is adapted from the work by Chen et al. [69].
Equimolar amounts of sulphuric acid and base are mixed with water at ambient temperature

and pressure to produce an aqueous ionic liquid mixture. Since this acid-base reaction is highly
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exothermic, excess water is added to cool down the mixture and avoid unwanted phase transition,
thermal decomposition, or undesired by-product formation. The outlet stream from the reactor
is then heated up with steam to remove the excess water in a flash drum. The recycled water
is cooled down with cooling water and a 10% purge is applied to prevent the accumulation of

impurities.

Physical properties A full list of the properties used is provided in Tables B.1 & B.2 of
Appendix B. Pseudo-components are created for [HMIM][HSO,4] and [TEA][HSOy] as they are
unavailable in the database of Aspen HYSYS v9.0. Certain properties such as density are
obtained from experiments or the literature [121]. The other properties of both ionic liquids
such as critical properties and normal boiling points are estimated using the group contribution
method developed by Valderrama and Rojas [122]. Since energy flows can have a significant

impact on the economic and environmental assessment of ionic liquids, accurate enthalpies of
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Figure 5.4: Synthesis tree of [TEA][HSO,]

formation are also needed to calculate the heat of reactions. The detailed methodology used for

calculating these enthalpies can be found in Chapter 3.

5.2.2 Functional unit

The economic and environmental assessment below is conducted for a functional unit of “1 kg of
solvent” , using a per-weight basis to reflect current commercial practice for solvent. By limiting
the scope to the production phase of solvent only, this functional unit greatly simplifies the
assessment. This approach is also appealing in that it enables the screening of candidate ionic
liquids that have not yet been demonstrated at full commercial scale.

In practice, one could also include the use phase of solvent to reflect their actual function.
There is indeed considerable variation in the design and operation of biomass pretreatment
processes across the range of solvents, e.g., due to differences in lignin solvating power, the
heat of regeneration, or solvent degradation [178-180]. A detailed modelling of bespoke pre-
treatment processes for each solvent is beyond the scope of this work. Instead, we consider

three published pretreatment processes to enable an alternative comparison in terms of “1 kg of
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biomass”. Conversion factors on a weight-of-solvent-makeup-per-weight-of-treated-biomass basis
are calculated using the solvent recycling rate, the mass fraction of solvent in the feed mixture,
and the solvent-biomass feed ratio in each process: (i) 32 kg ton™ for both ionic liquids using
the ionoSolv process [179, 181], (ii) 140 kg ton™! for acetone using the organosolv process with
ethanol as a proxy solvent [178], and (iii) 2,500 kg ton™ for glycerol based on a recent process
[180]. Further details can be found in Section B.4 of Appendix B. This preliminary comparison
furthermore assumes a similar CAPEX and OPEX for the different processes and neglects any

extra solvent or enzyme in the pretreatment.

5.2.3 Economic assessment

The production cost of the ionic liquids is estimated via the total annualised cost (TAC) of
the scaled-up processes, following the approach by Towler and Sinnott [115] as delineated
in Chapter 3. The TAC is comprised of the OPEX and the annualised CAPEX. The latter
represents the annual cost of paying off the fixed capital investment of a plant over its entire
lifespan—here assuming 330 days of operation a year (equivalent to 7,920 hours) over a 10 year
period. The CAPEX itself consists of equipment costs, offsite costs, engineering and construction
costs, and contingency charges. The CAPEX of the main units in each production process
is reported in Tables B.4, B.6, and B.8. The inflation rate is furthermore set based on the
Chemical Engineering Plant Cost Index. The OPEX consists of fixed production costs, which
are associated with operation and labour, and variable production costs associated with the
procurement of raw materials and utilities. The former is reported in Tables B.5, B.7, and B.9,
and the latter are sourced from ecoinvent 3.5 as given in Tables B.3. Note that the prices of raw
materials and utilities represent a five-year global average as mentioned in Chapter 3. All of the
costs—including the externalities discussed below—are expressed in USD2019 using currency

conversion and inflation factors.

5.2.4 Environmental assessment

The LCA follows the ISO 14040 principles and is conducted using the software SimaPro interfaced

with ecoinvent 3.5. In agreement with the functional unit selection above, a cradle-to-gate scope
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is adopted that includes the impacts from the raw material extraction to the final product
synthesis but excludes the product use phase assuming that the biomass pretreatment is identical
for all the solvents. It is furthermore assumed that the production takes place in Europe as the
geographical location. Notice that no allocation is required since the processes for producing
the ILs (Figure 5.2) do not yield any by-products.

Data for the background processes from the ecoinvent 3.5 database are combined with
information about the foreground system, mainly mass and energy flows obtained from the
process simulation in Aspen HYSYS. A complete list of the life-cycle inventories (LCI) can
be found in Tables B.8-B.9. The proxy data and methods used to quantify the air and water
emissions are reported in Chapter 3. To ensure consistency, they follow the guidelines by Hischier
et al. [111], which are used for many processes in ecoinvent.

The LCI entries are converted into environmental impact using the ReCiPe 2016 methodol-
ogy [112]. During this life-cycle impact assessment (LCIA), all of the LCI entries are categorised
into 17 midpoint indicators, including global warming, toxicity, ozone depletion, and land use.
The severity of these impacts is determined from state-of-the-art environmental models such
as the absolute global warming potential for climate change [182, 183], and toxicity potential
for human, marine, and terrestrial toxicities [184, 185]. The midpoint indicators are further
aggregated into three endpoint (damage) categories: resources, human health, and ecosystem
quality. Furthermore, the assessment conducted here follows the hierarchist perspective, which
is based on the cultural theory of scientific agreement and adopts a medium timeframe of 100
years for environmental impacts. The complete ReCiPe midpoint and endpoint results are given

in Tables B.10-B.11, respectively.

5.2.5 Monetization

Monetization converts environmental impacts into currency. It is routinely used in cost-benefit
analysis to support decision-making when both economic and environmental indicators need
to be considered simultaneously. After the conversion, all of the economic and environmental
metrics may be combined into a single total cost that is readily interpreted or used for comparison

basis.
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Existing monetary valuation methods often measure an individual’s willingness to pay for
preventing or mitigating the environmental impacts incurred by an activity.[161] Herein, damages
to human health and ecosystem quality are monetized using, respectively, the budget constraint
and choice modelling methods.[186] Budget constraint measures the potential economic produc-
tion of an individual per year in terms of quality-adjusted life-year, a year-based biophysical unit
describing human health quality. Though assuming that what is earned must be spent, budget
constraint lowers the uncertainty by directly valuing the economic production compared to
other valuation methods. Choice modelling measures ecosystem quality based on the economic
penalty that an individual is willing to accept for environmental protection. This method is
widely used in healthcare programmes as a means to monetize human well-being.[187, 188]

The monetary values of 74k EUR2003 /DALY (125.3k USD2019/DALY) and 9.5M EUR2003/
speciesxyr (16M USD2019/speciesxyr) are used for the monetary valuation of human health
and ecosystem quality, respectively [189]. Note that the monetary values were converted . By
contrast, resource damages are already expressed in monetary units and do not need conversion.
It is worth noting that monetization factors carry wide ranges of uncertainty, e.g., monetary
valuation of ecosystem quality ranges between 2.4-23.8M EUR2003/speciesxyr. However, the
focus here is on proving the concept and effectiveness of the monetization weighting method,
and hence, only average values are used, and further work to quantify these uncertainties is
necessary. Further details on the monetization, currency and inflation factors used can be found

in Table B.12.

5.3 Results and discussion

5.3.1 Economic assessment

Figure 5.5 presents the direct production costs per kg of solvent. [HMIM][HSO4| ($1.46/kg) has
the highest cost and [TEA|[HSO,] (30.78/kg) the lowest one. This large gap between either
of the ionic liquids is partly due to the larger number of steps involved in the production of
[HMIM][HSO,] (cf. Figure 5.3 & 5.4) compared to [TEA][HSO4] and the other solvents. The

direct production cost of glycerol is higher than that of [TEA][HSO,] and acetone because
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Figure 5.5: Direct costs of solvents. A breakdown of OPEX and CAPEX contributions is shown
for the two ionic liquids. Other negligible costs including the annualised CAPEX and other
OPEX components such as process water are not shown.

glycerol production uses more expensive starting materials like rapeseed and soybean oils [190].

The OPEX comprises over 90% of the direct production cost of both ionic liquids and
the procurement of raw materials makes up most of the OPEX. This finding is consistent with
previous reports [69]. The precursors, such as triethylamine ($1.4/kg) for [TEA][HSO,] and
1-methylimidazole ($2.8/kg) for [HMIM][HSOy,], are costly, even though this is mitigated by
the low cost of sulphuric acid ($0.05/kg). Other variable production costs, such as utilities, are
low because the reactions are exothermic, and the separations are straightforward due to the
low volatility of ionic liquids. The CAPEX contribution is also relatively small, even though it
might be overestimated by considering a lifespan of 10 years which is shorter than the usual

lifetime of chemical plants.

5.3.2 Environmental assessment

Figure 5.6 presents the LCA results for all three endpoint impact categories: human health,
ecosystem quality, and resources. In the human health category, the impacts of [HMIM][HSO,]
and glycerol are, respectively, 50% and 80% higher than those of [TEA][HSO,] and acetone.

As noted earlier, the production of 1-methylimidazole for [HMIM][HSO,] is relatively complex
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Figure 5.6: Endpoint environmental impacts of solvents. Top: human health; middle: ecosystem
quality; bottom: resources. A breakdown into emissions, acid, base, and other contributions is
shown for the two ionic liquids.

and requires more steps than triethylamine for [TEA|[HSO,], thus generating more waste and
emissions (Figure ?7). This is reflected by the higher scores in multiple human health impact
categories such as global warming potential, ozone depletion, and ionising radiation (cf. Table
B.10 of Appendix B). Higher emissions in ozone-depleting substances such as chlorofluorocarbons
and nitrous oxide, which are used as refrigerants in the production of bulk chemicals (ammonia,
nitric acid) and fuels, occur in syntheses involving a greater number of intermediate steps since
they become more reliant on heat integration [191]. The major contributor to ionising radiation

is nuclear power in the electricity mix.[192] By contrast, the higher impact of glycerol on human
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health is linked to the cultivation and processing of crops such as rapeseed and soybean. These
processes combined with deforestation usually emit large amounts of pollutants such as CO,
and particulate matter that are detrimental to human health [193].

The impact of [HMIM][HSO4] on ecosystem quality is 86% higher than those of [TEA][HSO,]
and acetone, but three-times lower than that of glycerol. The reason behind this is land use
as producing 1 kg of glycerol requires almost 100 times more land area than [HMIM][HSO,],
the second largest in this category. The large areas needed for crop cultivation and the related
deforestation are responsible for soil damage and loss of habitat for plants and animals [194].

Regarding resource depletion, both [TEA|[HSO4| and [HMIM]|[HSOy] have a lower impact
than acetone which consumes the largest amount of fossil resources among the solvents. This
is because the production of acetone is nearly entirely reliant on fossil resources, whereas
the ionic liquids comprise equimolar quantities of base and sulphuric acid, where only the
bases are heavily reliant on fossil resources while sulphuric acid requires significantly fewer
fossil resources. The slightly higher score of [HMIM|[HSO,] over that of [TEA][HSO,] is again
due to 1-methylimidazole requiring more synthesis steps than triethylamine, leading to higher
consumption of fossil resources to cover the energy demand. It is also worth noting that while
glycerol has high predicted impacts on both human health and ecosystem quality, its impact on
resources is low since it is renewable and uses a minimal amount of fossil resources outside of
processing. Production of the Brgnsted bases make up the largest impact on resources for both
ionic liquids since they are derived from fossil resources. More generally, the bases yield the
largest contributions in all three impact categories and should therefore be the primary focus

for future improvement.

5.3.3 Externalities and total cost

Figure 5.7 shows the combined monetized cost of externalities and direct cost for each solvent.
[TEA][HSO4| presents the lowest indirect cost and glycerol the highest one. Resource and human
health damages are the biggest contributors to the monetized externalities of solvent production,
except for glycerol. As noted earlier, this is because acetone and the protic ionic liquids of

interest are heavily reliant on fossil resources, whose extraction costs are expected to rise in
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Figure 5.7: Total cost of solvent production combining direct production costs and externalities
in terms of human health, ecosystem quality, and resource damages.

the future due to scarcity [195]. [HMIM][HSOy4] has higher externalities than [TEA][HSOy] and
acetone because of its higher impact on human health and ecosystem quality. As for glycerol, it
is the substantially higher land use that makes its monetized impact on ecosystem quality, and
thus its indirect cost, significantly higher than for the other solvents. This makes glycerol the
worst solvent in terms of externalities, even though its direct production cost is lower than that
of [HMIM][HSOy,].

Notice that the indirect costs associated with all four solvents are larger than their direct
production costs, so the total monetized costs are more than double the production costs. The
total cost of glycerol ($3.33/kg) is the highest because of its large externalities ($2/kg). Tt is
10% higher than the total cost of [HMIM][HSO4] ($3.04/kg), 50% higher than that of acetone
($2.22/kg), and nearly 90% higher than that of [TEA][HSO4] ($1.87/kg). In addition, the
uncertainty of the estimated externalities is shown in Figure 5.7, where the whiskers correspond
to the 25" and 75" percentiles among all the scenarios generated by Monte Carlo sampling.
These uncertainty ranges are generally small and do not overlap with each other, apart from
those of glycerol and [HMIM][HSO,| that show a slight overlap. This uncertainty analysis
confirms that the estimated externalities are representative, and thus, their comparison is

meaningful.
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Figure 5.8: Total cost of solvent production on a per-weight basis of pretreated biomass.

Finally, Figure 5.8 reports the total monetized cost per kg of pretreated biomass, for
comparison with the costs per kg of solvent in Figure 5.7. Although the applied conversion
factors carry a large uncertainty due to the underlying assumptions (cf. Section Functional
unit above and Section B.4 of Appendix B), this analysis suggests that the advantages of ILs
compared with the other two solvents in terms of costs and environmental impacts might be
unequivocal after integrating the use phase. Since the ILs have higher solvating power than
acetone or glycerol and enjoy a near 100% recycling rate, the makeup of an IL (32 kgton™)
is expected to be the lowest in a biomass pretreatment process. By contrast, the relatively
poor recycling rate of glycerol (75%) requires the largest solvent makeup (2,500 kg ton™, about
80 times more than ionic liquids), which combined with its high externalities leads to a much
higher total cost. Even with a more favourable recycling rate of 95%, the makeup would still
be 16 times larger than ILs. This cursory analysis illustrates that a solvent’s use phase can

radically change its economic and environmental evaluation.
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5.4 Conclusions

Interest in sustainable solvents has increased significantly over the past decades due to a growing
awareness of the impact of solvents on pollution and energy consumption in the chemical industry.
ILs are uniquely versatile and show great potential for reducing solvent losses and regeneration
expenditures, but their widespread application remains hindered by environmental-related
concerns in terms of toxicity and biodegradability alongside the suspicion of high production
costs. Herein, the primary focus has been on a holistic framework that combines a conventional
economic assessment with a cradle-to-gate LCA to determine the total monetized cost of ILs
as a basis for comparison with other solvents. This framework relies on detailed models of the
production processes of ionic liquids and their precursors to circumvent the lack of cost and
LCA data.

A case study in lignocellulosic biomass pretreatment has compared the production of the
popular ionic liquids [TEA][HSO,] and [HMIM][HSO,| against acetone from fossil resources
and glycerol from renewable resources. The economic valuation reveals that [HMIM][HSO,]
has the highest direct cost of all four solvents due to the complex synthesis of its precursor
1-methylimidazole, while [TEA][HSOy] presents the lowest direct cost—about half of that of
[HMIM][HSO,]. Glycerol is found to have the second highest production cost because rapeseed oil
and soybean oil are costly precursors. Adding externalities on top of these direct production costs
does not change the comparison radically, but since the indirect costs from these externalities are
larger than the corresponding production costs, the total monetized costs of all four solvents end
up being more than double their production costs. Glycerol becomes the most expensive solvent
in terms of total monetized cost, overtaking [HMIM]|[HSO,] due to its high externalities in the
human health and ecosystem quality categories. By contrast, the ionic liquid [TEA|[HSO,] is
found to have the lowest total cost since its production requires relatively inexpensive materials
and follows a simple synthesis procedure, followed by acetone. All of these conclusions are
furthermore supported by an uncertainty analysis of the LCA data and monetization factors.

Finally, the results of an initial comparison between solvents on a per-weight-of-treated-

biomass basis concluded that the benefits of ionic liquids for biomass pretreatment are likely
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to be downplayed by excluding the solvents’ use phase. This is because the makeup of ionic
liquid in a biomass pretreatment process could be significantly lower than the makeup of other
solvents, especially glycerol. Nevertheless, our analysis relies on conversion factors that carry
large uncertainty. A recommended follow-up to this work, therefore, entails expanding the
valuation to include the use phase of solvents, for instance via detailed modelling of the biomass
pretreatment processes themselves.

Overall, this case study demonstrates the need to account for negative externalities in
the comparison of solvents. By showing that solvents produced from renewable resources do
not necessarily present lower externalities than other solvents derived from fossil resources,
including ILs, these results challenge the conventional wisdom stating that ILs are more costly
and damaging to the environment. Therefore, a holistic comparison should be used more

systematically for future research and development of sustainable solvents.
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Chapter 6

Global Sensitivity Analysis in
Life-Cycle Assessment of Early-Stage
Technology using Detailed Process
Simulation: Application to
Dialkylimidazolium Ionic Liquid

Production

Abstract

The ability to assess the environmental performance of early-stage technologies at the production
scale is critical for sustainable decision-making. The previous case studies discussed mainly the
nominal results with little focus on uncertainty analysis, i.e., conducting conventional uncertainty
analysis with background uncertainties only. This chapter builds on the base framework outlined
in Chapter 3 and presents a systematic framework for uncertainty quantification in LCA of
emerging technologies using global sensitivity analysis (GSA) coupled with a detailed process
simulator and LCA database. This methodology accounts for uncertainty in both the background
and foreground LCI and is enabled by lumping multiple background flows, either downstream

or upstream of the foreground processes, to reduce the number of factors in the sensitivity
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analysis. The goal of this final methodology is to have a complete set of working tools to assess
the sustainability performance of ILs. A case study comparing the life-cycle impacts of two
dialkylimidazolium ionic liquids is conducted to illustrate the methodology. It is found that
failure to account for the foreground process uncertainty alongside the background uncertainty
can underestimate the predicted variance of the endpoint environmental impacts by a factor of
two. The variance-based GSA then reveals that only a few uncertain foreground and background
parameters contribute significantly to the total variance in the endpoint environmental impacts
and allows singling out the most relevant lumped background parameters for further analysis.
These results emphasise the need for using GSA for more reliable decision-making under

uncertainty in LCA.
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6.1 Context and problem statement

The LCI stage of LCA entails the collection of data related to the mass and energy flows, from
raw material extraction to process emissions and waste. For existing processes, this inventory
data may be collected directly onsite or retrieved from environmental databases such as ecoinvent
[109]. In many cases, however, inventory data may be lacking due to low technology-readiness
of processes or be inaccessible because of confidentiality [196-198]. These inventory gaps can
impede the environmental assessment of chemicals, particularly in early development stages
(32, 141].

Various approaches have been proposed to bridge the gap in inventory data. Streamlined
LCA methods aim to predict the life-cycle impacts of a product from readily available information
[199], such as a method that relies on linear regression for predicting the life-cycle impacts
of chemicals based on their molecular structure. The approach was refined by including
thermodynamic properties and information regarding the sigma-profile of the molecule [200].
These regression models were shown to provide accurate predictions for a range of chemicals,
including petrochemicals and their derivatives. However, they can lead to large errors with
other chemicals and may fail to accurately predict certain life-cycle impacts, especially impacts
that are not directly linked to the descriptors used in the regression models.

Short-cut methods based on stoichiometric yields or simplified models [34, 96] provide
an alternative to these simple regression models. Precursor work by Kralisch et al. [38] led
to a simplified LCA method combining lab-scale experiment data with proxy data of similar
chemicals, as necessary. More recently, Cuéllar-Franca et al. [96] developed an approach for
constructing the life-cycle synthesis tree of a chemical by going back to where data for the most
basic precursors are available and using stoichiometric and basic thermodynamic calculations
where data are unavailable. Although it is convenient to quickly obtain a preliminary estimate,
the previous methods may not be suitable for a detailed assessment, especially when comparing
products and processes with similar performance indicators. Part of the reason for this is
that they omit key process parameters such as heating and cooling duties, process waste and

emissions, and process efficiencies.
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Detailed process models can support a more reliable environmental assessment to predict
the performance of processes at a low technology-readiness level (TRL), for which industrial
process data are unavailable [149]. Commercial process simulators such as Aspen HYSYS
encompass a wide range of unit operations, provide access to accurate thermodynamic property
packages, and facilitate mass and heat integration to model real-life processes. However, these
process models can also be subject to large uncertainty [201-203]. Therefore, it is improtant to
quantify these uncertainties and propagate them to the predicted inventories, and ultimately, to
the predicted environmental impacts.

The ISO 14044 standard stipulates that a sensitivity analysis should be conducted as
part of the LCA framework to identify the most important sources of uncertainty but does
not recommend a specific technique. A large body of research has thus been devoted to
characterising, propagating, and analysing various sources of uncertainty in LCAs, using a range
of techniques, over the past few decades [204-207]. Despite this, many LCA studies that build
on detailed process simulations simply omit the effects of inventory uncertainties; while many
others solely consider uncertainty in the background inventory data [208-210], often formulating
probability distributions for the inventories using data quality indicators such as a Pedigree
matrix [113, 211]. A more thorough uncertainty analysis requires the foreground inventory
uncertainties, such as process operating conditions and thermophysical properties, alongside
the background inventory uncertainties.[212] This is especially relevant in comparing processes
with similar performance indicators, where the corresponding uncertainty ranges might overlap
significantly. Moreover, sensitivity analysis can help clarify the effects of model and process
parameters on the predicted foreground inventories, ultimately guiding future experimental
work to help reduce this uncertainty.

A popular approach to sensitivity analysis in economic and environmental assessments is
one-at-a-time sensitivity analysis (OTSA) [213], which varies the values of the uncertain input
parameters one at a time while keeping the remaining parameters constant at a given reference
point, resulting in a ranking of the uncertain parameters [214-216]. While this approach often
works well for models that are nearly separable in their inputs, the ranking results may be

misleading when the level of interactions between the input parameters is more pronounced, a
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problem that is exacerbated by larger input domains. These limitations can be overcome by
applying global sensitivity analysis (GSA) [217], which accounts for output variations over the
entire input domain and can capture interactions between two or more input parameters. GSA
methods do not merely rank the uncertain parameters, but also quantify how much each input
parameter contributes to the overall output variance.

Nevertheless, the application of GSA in LCAs has remained scarce [206, 211]. Cucurachi
et al. [218] proposed a protocol for conducting GSA in LCAs, with a focus on the LCIA stage, and
in particular, on uncertainties in the characterisation factors and weighting methods. By contrast,
Groen et al. [206] focused on the LCI stage and compared various GSA methods in terms of
their effectiveness. Several recent applications of GSA in LCAs include biodiesel production
[219], building design [220], geothermal heating networks [221], and advanced photovoltaic cells
[222]. A key challenge in these GSA applications is the large number of uncertain input factors,
especially when dealing with inventory data [223-225]. This may require a large number of
samples to compute reliable sensitivity indices and result in a high computational burden or
even become intractable when a detailed process simulator is used to fill in the inventory data
gaps, for instance, in early-stage technological assessments. This can also explain why the
particular combination between GSA and detailed process simulators remains unclear.

The main objective of this chapter, therefore, is to combine the base framework used
throughout this thesis with GSA and uncertainty techniques, including a sampling approach, to
provide a complete set of working tools for the sustainability assessment of ILs and similar low
TRL technologies. The framework focuses on analysing the combined effects of background and
foreground inventory uncertainties. A new methodology is introduced, whereby the uncertain
background inventory flows, either downstream or upstream of the foreground processes, are
lumped to reduce the number of factors in the sensitivity analysis and improve computational
tractability. A practical implementation of this methodology that takes advantage of existing soft-
ware is also discussed. The methodology is demonstrated in a case study comparing the life-cycle
impacts of two dialkylimidazolium-based ILs, namely 1-butyl-3-methylimidazolium tetrafluo-
roborate [BMIM][BF,4| and 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF§].

Both ILs have drawn wide interest in the literature, owing to their high solvating capacity and
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negligible vapour pressure, including their use as physical separation media [226, 227]. The low
TRL of IL production processes motivates the use of a detailed process simulator to scale up

their production, and thus, the need to account for foreground data uncertainty.

6.2 Materials and methods

The adopted LCA framework follows the four phases defined in the ISO 14040 standards: (i) goal
and scope, (ii) inventory analysis, (iii) impact assessment, and (iv) interpretation. Choices about
the system, including the scope, the boundaries of the foreground system, and the functional
unit, are made in the goal and scope phase. Environmental flows for all inputs and outputs
of each process in the complete process tree are collected during the LCI phase, including
raw materials, energy streams, emissions, and waste. Both the foreground and background
inventories are then translated into environmental impacts during the LCIA phase through a
characterisation method, which is based on scientifically agreed environmental mechanisms with
cause-effect pathways, through which substances released in emissions or resource usage can
cause environmental damages. Finally, the interpretation phase checks that the conclusions
from the impact assessment are well-substantiated before making recommendations, and this is
where uncertainty quantification and sensitivity analysis are especially relevant.

Uncertainties in LCA stem from two main sources: (i) uncertain inventory flows into
and out of processes within the technosphere or between processes and the ecosphere, and
(ii) uncertain characterisation factors linking the ecosphere flows to environmental damages
[225]. Given the emphasis on emerging technologies, the main focus involves those uncertainties
arising through the LCIs, which are subsequently distinguished as foreground and background
uncertainties. The former refers to uncertainties affecting the low TRL processes in the
foreground system, where detailed process models are used to circumvent the gap in inventory
data from state-of-the-art databases such as ecoinvent [109]. These uncertain parameters include
operating conditions, thermodynamic and physical properties, separation yields, and reaction
rates, which translate to uncertainties related to the flows exchanged between the foreground

system and the rest of the technosphere, or with the ecosphere. By contrast, background
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uncertainties are linked to the background processes and supply-chain activities, translating to
further uncertainties in the flows between processes in the technosphere and ecosphere.

The proposed methodology for uncertainty propagation and analysis in LCA is summarised
in Figure 6.1. Considering the emphasis on emerging technology, a key novelty involves the
effects of combining the background and foreground inventory uncertainties on the predicted
environmental impacts. The framework starts with a nominal environmental assessment (Step
I), incorporating available LCA database information (e.g., background processes) with detailed
process modelling to bridge inventory gaps (e.g., foreground processes). The next two steps
require characterising and modelling the background and foreground uncertainties (Step IT)
before discretising and propagating these uncertainties using quasi-Monte Carlo sampling
techniques (Step III), where each uncertainty realisation is propagated through both the
background and foreground inventories, and ultimately through to the environmental impacts.
The resulting impact uncertainty ranges are apportioned back to individual uncertain background
and foreground factors as sensitivity indices (Step IV), using surrogate models trained on the
sampled uncertainty scenarios to drive a variance-based GSA. Another key novelty entails lumping
multiple background inventories to reduce the dimensionality and improve the tractability of

GSA in this context. The following subsections provide more details about the main steps.
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Figure 6.2: Conceptual diagram of a cradle-to-gate inventory illustrating the flows linking the
foreground and background processes within the technosphere and with the ecosphere. The green
arrow indicates the main product’s flow out of the foreground process, assuming a single product.
The red arrows show elementary flows EF . exchanged between the foreground process and the
ecosphere, while the orange arrows indicate elementary flows EF, . between the background
process and the ecosphere. The intermediate flows shown with grey arrows are those exchanged
between the foreground process and background processes located immediately upstream in
the technosphere, and those with blue arrows are the intermediate flows between background
processes in the technosphere. Similarly, a cradle-to-grave LCA can be depicted by including
the background processes downstream of the foreground process.

6.2.1 Modelling of foreground and background life-cycle inventories

The overall environmental impact EI, in a category z € Z is determined using Equation (R6.1),
expressed in units of impact per functional unit. LCI**" denotes the total life-cycle inventory
of an elementary flow e € F that is either consumed by a process within the technosphere or
released by a process to the ecosphere, with units of elementary flow per functional unit. CF, .
is the characterisation factor of the elementary flow e in impact category z, with units of impact

per elementary flow.
EL =Y LCI CF,. (R6.1)
eck

In particular, LCI®** encompasses all the elementary flows in a reference product’s life
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cycle, including those exchanged between the foreground processes and the ecosphere and
between the background processes and the ecosphere. For illustration, the diagram in Figure 6.2
depicts a cradle-to-gate LCI, where the foreground process exchanges elementary flows both
with the ecosphere and with several background processes in the technosphere. This distinction
between foreground and background processes is reflected in Equation (R6.2). There, EF¢,
denotes the elementary flow e exchanged between the foreground processes (indexed with f)
and the ecosphere, in the same units as LCI!*". U; and Dy are the sets of processes immediately
upstream and downstream of the foreground process, respectively. LCL, denotes the total
inventory of elementary flow e from an immediate upstream process p € U; and all the processes
upstream of p in the process tree, with units of elementary flow per reference flow of mass or

energy in process p, while using the factor p, . to rescale the elementary flow LCL)? in terms

down

ve  denotes the total inventory of elementary flow e from an

of a functional unit. Likewise, LCI

immediate downstream process p’ € Dy, with the factor ps.,s rescaling LCIS,O "I per functional

,€

unit.

LCI = BFre 3 pporlCL2 + 3 prey LCT (R6.2)

peUs p'ED;

In turn, the total upstream inventory LCLY, depends on the elementary flows EF), . from
process p and EF,, . from all the processes p’ upstream of p within the technosphere, as well
as all intermediate flows between any two background processes upstream of p. The total
I;}/O‘;VH

downstream inventory LC has similar dependencies.

6.2.2 Foreground and background uncertainty quantification

For those background processes in which inventories are available in state-of-the-art LCI
databases, such as ecoinvent, the uncertainty quantification follows the Pedigree matrix approach
[113, 159], where the data sources are assessed according to the six characteristics of reliability,
completeness, temporal correlation, geographic correlation, further technological correlation,
and sample size, in addition to relying on expert judgements. For each uncertain elementary or
intermediate flow (reference product flow excluded), a set of six indicator scores U€ is considered.

These scores are combined with a basic uncertainty factor U° to determine the standard deviation

116



6.2. Materials and methods

of a log-normal distribution for the corresponding flow. For instance, the case of an uncertain
elementary flow EF,, . is reported in Equations (R6.3)-(R6.4), where EF)7" is the nominal value

of the elementary flow (determined in Step I of the methodology, see Figure 6.1).

In(EF,.) ~ N(EF2™, [o75]) (R6.3)
6
with: ot = exp In(UY,)? + Z In(Ug,)? (R6.4)
c=1

In contrast, for the foreground processes and those background processes that are unavail-
able in state-of-the-art LCI databases, the main sources of uncertainty need to be characterised
on a case-by-case basis. Detailed process models are developed to bridge such inventory gaps,
and henceforth, a key assumption is that the uncertainty can be described as uncertain pa-
rameter values in those models. These uncertain model parameters may either be linked to
experimental errors in lab-scale procedures or inferred from expert opinions. This knowledge
informs the choice of a probability distribution for each parameter, including their shape, mean
value, variance, and support set. It is possible to further distinguish uncertain parameters
corresponding to operating conditions that may be adjusted to mitigate impacts using process
optimisation, such as temperatures and pressures in unit operations, from uncertain physical
parameters whose variation ranges may be refined through dedicated experiments or predictive
ab-initio simulations, including thermophysical properties, separation yields, reaction rates, and
conversions.

The uncertain background flows are collectively denoted with the vector ¢ below, and the
uncertain foreground parameters with the vector w. In Equation (R6.2), all of the elementary
flows EF¢ . exchanged between the foreground processes and the ecosphere, as well as the scaling
factors p,—+ and pr.,y, directly depend on the foreground uncertainty realisation w, whereas
the total upstream and downstream inventories LCL¥, and LCIﬁ?X“ depend on the background
uncertainty realisation ¢.

The uncertainty propagation relies on a discretisation of the foreground and background
uncertainty (w, ¢) into a set of uncertainty scenarios by sampling their probability distributions.

The proposed implementation proceeds by first simulating the foreground process flowsheets
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using Aspen HYSYS for each realisation of w, resulting in the foreground elementary flows
EF¢.(w) and the scaling factors p,_,s(w) and ps,y(w). Next, the elementary and intermediate
flows in the background system are computed for the corresponding uncertainty realisations of ¢
using Matlab. This may also involve simulating other process flowsheets developed for bridging
gaps in the background inventories. All these flows are then combined into the total upstream
and downstream inventories LCL® () and LCI;;WH(QO). Finally, these background inventories
are rescaled and combined with the corresponding elementary flows EF¢ . from the foreground
processes (Equation R6.2), before applying a characterisation method to determine the predicted
impacts EI, in the midpoint or endpoint categories of interest for each uncertainty scenario
(Equation R6.1). The uncertainty scenario generation and propagation are also coordinated
using Matlab. The relative error € of the sample mean fig;. for a sample size N at a given
confidence level (1 —«a)100% is estimated using Equation (R6.5), where 6y, is the corresponding
sample standard deviation [228]. This estimate could also be used as a termination condition

inside a loop that can incrementally increase the number of uncertainty scenarios.

OFL tg N-1
e = e BN (R6.5)
fEL VN

6.2.3 Sensitivity analysis of foreground and background uncertain-
ties

Analysing the sensitivity of each environmental impact EI, with respect to both the uncertain
foreground parameters w and background parameters ¢ entails quantifying the contribution
of each of these parameters to the total variance of EI,. A key challenge is the presence of
interactions between multiple uncertain parameters, so the total variance of EI, may not be
explained by simply adding up separate contributions from each parameter. Such interactions are
evident from Equation (R6.2), where LCLE (¢) and LCI;ffvevn(cp) are respectively multiplied by
pp—t(w) and pry(w). Additional interactions may also occur between the uncertain foreground
parameters. OTSA is inappropriate in this context because it ignores such interactions, so

it is necessary to resort to global sensitivity analysis (GSA) instead. The focus herein is on
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variance-based GSA techniques, which compute so-called Sobol indices that can be directly
interpreted as measures of sensitivity. This class of GSA techniques is attractive because
they measure sensitivity across the whole input space and compare favourably to other GSA
approaches [229], yet they have not been widely applied in LCA applications thus far [206].

A second challenge with analysing the sensitivity of the environmental impacts EI, is
the high dimensionality of the uncertain parameters ¢ in the background system. Herein, this
high dimensionality may be reduced by lumping multiple background parameters, as shown
in Equation (R6.6). The new parameters BELY, (Equation R6.7) represent the background
environmental impact in category z, generated by the immediate upstream process p € U, either
directly or via the processes upstream of p in the technosphere. The new parameters BEI;?Wn
(Equation R6.8) have a similar interpretation for the immediate downstream process p’ € D.
For each impact category z, the size of these two sets of lumped parameters corresponds to the
number of processes immediately upstream or downstream of the foreground processes times, a
much smaller number compared to all the elementary and intermediate flows in the background
system. Naturally, a follow-up sensitivity analysis can be conducted for any lumped parameter

BEL? or BEIﬁﬁ‘gn to identify its main contributing factors.

EL =Y EF;(w)CFe.+ Y ppot(w) BELR (9) + ) prey(w) BEIYY () (R6.6)
eeE pEU; p' €Dy
with:  BEL® (¢) => LCI® (¢ (R6.7)
ecE
BEIY™™ () = > LCIP™ () CF. . (R6.8)
eclE

The computation of the Sobol indices is conducted using the software SobolGSA [230, 231],
where the following indirect approach is selected. In the first step, metamodels are regressed for
each impact EI, with respect to the foreground uncertainties w and the lumped background un-
certainties BELY | BEI;'}OVZV“, by leveraging the available samples from the foreground-background
uncertainty propagation (Step III). The metamodel representation of choice is the random-

sampling high-dimensional model representation (RS-HDMR) [232, 233], where only low-order

interactions (up to second-order interaction) between input parameters are accounted for to
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reduce the computational time and tackle problems with several dozen input parameters. In
the second step, the coefficients of the RS-HDMR metamodel are used to compute the Sobol
sensitivity indices [234] at no additional cost. These sensitivity indices measure how much of the
total variance of EI, is attributable to the uncertain parameters, either separately (first-order
effects) or in combination with other parameters (second- and total-order effects). Notably,
SobolGSA implements other metamodelling techniques and GSA approaches, which is convenient

for making comparisons.

6.3 Case study definition and implementation

The proposed case study compares the environmental impacts associated with the production at
the industrial scale of two dialkylimidazolium ILs: 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF,] and 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PFs]. Process
flowsheeting in Aspen HYSY'S (version 9.0) is used to scale-up experimental synthesis procedures
for [BMIM][BF,4] and [BMIM][PF],[235] which comprise the foreground system. Process
flowsheeting is also used to bridge inventory gaps for two of their precursors in ecoinvent as
part of the background system, namely 1-butyl-3-methylimidazolium chloride [BMIM]CI and
1-chlorobutane. The relevant process models and the methods and tools used to conduct the
LCA are described in the following subsections, after which the main steps of the uncertainty

quantification are summarised.

6.3.1 Modelling of ionic liquid production processes

[BMIM]|[BF,] and [BMIM][PFg] Production The syntheses of [BMIM|[BF,] and [BMIM][PFg]
follow the metathesis procedure proposed by Chen et al. [148] (Figure 6.3). For [BMIM][BF,], the
synthesis proceeds via anion exchange between [BMIM]CI and sodium tetrafluoroborate NaBFy,
producing solid NaCl as a by-product—Reaction (R6.9) with X := BF; and Y := Na. For

[BMIM][PFg], the anion exchange occurs between [BMIM]CI and lithium hexafluorophosphate
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Figure 6.3: Process flow diagram of scale-up ionic liquid production. The dotted blue box
indicates the unit operations with uncertain parameters.

LiPFg—Reaction (R6.9) with X := PFg and Y := Li.

[BMIM]CI + YX — [BMIM][X] + YCI (R6.9)

[BMIM]CI is mixed with an excess of YX under atmospheric conditions. The reaction mixture is
separated into an upper phase, which contains the main aqueous product with impurities, and
a lower phase containing solid YCl and undissolved YX. The upper phase is sent to a 3-stage
washer using YX solution to remove impurities. In the final step, [BMIM][Y] is separated from

water in a vacuum flash vessel, resulting in aqueous [BMIM][X] with 25 wt% water content.

[BMIM]CI production The production process of the [BMIM]CI precursor (Figure S1)
is based on the experimental procedure reported by Baba et al. [150]. It starts by mixing
1-methylimidazole in toluene with excess 1-chlorobutane and running the reaction at 112 °C
under atmospheric pressure. [BMIM]CI is separated in a vacuum flash vessel from toluene and

other unreacted materials, which are returned to the reactor.
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1-Chlorobutane production The production process of 1-chlorobutane (Figure S2) starts
by reacting 1-butanol with an excess of hydrochloric acid at 120 °C.[152] The product mixture is
cooled down to 25 °C and sent to a flash vessel tank, where the vapour phase containing mainly
hydrochloric acid is separated. The liquid phase is then reheated to 69 °C and sent to a second

flash vessel, where 1-chlorobutane is isolated from the residual 1-butanol and excess water.

Physical property estimation UNIQUAQ is used as the thermodynamic package in As-
pen HYSYS. Since [BMIM][BF,], [BMIM][PF¢|, [BMIM|CI], NaBF,, LiPFg, LiCl, and 1-
methylimidazole are currently unavailable in the Aspen HYSYS database, pseudo-components
are created to estimate their properties. The methodology is described in Chapter 3, while the
complete set of properties is reported in Tables A.1-A.2, A.5, A.9, C.1-C.3. Physical properties,
such as densities, are retrieved from the literature [121]. Critical properties and normal boiling
points of the ILs are estimated using the group contribution method reported by Valderrama
and Rojas [122]. Properties of other pseudo-components are estimated from their molecular
structure using the Aspen HYSYS built-in property constant estimation system. The heat of

formations are determined using quantum calculations.

6.3.2 Environmental assessment

The LCA follows the ISO 14040 principles and is conducted using the software SimaPro (version

9.0) interfaced with ecoinvent 3.5 [109].

(i) Goal and scope The goal of the environmental assessment is to compare the production of
the dialkylimidazolium ILs, [BMIM]|[BF,] and [BMIM][PFs]. A cradle-to-gate scope is adopted,
which includes all processes from raw material extraction to IL production, but excludes any
further processing, use or waste management after the production. Since ILs are commonly
sold by weight, and the functional unit is defined as ”1 kg of ionic liquid”. Furthermore, it is
assumed that [BMIM][BF,] and [BMIM][PFg] are the single products of each process alternative,

so no allocation is needed, and the geographical location is chosen as Europe.
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(ii) Life-cycle inventory (LCI) The mass and energy flows for the production processes
of [BMIM|[BF,] and [BMIM][PFs] and both precursors, [BMIM|CI and 1-chlorobutane, are
predicted using process flowsheeting in Aspen HYSYS. These inventories are combined with
data gathered from ecoinvent for the rest of the background processes to quantify the LCIs of
[BMIM][BF,4] and [BMIM][BFg]. A complete list of the foreground inventory flows, expressed
for the functional unit, can be found in Tables A.24, A.26—A.27, C.4. The methods used to
quantify the air and water emissions are reported in Table 3.1. They follow the guidelines set

by Hischier et al. [111], which are used for many processes in ecoinvent and ensure consistency.

(iii) Life-cycle impact assessment (LCIA) The LCI entries are converted into environ-
mental impacts using the ReCiPe 2016 methodology [112]. These impacts are first categorised
into 18 midpoint indicators, including global warming, toxicity, ozone depletion, and land use,
and then further aggregated into three endpoint categories: the damage areas of resources,
human health, and ecosystems quality. The assessment follows the hierarchist perspective, which
is based on the cultural theory of scientific agreement and adopts a medium timeframe of 100
years for the environmental impacts. The complete ReCiPe midpoint and endpoint results are

given in Tables C.5 & C.6, respectively, for the functional unit.

(iv) Interpretation and uncertainty analysis The quantification of both foreground and
background uncertainties follows the proposed methodology (Steps II to IV in Figure 6.1).
In the foreground system, nine uncertain parameters are considered in the process models of
[BMIM][BF,] and [BMIM][PFg] production (cf. Table C.9 & C.7). Five of them correspond
to uncertain operating conditions, namely the pressure drops in the reactor (APg) and in
the washer (APy), the temperature (Tyr) and pressure (Pyp) in the vacuum flash vessel,
and the purge split ratio (PUR); cf. Figure 6.3, where the corresponding units are identified.
Most of these operating conditions (APg, APy, Pyr, PUR) are highly uncertain since the
process models are scaled up from experimental synthesis procedures, and thus, described by
a triangular distribution with a range of wide £50% around their nominal values. A smaller
uncertainty range of +£20% is considered for the operating temperature Tyr in the vacuum

flash unit as the nominal temperature corresponds to the maximal product yield, and the

123



Chapter 6. Global Sensitivity Analysis in Life-Cycle Assessment of Early-Stage Technology using
Detailed Process Simulation: Application to Dialkylimidazolium lonic Liquid Production

temperature can easily be controlled around this value in practice. The remaining four uncertain
parameters correspond to thermophysical properties, namely the heats of formation and densities
of [BMIM][BF4], [BMIM][PF;], and [BMIM]CL. These uncertainties are also modelled using
triangular distributions, with nominal values and uncertainty ranges based on experimental
errors from the literature. Concerning the background system, parametric uncertainties are
considered in the process model of [BMIM]|CI] and 1-chlorobutane production in the same
way. These uncertain parameters are reported in Tables C.8 & C.9 with their corresponding
nominal values and uncertainty ranges. Sample generation for all these uncertain parameters is
coordinated from Matlab using quasi-Monte Carlo sampling based on low-discrepancy Sobol
sequences [236], and interfaced with Aspen HYSYS for simulating the process flowsheets in
each uncertainty scenario. As explained in the methodology section, these are combined with
uncertainty scenarios of the elementary and intermediate background flows to predict the
distribution of each environmental impact EI,. A total of 10,000 uncertainty scenarios are used
for the various cases discussed in the following section. The relative error € of the mean of each
environmental impact, estimated using Equation (R6.5) at a 95% confidence level, is in the

range between 0.04-0.05.

Table 6.1: Uncertain model parameters, uncertainty sources, and ranges in flowsheet simulation
of [BMIM][BF,] production. Each uncertain parameter is assumed to follow a triangular
distribution.

Type Parameter Range Units
APR! 10+50% kPa
APy! 10+50% kPa

Operating Condition Tyr? 804+20% °C
PVFI 10i50% kPa
PUR! 0.1+50% -
p[BMIM} [BF4}3 1208i19% kg m_3

p[BMIM]mB 10804+19% kg m3
AHf[BMIM][BF4]4 —6.50+1.59¢5  kJ kmOlil
AHf [BMIM]C]4 —2.37+1.59¢5 kJ kmOI_l

Thermophysical Property

! Estimate based on heuristics.

2 Mean value based on an optimised base case.

3 Estimate based on the group contribution methods developed by Valderrama and
Rojas [122] with maximum standard deviation of 19 %.

4 Estimate based on the lattice energy and computational chemistry methods proposed
by Gao et al. [124] with a maximum deviation of —159kJ mol~*.
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In the sensitivity analysis, following the uncertainty propagation (Step IV), the following
seven lumped background impacts are considered alongside the nine uncertain foreground
parameters: production of [BMIM]CI (BEIPMMI) " production of sodium tetrafluoroborate
(BEIY®B¥4) or lithium hexafluorophosphate (BEIYFF¢), production of construction materials
(BEI™), production of thermal energy (BEI'"), production of electricity (BEI®), production of
water (BEI™), and wastewater treatment (BEI'™"). Recall that the uncertainty realisations for
all these lumped background impacts can be computed using the elementary and intermediate
background flow samples that are already available from the uncertain propagation (Step III,
Equations R6.7 & R6.8). But since the lumped background impacts are specific to a particular
impact category, a separate GSA needs to be conducted for each impact category z. Of the
10,000 samples available from the uncertainty propagation, 9,000 are used to construct the
RS-HDMR metamodels in SobolGSA, and the remaining 1,000 samples are used for testing. The
coefficients of the RS-HDMR metamodels are estimated via regression. The statistical fitness
measure for the metamodels of different endpoint impact categories for both ILs is R? > 0.90.
Finally, the Sobol indices derived from the RS-HDMR model coefficients are normalised by
the sample variance of the corresponding impact EI, (rather than the sum of the first- and

second-order indices) to detect the presence of higher-order interactions.

6.4 Case study results and discussions

6.4.1 Nominal environmental assessment

The bar charts in Figure 6.4 summarise the nominal LCA results for all three endpoint damage
categories—human health, ecosystem quality, and resources—on a per-weight basis of ionic
liquid. The complete set of midpoint and endpoint indicators can be found in Tables C.5 & C.6
of Appendix C. This nominal comparison suggests that the production of [BMIM]|[BFy| presents
lower environmental impacts than [BMIM][PFg| in all damage areas. Damages to human health
are reduced by 21%, ecosystems quality damage by 16%, and resources by 10%. Since both ILs
are produced using the same process and share the same cation, these differences are attributed

to the different anions and their respective production trees.
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Figure 6.4: Nominal LCA comparison of endpoint indicators for the production of [BMIM][BF,]
and [BMIM][PFg).

Regarding the damage area of human health, producing the precursor [BMIM]|CI con-
tributes 32% and 20% of the life-cycle impacts of [BMIM]|[BF,] and [BMIM][PFg|, respectively.
This is significantly less than the production of their anionic counterparts, NaBF, and LiPFg,
which contribute 65% and 79%, respectively. The largest midpoint contributions to this endpoint
damage area for both ILs are global warming, mostly due to carbon dioxide emissions, and
fine particulate formation, mainly due to emissions of sulphur dioxide and <2.5 pm particulate
matter.

Concerning the area of ecosystem quality, [BMIM]|CI production is responsible for 45%
and 29% of the impacts of [BMIM][BF,] and [BMIM][PFg], respectively, while their anionic
counterparts, NaBF, and LiPFg, contribute a larger share of 51% and 69%, respectively. The
main midpoint contributions to this endpoint damage area for both ionic liquids are global
warming (>50%), acidification, terrestrial ozone formation, and water consumption. Acidification
is mainly due to sulphur dioxide emissions, ozone formation to toluene emissions, and water
consumption to hydropower electricity production.

For the resource area, the production of [BMIM]CI is responsible for a majority (56%) of
the impacts of [BMIM][BF,], followed by the production of NaBF4 (42%). These contributions
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are flipped for [BMIM][PFg], with the production of LiPFg causing a majority of the impacts
(61%) compared to the production of [BMIM]CI (38%). Part of this difference is explained by
the fact that the anion [PFg| is heavier than [BF,]", making up 51% of the molecular weight
of [BMIM][PFg], while [BF4]" only accounts for 38% of the molecular weight of [BMIM][BF].
Nearly all of these endpoint damages are caused by fossil fuel scarcity (>99%) at the midpoint
level, mainly due to natural gas (>45%) and crude oil (>45%) used in various processes and for

the transportation of intermediates.

6.4.2 Effect of the foreground and background uncertainties

Comparing both ILs in terms of their nominal LCA performance may lead to the idea that
the production of [BMIM][BF,] presents lower environmental impacts than [BMIM][PFg| in
all damage areas, and therefore, it is reasonable to discard the latter. However, the box plots
in Figure 6.5 depict a different reality, whereby the range of impacts of both ILs overlap
significantly.

When all the foreground and background uncertainties are considered simultaneously
(scenario A), the damage caused by [BMIM][BF,4| on human health (left plot), ecosystem quality
(middle plot), and resources (right plot) are higher than those caused by [BMIM]|[PFg] in 21%,
15%, and 29% of the uncertainty scenarios, respectively (cf. top plot of Figure C.2). This
overlap is significantly larger than that for the traditional approach considering solely the
background uncertainties (scenario C), where the damage caused by [BMIM][BF,4] on human
health, ecosystem quality, and resources are higher than those of [BMIM]|[PFg] in 8%, 5%, and
20% of the scenarios (cf. bottom plot of Figure C.2). Thus, adding the foreground uncertainty to
the background uncertainty (scenario A) is necessary for a more reliable comparative assessment
of these two ILs.

When considering the foreground uncertainties alone (scenario B), notice that [BMIM][BF]
presents lower impacts on human health, ecosystem quality, and resources in nearly all of the
uncertainty scenarios. But even though the effect of the foreground uncertainties appears
to be modest in comparison to that of the background uncertainties, the combined effect of

the foreground and background uncertainties is significantly larger, with interquartile ranges
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Figure 6.5: LCA comparison of endpoint indicators for the production of [BMIM][BF,] and
[BMIM][PFg] under combined foreground /background uncertainty (A), foreground uncertainty
only (B), and background uncertainty only (C). A total of 10,000 uncertainty scenarios are
used in each case. The black points represent the mean. The central line inside each box
represents the median. The lower and upper ends of the box represent the first and third
quartiles, respectively. The lower and upper extended lines of the box represent the minimum
and maximum values, respectively.
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Figure 6.6: Breakdown of the sampled variance of each endpoint impact EI, in terms of their
first- and second-order Sobol indices for [BMIM]|[BFy] (top) and [BMIM]|[PFg| (bottom).

approximately two-fold greater for the environmental impacts in scenario A compared to
scenario C. This is mainly due to the multiplicative effect between foreground and background

uncertainties, as illustrated in Equation (R6.6).

6.4.3 Global sensitivity analysis of the impact assessment

The bar charts in Figure 6.6 show a breakdown of the sampled variance of each endpoint impact
EI, in terms of their first- and second-order Sobol indices, for both IL production processes and
under combined foreground /background uncertainty. The complete set of Sobol indices can
be found in Tables C.10 & C.11. It is found that a majority of the endpoint impact variance

is attributable to the background uncertainties, which agrees with the comparison between

129



Chapter 6. Global Sensitivity Analysis in Life-Cycle Assessment of Early-Stage Technology using
Detailed Process Simulation: Application to Dialkylimidazolium lonic Liquid Production

scenarios B and C in Figure 6.5. In the case of the ecosystem quality impact of [BMIM][PFg] for
instance, the first-order effects of the background uncertainty add up to 62%, while the combined
first-order effects of the foreground uncertainty are only 9%. Specifically, the most sensitive
background lumped parameters correspond to the production of the metal salt precursors NaBF,
and LiPFg used, respectively, for synthesising [BMIM][BF,4| and [BMIM][PF¢], and to a lower
extend the precursor ionic liquid [BMIM]CI. This is not surprising because the production of
these precursors involves several complex synthesis steps, some of which feature highly uncertain
parameters, in comparison to other established background activities such as thermal energy
and electricity production. Regarding the foreground uncertainty, the most sensitive process
parameters correspond to the temperature Typ and pressure Pyp in the vacuum flash vessel.
The former impacts the evaporative (trace) losses of IL, whereas the latter modifies the phase
equilibrium of the IL-water mixture, which are both impacting the final yields of IL. On top
of these first-order effects, second-order interactions between the foreground and background
parameters also contribute significantly (around 30%) to the variance of the environmental
impacts, while higher-order interactions are negligible in this case. Such second-order effects were
indeed expected given that the variance in scenario A of Figure 6.5 is much larger than those
of scenarios B and C combined. The largest interactions are between the lumped background
parameters BEIPMMIC - gpNaBFa o BRILHPFe and the vacuum flash temperature Typ and
pressure Pyp in the foreground processes. A small interaction is also observed between the
two foreground parameters Tyr and Py due to their joint effect on the phase equilibrium of
the IL-water mixture, whereas no interaction between the lumped background parameters is
permitted here due to their additive structure in Equation (R6.6). Notably, since the foreground
uncertainty parameters correspond to the same operational uncertainties in both production
processes of [BMIM][BF,] and [BMIM]|[PFg|, they would likely be set consistently in industrial
processes. It may be overly conservative, therefore, to treat these uncertainties independently.

Given the prominent role of the IL precursors on the variance of the environmental
impacts, a follow-up GSA may be conducted to further apportion the uncertainty in the lumped
background parameters BEIA[ZBI\AH\A]CI7 BEIEE"BF‘1 and BEII;iP Fs now acting as outputs, in terms of

their upstream process activities. To demonstrate this process, the bar charts in Figure 6.7 show
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Figure 6.7: Breakdown of the sampled variance of the lumped background parameters BEIE&BF4

in all three endpoint impact categories in terms of Sobol indices, using combined foreground
and background uncertainty.

a breakdown of the sampled variance of BEIZNB‘BF‘1 in each endpoint impact category z, where
the corresponding lumped background activities are: production of boron trifuoride (BEIEF3),
production of sodium fluoride (BELY*F), production of diethyl ether (BEI®29), production
of construction materials (BEI™), production of thermal energy (BEIY"), and production
of electricity (BEI?). The production of the main reagents BF3 and NaF, both required in
large quantities, accounts for most of the variance in this background parameter, namely
BEIP"s (58-60%) and BEIY® (25-30%)-—cf. Table C.12 for the complete sensitivity results. In
the resources damage area, diethly ether also contributes a non-negligible share (8%) of the
variance of BELY*P" as this solvent is fossil-based and subject to large evaporative losses. By
construction, the lumped background parameters BEIZF?, BEIY®F, BEI®2C BEI™* BEI'" and
BEI? contribute additively to BEIY*®¥  so this apportionment only comprises first-order Sobol

I[ZBMIM] Cl and

indices. Similar conclusions can be drawn on apportioning the variance of BE
BEIX™ ¢ in terms of their upstream activities.

Instead of applying variance-based GSA, other approaches, such as OTSA, can be pursued
to analyse the LCA results. Applied to the foreground system, OTSA allows the ranking of the
uncertain foreground parameter in the order of importance. One caveat with OTSA, however,

is that it keeps all the parameters but one constant at their nominal values, thereby neglecting

cross-interactions amongst parameters as well as nonlinearity effects for the set parameters.
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Using the same uncertainty ranges as in Table C.9, OTSA dramatically underestimates the
sensitivity of the temperature Tyr and pressure Pyp in the vacuum flash vessel compared to the
other foreground parameters (cf. Tables C.10 & C.11). This is because these two parameters
present a strong mutual interaction and cause large variations when their values are low compared
to the nominal temperature and pressure. Regarding the background system, it is possible to
apply a similar parameter lumping as in Equation (R6.6) to reduce the dimensionality of the
sensitivity analysis. Nevertheless, the main limitation is that OTSA cannot account for any
of the interactions between the foreground and background parameters, which are known to
contribute significantly to the variance of the environmental impacts (cf. Figures 6.5 & 6.6).
This is in contrast to variance-based GSA methods that evaluate the effect of a parameter
while also varying all the other parameters, thereby accounting for cross-interactions between
parameters and being independent of choosing a nominal point. The interpretation of the Sobol
indices is also unambiguous in terms of apportioning the variance of the environmental impacts
to the foreground and background parameters. All for the results suggest that variance-based

GSA is the method of choice in LCA of early-stage technologies.

6.5 Conclusions

This chapter presented a methodology for the reliable life-cycle assessment of emerging technolo-
gies. The methodology relies on detailed process simulation to bridge the gaps in the foreground
and background inventory data. This methodology builds upon nominal LCA to quantify the
environmental impacts in different damage areas and identify the activities contributing the
most to these impacts. One main novelty involves quantifying the variance of the environmental
impacts via joint uncertainty propagation in the foreground and background inventories, and
for the first time, including uncertain physical parameters and uncertain design or operating
parameters in the process models used to predict the performance of early-stage technology at
scale. A second key contribution is a tailored GSA approach to apportioning the variance of
each environmental impact in terms of the foreground and background uncertainties, where

a reduced set of lumped background parameters corresponding to the immediate upstream
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and downstream processes is considered rather than the complete set of uncertain background
flows. This lumping facilitates the sensitivity results interpretation, while not impairing the
generality of the analysis since a follow-up GSA may be conducted for the most sensitive lumped
parameters if necessary. Additionally, unlike traditional approaches for ranking the uncertain
parameters in order of importance, such as OTSA, variance-based GSA measures sensitivity
across the whole parameter space, including cross-interactions between parameters and making
it intuitive to interpret the resulting Sobol indices in terms of variance contributions. Another
advantage of this methodology is that its implementation leverages state-of-the-art software,
such as the process simulator Aspen HYSYS, along with the database ecoinvent, interfaced with
Matlab and GSA toolkit SobolGSA, and may be conveniently orchestrated from a platform
such as Matlab.

IL production, which remains at a low TRL, has provided an ideal case study for demon-
strating the methodology. A nominal LCA comparison between the dialkylimidazolium ILs,
[BMIM][BF4| and [BMIM][PF¢], showed that the former has lower environmental impacts by
10-20% in all three endpoint damage areas and nearly all of these impacts are associated with
the production of the precursors [BMIM]CI, NaBF, and LiPFs. However, a different reality
emerged after quantifying the effects of both foreground and background uncertainties on the
environmental impact predictions, due to significant overlaps between the impact ranges of
[BMIM][BF,] and [BMIM][PFg|. This analysis also revealed that the consideration of foreground
uncertainty alongside the background uncertainty can approximately double the impact ranges
compared to the effect of background uncertainty alone. The results of the variance-based GSA
can establish that a majority of the impact ranges are caused by only four uncertain parameters:
the lumped background parameters representing the production impacts of the precursors
[BMIM]CI and either NaBF, or LiPFs—the variations that attributed mainly to the production
of solvents and reagents; and the vacuum flash temperature and pressure in the foreground
processes. Significant interactions were also revealed between the foreground and background
parameters, in agreement with the uncertainty quantification results. Overall, these findings
illustrate how foreground uncertainties in early-stage technology assessment can exacerbate the

variability of environmental impacts and therefore should not be ignored. For completeness,
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a follow-up work would be needed for expanding this uncertainty-GSA framework to include
LCC uncertainties embedded in raw materials and utilites market prices volatility throughout
the whole supply chain. Finally, looking beyond ILs, the application of this methodology may
provide useful insight into the assessment of early-stage CO, technology and other feedstock

recycling technologies for certain types of plastic waste.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions and contributions made

The contributions of this dissertation have one common objective, which is to promote holistic
sustainability assessment modelling approaches and effective decision-making tools to evaluate
the economic and environmental performance of ILs through life-cycle reasoning. The novelties
are based on the integration of process systems engineering methods with LCA and LCC along
with decision-making and analysis approaches and tools to help researchers and decision-makers
working with IL technologies to address the challenges of conducting such assessments for novel
technologies while improving the sustainability of their processes and products. The case studies
presented in this thesis have demonstrated the efficiency of these methods and tools. The

following section will discuss these contributions in detail.

e A systematic framework for the sustainability assessment of ILs was developed. This not
only establishes a basis for evaluating ILs and compares them with their counterparts but
also ensures assessment completeness, addresses gaps and inconsistencies commonly found
in the literature, and reduces evaluation uncertainty. The framework consists of integrated
methods, approaches, and tools, with two main objectives. First, the framework aims
to provide a clear structure and specific guidelines for conducting LCA and LCC of ILs,
which have been successfully applied throughout this work. Second, the framework aims

to address the gaps in data by implementing state-of-the-art LCA and process engineering
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approaches and tools, e.g., LCA proxy data for inventory analysis and semi-empirical data
for IL physiochemical properties. The framework was successfully applied to two novel
case studies, stressing the importance of incorporating both economic and environmental
indicators while ensuring these indicators fully cover environmental protection areas,
e.g., ReCiPe endpoints, for complete and meaningful assessment. The LCA results of
[BMIM][BF,] obtained from the metathesis route show that using incomplete data and
short-cut approaches, such as stoichiometric calculations, can have a severe impact on

the evaluation, and in this particular case, it can underestimate the actual impacts of

[BMIM][BF].

Monetization was incorporated to improve the decision-making process using the base
framework. This is especially critical when facing multi-criteria problems and comparing
alternatives with trade-offs. The method was applied in the case study of [HSO,]-based
ILs and proved to be effective, especially when comparing the economic and environmental
indicators for the production of the different biomass pretreatment solvents. The results
showed that [HMIM][HSO,] had the highest cost, glycerol had the highest human health and
ecosystem impacts, and acetone had the highest damage on resources. Using monetization
turned this multi-criteria problem into a single-criterion problem, which is the total cost,
by converting environmental impacts into indirect costs (externalities). When adding
up direct and indirect costs, glycerol had the highest total cost due to several activities
involved in its production such as deforestation and land use. Therefore, it was revealed
that renewable chemicals, such as glycerol, may reduce the amount of non-renewable
sources drastically, but this can be at the cost of higher environmental impacts in other
categories such as human health and ecosystem quality, i.e., shifting the burdens from one
category to another. By using monetization, these hidden costs can be quantified, and
sustainability assessment decision-making is improved by looking at all the conflicting

economic and environmental indicators from a single criterion.

The case study of the metathesis [BMIM][BF,4| and halide-free [BMIM][BF,] proves that

it is of paramount importance to consider the different alternative synthesis routes of
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ILs. The results showed that the cost of halide-free [BMIM][BF,] was nearly half of the
metathesis [BMIM][BF,]. Similarly, the environmental impacts were cut by over 65% in all
categories: human health, ecosystem quality, and resources when halide-free [BMIM]|[BF ]
was used instead. This credit in cost and environmental impacts obtained by switching to
an alternative synthesis route proved to be highly effective when the IL was compared
against its counterparts in fuel desulfurization. In particular, the halide-free [BMIM]|[BF ]
had the lowest cost and environmental impacts in all categories among the desulfurization
solvents while the metathesis [BMIM][BF,] had higher human health and ecosystem quality
impacts and its cost was relatively higher than acetonitrile. This shows that the choice of
the IL synthesis route can have a significant impact on the assessment results and that in

turn can affect decision-making when considering their use in different applications.

The results obtained from the [BMIM][BF,] in fuel desulfurization and HSO,4 ILs in
biomass pretreatment case studies stress the importance of including the use phase in the
assessment of ILs, especially when compared to other types of chemical like VOCs. For
example, [BMIM][BF,] production cost in both synthesis routes in the fuel desulfurization
case study was much higher than that of acetonitrile and DMF. They also had higher
environmental impacts, except for halide-free [BMIM][BF,] in resource depletion, in all
categories. However, when the use phase was included, both cost and environmental
impacts were reduced significantly, and the cost and environmental impacts of the use
of the halide-free [BMIM][BF,] were lower than its counterparts. Similarly, the cost
and environmental impacts for the combined production and use of both protic ILs in
the biomass pretreatment case study were much lower than the conventional solvents
acetone and glycerol compared to the case of accounting for the production phase only
where ILs could be higher. In both cases, the significant reduction in the economic and
environmental indicators of ILs is mainly due to their negligible losses pertaining to their
superior recyclability which is a key advantage for their use over conventional chemicals

to improve sustainability.

137



Chapter 7. Conclusions and Future Work

e A framework combining LCA, uncertainty analysis, and global sensitivity analysis with
process design and simulation was developed. This is necessary to address the common
approach followed when conducting an LCA uncertainty analysis and sensitivity analysis.
Unlike the conventional uncertainty analysis, which omits uncertainties embedded in the
simulation model and considers only background uncertainties obtained from databases, the
developed framework considers both process model uncertainties (foreground uncertainties)
and background uncertainties simultaneously. Additionally, the framework improves
existing approaches of sensitivity analysis that follow the OTSA method, i.e., varying
parameters one at a time, by applying a global approach that varies all parameters
within the entire input space simultaneously. The framework was applied to the case
study of the production of [BMIM][BF,] and [BMIM][PFs] and proves to be effective
in presenting the full range of uncertainty and identifying the actual key uncertain
parameters. The results showed that [BMIM][BF,] is favourable under all categories when
foreground uncertainties only were considered, and its effect was stressed when combined
with background uncertainties causing a significant uncertainty overlap, which is over
30% higher compared to the case where only background uncertainties were considered.
Therefore, not accounting for the foreground uncertainties can lead to erroneous results,
especially when comparing processes and products with impacts of the same order. It was
also shown that using GSA reduced the number of key uncertain parameters from seven
down to only two which is over 70% due to the binary contributions accounted for in
GSA. Thus, in this specific case study, GSA proves to be superior to OTSA in identifying
key uncertain parameters and using it can make the experiment or simulation, especially
those which require thousands of samples or run slow, to run more efficiently. Finally, this
uncertainty-GSA framework further enhances and complements the base framework used
throughout this thesis, and combined, they offer a more robust and complete framework

that can be applied to ILs and similar novel chemicals.
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7.2 Future work

The thesis focused on developing a methodological framework applied through case studies to
improve the sustainability assessment of ILs. However, this work may provide guidance and
a basis for future research. The following section will discuss some ideas and directions for
potential research projects that can accelerate endeavours aimed towards sustainability-based
evaluation and screening of ILs at an early stage, which helps speed up their adoption on a

large scale.

e The scope of the assessment in this thesis included the production and use of ionic liquids.
This is to assess the potential of ILs as sustainable alternatives knowing that their losses
are negligible (assuming stability and non-aqueous losses) in most applications compared
to conventional chemicals such as VOCs. However, it is still not considered complete
without including the disposal phase. Unfortunately, data about the fate, exposure, and
effect of ILs and their quantified impacts on the environment are limited, regardless of the
large number of studies investigating their environmental characteristics, including toxicity
and biodegradability. In addition, existing characterisation models, such as USEtox, are
limited to certain chemicals and may not be suitable for predicting the toxicity of ILs.
Therefore, ILs characterisation models need to be developed based on actual experiments
to help LCA practitioners and experts quantify the environmental impacts of ILs when

disposed of to improve the accuracy of the assessments.

e In this thesis, only a few ILs representing the two main classes of ILs have been studied.
However, there are thousands of ILs with properties suitable for many applications that
also need to be considered, for example, certain applications where the use of ILs is more
advantageous but its losses are non-negligible and may require ILs that are less harmful to
the environment. In this case, this may refer to the use of ILs, such as choline-based ILs,
which were found to be harmless and readily biodegradable. However, this should also
be combined with a careful study of the different available synthesis routes because the

impacts from the production will be more stressed when non-negligible losses are present.
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Chapter 7. Conclusions and Future Work

e The advantage of ILs over conventional chemicals in the presented case studies does not
necessarily mean that their use is superior in all applications from a sustainability point of
view, and hence, more applications where ILs are used need to be studied and evaluated.
Every application involves certain factors and requirements that need to be accounted for
when considering the use of ILs. For example, ILs tend to be less attractive in applications
where they are consumed rather than re-used, e.g., energetic ILs, due to their complex
synthesis as presented in this work. Additionally, the assessment of the use phase included
in the case studies may not be accurate since they were based on a few parameters believed
to be the determining factors of the overall performance. However, detailed modelling
of the use phase, similar to what has been done on the production of ILs in this work,

should be used to further improve the reliability of the assessment.

e The uncertainty-GSA framework presented in Chapter 6 focused mainly on uncertainties
in the LCA part, which come from process parameters as well as background inventory.
However, volatility of market prices of feedstocks and utilities may affect LCC results
as well. Therefore, a revised uncertainty-GSA framework is needed to include LCC
uncertainties for completeness in a similar fashion to LCA. Additionally, the monetization
values presented in Chapter 5 carry a wide range of uncertainty, which also need be

accounted for in LCA when implementing this framework.

e Finally, to accelerate the efforts mentioned above and improve the reliability of the
assessment, it is necessary to develop fast prediction models based on actual experimental
data for estimating the different pure and mixed IL properties. This is required to improve
the underlying data and enable researchers to conduct further experiments or run process
simulations that can utilise such data. For example, phase equilibrium properties and
activity coefficients are needed to improve the accuracy of process simulations involving
multi-phase mixture separations. Additionally, to address the extensive number of ILs
available, the results of the detailed assessments can be fed into other models for predicting
the economic and environmental indicators for fast and reliable screening of ILs in terms

of their sustainability.
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

A.1 Modelling and simulation

Table A.1: 1-methylimidazole properties

Property Value Units
MW 82.10 g mol!
BP 198 [237] °C

Density 1030 [237] kg m™
AH; 125700 [238] kJ kmol!

T. 490.90 °C

P, 6086 kPa

Ve 0.26 m? kmol™!
Acentricity 0.35 -

Table A.2: [BMIM]|[BF,] properties

Property Value Units
MW 226 g mol™!
BP 222.05 [122] °C

Density 1208 [122] kg m™
A Hg -650300 kJ kmol!
T. 370.10 [122] °C
P, 2038 [122] kPa
Ve 0.66 [122]  m3 kmol!

Acentricity  0.89 [122] -
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A.1. Modelling and simulation

Table A.3: [BBIM][BF,] properties
Property Value Units
MW 268 g mol!
BP 200.75 [122]  °C
Density 971 [122] kg m™
AH; -817866 kJ kmol™!
T. 440.25 [122] °C
P. 1427 [122] kPa
Ve 0.83 [122]  m? kmol!
Acentricity  0.88 [122]

Table A.4: [MMIM][BF,] properties

Property Value Units
MW 184 g mol™?
BP 153.45 [122] °C

Density 1582 [122] kg m™
A Hg -585306 kJ kmol!
T. 299.45 [122] °C
P. 3145 [122] kPa
Ve 0.48 [122]  m? kmol™!
Acentricity  0.88 [122] -
Table A.5: [BMIM]CI properties

Property Value Units
MW 175 g mol!
BP 285 [122] °C

Density 1080 [122]  kg/m?
AH; 2237000 kJ kmol!
T. 516 [122] °C
P, 2790 [122]  kPa
Ve 0.57 [122] m?® kmol!
Acentricity 0.49 [122] -
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

Table A.6: Fluoroboric acid properties

Property  Value Units

MW 87.80 g mol™!
BP 130 °C
Density 1370 kg/m3
AH; -1530000 kJ kmol!

T 386 °C
P, 5710 kPa
Ve 0.24 m? kmol!

Acentricity 0.17 -

Table A.7: Boric acid properties

Property  Value Units

MW 61.80 g mol™?
BP 300 °C
Density 1440 kg/m?3
AH; -1090000  kJ kmol™*
T 588 °C
P, 2970 kPa
V. 0.44 m? kmol™

Acentricity 0.25 -

Table A.8: Sodium bicarbonate properties

Property Value Units

MW 84 g mol!
BP 873 °C
Density 2200 kg/m3
AH; -951000 kJ kmol™*
T 1100 °C
P, 1640 kPa
Ve 1.82 m? kmol™!

Acentricity 1.81 -
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A.1. Modelling and simulation

Table A.9: Sodium tetrafluoroborate properties

Property  Value Units

MW 110 g mol!
BP 500 °C
Density 2470 kg/m3
AH; -1850000 kJ kmol™*
T 782 °C
P, 2260 kPa
V. 0.82 m? kmol™

Acentricity 0.59 —

Purge Gaseous
i Mixture <
S
175.5°C -
1.1 bar
Recycle
112°C
25°C
1 bar
1-Methylimidazole
—_ > Q
Toluene Heater
u
o) —>
> > 100°C
> 100°C 0.1 bar
Flash Tank

Cooler 1.1 bar
1-Chlorobutane o
3 112°C
O 1.1 bar Reactor ; I
112°C O
1 bar

[BMIM][CI] (Product)

Figure A.1: [BMIM]CI process flow diagram
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

676 kmol/hr
Purge
25°C

25°C
1 bar Compressor

162.9 kmol/hr Vapor Mixture
Methylamine P
—

162.9 kmol/hr

0
Glyoxal
— (5 . 80°C
127°C 2.5 bar
3 bar 80°C
—> —
S

162.9 kmol/hr Biphasic

Reactor
Formaldehyde Cooler 98°C
156 P : 1 bar
4}% .5 bar 98°C

162.9 kmol/hr > ; Flash Tank
Valve —
Ammonia \L
162.9 kmol/hr
—>
Water 1-Methylimidazole (Product)

Heater
Pump 138.5 kmol/hr
97 wt% 1-Methylimidazole
3 wt% Water

Figure A.2: 1-Methylimidazole process flow diagram
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Figure A.3: 1-Chlorobutane process flow diagram
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Figure A.4: Fluoroboric acid process flow diagram
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A.2. Economic assessment

A.2 Economic assessment

Table A.10: Commodity prices used in economic assessment

Commodity Price ($)
Methylamine (kg) 1.16
Glyoxal (kg) 1.78
Formaldehyde (kg) 0.38
Ammonia (kg) 0.56
Sodium tetrafluoroborate (kg) 6.03
Diethylether (kg) 1.79
Sodium bicarbonate (kg) 0.38
Dichloromethane (kg) 1.57
Hydrogen chloride (kg) 0.20
1-Butanol (kg) 0.87
Hydrogen fluoride (kg) 3.2
Boric acid (kg) 1.89
Butylamine (kg) 1.71
Toluene (kg) 0.81
Tonized water (m?) 0.87
Cooling water (kg) 0.50
Steam (1000 kg) 25.0
Electricity (kWh) 0.16
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

Table A.11: Detailed CAPEX costs for 1-methylimidazole

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 6.35 / 22.22 1.48 x 1074
Reactor Volume (m?) 13.59 2.17 x 1074
Heater Area (m?) 2160.68 7.15 x 1074
Cooler 1 Area (m?) 159.45 7.15 x 1074
Cooler 2 Area (m?) 2265.48 7.15 x 107*
Cooling Tower Vol Flow (Ls™) 4624.28 1.67 x 1073
Pump 1 Vol Flow (Ls™) 5.49 7.25 x 107¢
Pump 2 Vol Flow (Ls™) 13.81 8.74 x 107¢
Pump 3 Vol Flow (Ls™) 1.96 6.73 x 107
Compressor 1~ Power (kWh) 497.51 1.69 x 1074
Compressor 2 Power (kWh) 520.19 1.74 x 1074
Compressor 3 Power (kWh) 519.87 1.74 x 1074
Compressor 4  Power (kWh) 7621.36 8.28 x 1074
CAPEX Component Total Cost ($ kg™!)
ISBL 4.1 x 1073
OSBL 1.6 x 1073
Ching 58 x 1071
Ccon 8.6 x 1074

Table A.12: Detailed OPEX costs for 1-methylimidazole

Feedstock/Utility Cost ($ kg™)
Methylamine 0.39
Glyoxal 1.34
Formaldehyde 0.15
Ammonia 0.12
Water 2 x 1074
Steam 0.03
Cooling Water 0.73
Electricity 0.05

OPEX Component Total Cost ($ kg™)

Covp 2.8235
Crep 0.0130
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A.2. Economic assessment

Table A.13: Detailed CAPEX costs for [BMIM][BF,] from metathesis process

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 8.60 / 34.50 4.25 x 107
Reactor Volume (m?) 4.52 1.15 x 1074
Decanter Volume (m?) 4.52 1.15x 1074
Washer Volume (m?) 10.20 2.56 x 1074
Heater Area (m?) 1150 4.46 x 10~
Cooler Area (m?) 1150 4.46 x 10~
Cooling Tower Vol Flow (Ls™) 0.55 7.58 x 107°
Pump 1 Vol Flow (Ls™) 13.90 7.58 x 107°
Pump 2 Vol Flow (Ls™) 9.46 8.75 x 107
Pump 3 Vol Flow (Ls™) 11.40 1.44 x 107
Pump 4 Vol Flow (Ls™) 31.30 9.04 x 107°
Pump 5 Vol Flow (Ls™) 12.30 8.46 x 107¢
Pump 6 Vol Flow (Ls™) 12.40 8.46 x 10~¢
Pump 7 Vol Flow (Ls™) 6.90 7.50 x 107

CAPEX Component

Total Cost ($ kg™t)

ISBL
OSBL
CEng
C'Con

1.45 x 1073
5.80 x 1074
2.03 x 10~
3.05 x 10~

Table A.14: Detailed OPEX costs for [BMIM]|[BFy] from metathesis process

Feedstock/Utility

Cost ($ kgt)

1-Butyl-3-methylimidazolium chloride
Sodium Tetrafluoroborate

Water
Steam

Cooling Water
Electricity

3.36
8.32
3.41 x 107°
3.48 x 1072
0.06
0.03

OPEX Component

Total Cost ($ kg™!)

Cvep
CFCP

11.80
0.01
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
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Table A.15: Detailed CAPEX costs for [BMIM]|[BF,] from halide-free process

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 4.60 / 34.50 1.53 x 10~*
Reactor Volume (m 3) 29.10 3.50 x 1074
Decanter Volume (m?) 32.60 3.92 x 107*
Extraction Column Volume (m?) 30.50 3.67 x 1074
Heater Area (m?) 464 1.86 x 1074
Cooler 1 Area (m?) 397 1.86 x 1074
Cooler 2 Area (m?) 246 1.86 x 1074
Cooling Tower Vol Flow (Ls™) 0.36 7.58 x 107°
Pump 1 Vol Flow (Ls™) 1.99 6.75 x 1076
Pump 2 Vol Flow (Ls™) 3.83 7.00 x 107¢
Pump 3 Vol Flow (Ls™) 3.01 6.87 x 107°
Pump 4 Vol Flow (Ls™) 2.51 6.79 x 107°
Pump 5 Vol Flow (Ls™) 1.42 6.67 x 107¢
Pump 6 Vol Flow (L) 1.41 6.67 x 107
Pump 7 Vol Flow (Ls™) 83.40 2.57 x 107°
Pump 8 Vol Flow (Ls™) 97.60 2.97 x 107°
Pump 9 Vol Flow (Ls™) 17.70 9.50 x 107¢
Pump 10 Vol Flow (Ls™) 17.90 9.54 x 107°
Pump 11 Vol Flow (Ls™) 7.49 7.58 x 1074
Compressor 1 Power (kWh) 102 7.17 x 107¢
Compressor 2 Power (kWh) 105 7.29 x 107¢
Compressor 3 Power (kWh) 929 2.42 x 1074

CAPEX Component

Total Cost ($ kg™*)

ISBL
OSBL
C1Eng
C(Con

1.51 x 1073
6.03 x 10~
2.11 x 107
3.17 x 10~*
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A.2. Economic assessment

Table A.16: Detailed OPEX costs for [BMIM][BF,] from halide-free process

Table A.17: Detailed CAPEX costs for [BMIM]CI

Feedstock/Utility Cost ($ kg™)
Methylamine 0.17
Glyoxal 0.48
Formaldehyde 0.06
Butylamine 0.59
Fluoroboric acid 1.79
Toluene 0.12
Water 1.06 x 10~*
Diethylether 0.22
Sodium bicarbonate 5.23 x 1073
Dichloromethane 0.35
Steam 1.52 x 1072
Cooling water 9.98 x 1073
Electricity 2.56

OPEX Component Total Cost ($ kg™)

Cvep
Crcp

6.37
0.01

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 3.68 / 12.89 1.39 x 1074
Reactor Volume (m?) 6.36 1.58 x 1074
Heater 1 Area (m?) 84.70 1.58 x 1074
Heater 2 Area (m?) 88.90 1.58 x 107
Cooler 1 Area (m?) 186 1.58 x 107*
Cooler 2 Area (m?) 232 1.58 x 1074
Cooling Tower Vol Flow (Ls™) 171 7.67 x107¢
Pump 1 Vol Flow (Ls™) 7.97 9.20 x 107
Pump 2 Vol Flow (Ls™) 16.20 1.46 x 107°
Pump 3 Vol Flow (Ls™) 11.70 7.75 x 107°
Pump 4 Vol Flow (Ls™) 8.36 2.42 x 1074
Compressor Power (kWh) 929 1.39 x 1074

CAPEX Component

Total Cost ($ kg™)

ISBL
OSBL
C(Eng
C(Con

5.05 x 10~*
2.02 x 10~*
7.08 x 1074
1.06 x 10~*




Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

Table A.18: Detailed OPEX costs for [BMIM]|CI

Feedstock/Utility Cost ($ kg™)
1-Methylimidazole 1.34
1-Chlorobutane 1.35
Toluene 0.17
Steam 2.18 x 1073
Cooling Water 2.96 x 1072
Electricity 4.06 x 1075

OPEX Component Total Cost ($ kg™)

Cvcp 2.89
Crcp 9.73 x 1073

Table A.19: Detailed CAPEX costs for 1-chlorobutane

Unit Specifications Eq. Cost ($kg™)
Flash Tank 1 ~ Diameter / Length (m) 12.50 / 68.70 8.50 x 107°
Flash Tank 2 Diameter / Length (m) 12.50 / 43.70 6.79 x 107°
Reactor Volume (m?) 1.81 7.38 x 1075
Heater 1 Area (m?) 69.66 2.84 x 1074
Heater 2 Area (m?) 410 2.84 x 1074
Heater 3 Area (m?) 47.78 2.84 x 1074
Cooler Area (m?) 1020 2.84 x 1074
Cooling Tower Vol Flow (Ls™) 51.49 1.03 x 1074
Pump 1 Vol Flow (Ls™) 15.54 9.08 x 10°°
Pump 2 Vol Flow (Ls™) 18.94 9.75 x 107¢
Compressor 1~ Power (kWh) 582 1.85 x 107*
Compressor 2 Power (kWh) 160 1.67 x 1073
CAPEX Component Total Cost ($ kg™)
ISBL 1.91 x 1073
OSBL 7.65 x 1074
Cng 2.68 x 10~
Con 4.02 x 1074
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A.2. Economic assessment

Table A.20: Detailed OPEX costs for 1-chlorobutane

Feedstock/Utility

Cost ($ kg™)

Hydrogen chloride
1-Butanol

Cooling Water
Electricity

0.19
1.33
0.02
0.03

OPEX Component Total Cost ($ kg™)

Cvep
Crcp

1.57
0.01

Table A.21: Detailed CAPEX costs for fluoroboric acid

Unit Specifications Eq. Cost ($kg™)
Reactor Volume (m?) 4.70 1.18 x 107
Heater 1 Area (m?) 30.28 1.36 x 1074
Heater 2 Area (m?) 12.98 1.36 x 10~*
Pump Vol Flow (Ls!) 15.11 8.99 x 107°
Compressor Power (kWh) 962 2.46 x 10~*
CAPEX Component Total Cost ($ kg™)
ISBL 3.68 x 1074
OSBL 1.47 x 107
Cing 5.16 x 10~
CCon 7.74 x 1070

Table A.22: Detailed OPEX costs for fluoroboric acid

Feedstock/Utility

Cost ($ kg™t)

Hydrogen fluoride
Boric acid

Water

Steam

Cooling water
Electricity

2.92

1.33
1.37 x 10~*
1.01 x 1073
5.67 x 102
2.39 x 102

OPEX Component Total Cost ($ kg™)

Cvep
CFCP

4.33
9.85 x 1073
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A.3 Environmental assessment

Table A.23: 1-methylimidazole inventory

Group Inventory Flow STDEV
(per-kg product)
Inputs from Water, cooling, unspecified natural origin, RER 0.54639 m3 1.0502
nature Water, river, RER 0.27319 m? 1.0502
Water, well, in ground, RER 0.27319 m? 1.0502
Methylamine {RER} | production | Cut-off 0.40601 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10719 p 2.9905
Heat, district or industrial, natural gas {RER} | market 6.03910 MJ 1.0502
group for | Cut-off
Electricity, medium voltage {RER} | market group for | 0.29371 kWh  1.0502
Inputs from Cut-off
technosphere  Heat, from steam, in chemical industry {RER} | market 0.67102 MJ 1.0502
(materials) for heat, from steam, in chemical industry | Cut-off
Glyoxal {RER} | production | Cut-off 0.7587 kg 1.3269
Tap water {RER} | market group for | Cut-off 0.23551 kg 1.3269
Formaldehyde {RER} | oxidation of methanol | Cut-off 0.39252 kg 1.3269
Ammonia, liquid {RER} | ammonia production, steam 0.22263 kg 1.3269
reforming, liquid | Cut-off
Carbon dioxide, fossil 1.0246 kg 1.0502
Methylamine 0.0008104 kg 1.0502
Emissions to ~ Water/m? 2.23251 x 107° m3 1.0502
air Glyoxal 1.5144 x 1073 kg 1.0502
Ammonia 44437 x 10~* kg 1.0502
Formaldehyde 7.8347 x 107 kg 1.0502
BOD5, Biological Oxygen Demand 8.2825 x 1072 kg 1.4918
COD, Chemical Oxygen Demand 8.2825 x 1072 kg 1.4918
DOC, Dissolved Organic Carbon 3.1021 x 1072 kg 1.4918
TOC, Total Organic Carbon 3.1021 x 1072 kg 1.4918
Emissions to ~ Water, RER 0.54662 m3 1.0502
water Methylamine 9.7271 x 1073 kg 1.0502
Glyoxal 0.01118 kg 1.0502
Formaldehyde 0.01373 kg 1.0502
Ammonia 0.08065 kg 1.0502
Imidazole 0.02934 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 0.00335 m? 1.0502
technosphere  market for wastewater, average | Cut-off, U
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A.3. Environmental assessment

Table A.24: Metathesis [BMIM]|[BFy] inventory

Group Inventory Flow STDEV
(per-kg product)

Inouts from Water, cooling, unspecified natural origin, RER 0.12 m?3 1.0502

n;t’ﬁre Water, river, RER 0.06 m®  1.0502

Water, well, in ground, RER 0.06 m? 1.0502
1-Butyl-3-methylimidazolium chloride 1.16 kg

Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10710 p 2.9905

Heat, district or industrial, natural gas {RER} | market 531 MJ  1.0502

Inputs from

group for | Cut-off

technosphere Electricity, medium voltage {RER} | market group for | 2.11 x 1074 kWh  1.0502
. Cut-off
(materials) Heat, from steam, in chemical industry {RER} | market 0.59 MJ  1.0502
for heat, from steam, in chemical industry | Cut-off
Sodium tetrafluoroborate {GLO} | market for | Cut-off 1.38 kg 1.3269
Tap water {RER} | market group for | Cut-off 0.12 kg 1.3269
Emissions to Car’pon dioxide, fossil 0.70 kg 1.0502
air Sodium tetrafluoroborate 5.02 x 1073 kg 1.0502
Water /m? 4.78 x 1073 m3 1.0502
BOD?5, Biological Oxygen Demand 0.06 kg 1.4918
COD, Chemical Oxygen Demand 0.06 kg 1.4918
Emissions to DOC, Dissolved Organic Carbon 0.02 kg 1.4918
water TOC, Total Organic Carbon 0.02 kg 1.4918
Water, RER 0.12 m?3 1.0502
Sodium chloride 0.27 kg 1.0502
Imidazole 3.99 x 1072 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 1.66 x 1073 m3 1.0502
technosphere  market for wastewater, average | Cut-off, U
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Table A.25: Halide-free [BMIM]|[BF,] inventory

Group Inventory Flow STDEV
(per-kg product)
Inputs from Water, cooling, unspecified natural origin, RER 0.02 m? 1.0502
Water, river, RER 0.01 m? 1.0502
nature Water, well, in ground, RER 0.01 m? 1.0502
Methylamine {RER} | production | Cut-off 0.15 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10710 p 2.9905
Heat, district or industrial, natural gas {RER} | market 2.32 MJ 1.0502
group for | Cut-off
Electricity, medium voltage {RER} | market group for | 0.04 kWh  1.0502
Cut-off
Heat, from steam, in chemical industry {RER} | market 0.26 MJ 1.0502
Inputs from for heat, from steam, in chemical industry | Cut-off
technosphere  Fluoroboric acid 0.41 kg
(materials) Tap water {RER} | market group for | Cut-off 0.36 kg 1.3269
Glyoxal {RER} | production | Cut-off, U 0.27 kg 1.3269
Formaldehyde {GLO} | market for | Cut-off, U 0.14 kg 1.3269
Butylamine {RER} | production | Cut-off, U 0.34 kg 1.3269
Toluene, liquid {RER} | production | Cut-off, U 0.15 kg 1.3269
Diethyl ether, without water, in 99.95% solution state 0.12 kg 1.3269
{RER} | ethylene hydration | Cut-off, U
Dichloromethane {RER} | production | Cut-off, U 0.23 kg 1.3269
Carbon dioxide, fossil 0.81 kg 1.0502
Methylamine 2.92 x 107* kg 1.0502
Water /m? 1.52x 1075 m3  1.0502
Emissions to N-butylamine 6.88 x 1074 kg 1.0502
. Glyoxal 5.46 x 1074 kg 1.0502
at Formaldehyde 283 x 107* kg 1.0502
Toluene 2.94 x 10~* kg 1.0502
Diethyl ether 2.42 x 107* kg 1.0502
Methane, dichloro-, HCC-30 4.52 x 1074 kg 1.0502
BOD5, Biological Oxygen Demand 6.52 x 1072 kg 1.4918
COD, Chemical Oxygen Demand 6.52 x 1072 kg 1.4918
DOC, Dissolved Organic Carbon 2.44 x 1072 kg 1.4918
TOC, Total Organic Carbon 2.44 x 1072 kg 1.4918
Water, RER 0.02 m? 1.0502
Emissions to ~ Methylamine 7.15 x 1074 kg 1.0502
water Glyoxal 1.34 x 1073 kg 1.0502
Formaldehyde 6.90 x 10~* kg 1.0502
N-butylamine 1.68 x 1073 kg 1.0502
Toluene 1.42 x 1072 kg 1.0502
Methane, dichloro-, HCC-30 0.02 kg 1.0502
Diethyl ether 9.45 x 1073 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 1.11 x 1073 m3 1.0502
technosphere  market for wastewater, average | Cut-off, U
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A.3. Environmental assessment

Table A.26: [BMIM]CI inventory

Group Inventory Flow STDEV
(per-kg product)
TInouts from Water, cooling, unspecified natural origin, RER 5.92 x 1073 m? 1.0502
nalt)ure Water, river, RER 2.96 x 1073 m3  0.03502
Water, well, in ground, RER 2.96 x 1073 m3  0.03502
1-Methylimidazole 0.47 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10710 p 2.9905
Heat, district or industrial, natural gas {RER} | market 0.33 MJ  1.0502

Inputs from

group for | Cut-off

technosphere I(E;letc_torfifcity, medium voltage {RER} | market group for | 1.79 x 107* kWh  1.0502
(materials) Heat, from steam, in chemical industry {RER} | market 3.70 x 1072 MJ 1.0502
for heat, from steam, in chemical industry | Cut-off
1-Chlorobutane 0.85 kg 1.3269
Toluene, liquid {GLO} | market for | Cut-off, U 0.20 kg 1.3269
Carbon dioxide, fossil 0.19 kg 1.0502
Imidazole 0.03 kg 1.0502
Emissions to ~ Chloride 7.70 x 1073 kg 1.0502
air 1,4-Dichloromethane 0.41 kg 1.0502
Water/m? 2.37x107%m3  1.0502
Toluene 0.39 kg 1.0502
Water, RER 5.92 x 1072 m3 1.0502
BOD5, Biological Oxygen Demand 1.57 x 1072 kg 1.4918
COD, Chemical Oxygen Demand 1.57 x 1072 kg 1.4918
Emissions to DOC, Dissolved Or'ganic Carbon 5.87 x 1073 kg 1.4918
water TOC, Total Organic Carbon 5.87 x 1073 kg 1.4918
1,4-Dichloromethane 4.05 x 1073 kg 1.0502
Toluene 3.91 x 1073 kg 1.0502
Chloride 7.69 x 1075 kg 1.0502
Imidazole 3.02 x 107 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 8.34 x 107° m? 1.0502
technosphere  market for wastewater, average | Cut-off, U
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Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

Table A.27: 1-Chlorobutane inventory

Group Inventory Flow STDEV
(per-kg product)
Inputs from Water, c.ooling, unspecified natural origin, RER 4.68 x 1072 m3 1.0502
natire Water, river, RER 2.34 x 1072 m?®  0.03502
Water, well, in ground, RER 2.34x 1072 m3  0.03502
Hydrochloric acid, without water, in 30% solution state 0.94 kg 1.3269
{RER} | hydrochloric acid production, from the reaction
of hydrogen with chlorine | Cut-off, U
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10710 p 2.9905
Inputs from Heat, district or industrial, natural gas {RER} | market 0.31 MJ 1.0502

technosphere  group for | Cut-off
(materials) Electricity, medium voltage {RER} | market group for | 2.48 x 1072 kWh  1.0502
Cut-off
Heat, from steam, in chemical industry {RER} | market 3.50 x 1072 MJ  1.0502
for heat, from steam, in chemical industry | Cut-off
1-butanol {GLO} | market for | Cut-off, U 1.52 kg 1.3269
Carbon dioxide, fossil 1.21 kg 1.0502
Emissions to Hydrogen chloride 0.31 kg 1.0502
. 1-Butanol 5.23 x 1073 kg 1.0502
alr 1,4-Dichlorbutane 0.11kg  1.0502
Water 7.51 x 1075 m? 1.0502
Water, RER 0.05 m? 1.0502
BOD5, Biological Oxygen Demand 9.77 x 1072 kg 1.4918
Emissions to COD, Chemical Oxygen Demand 9.77 x 1072 kg 1.4918
DOC, Dissolved Organic Carbon 3.66 x 1072 kg 1.4918
water TOC, Total Organic Carbon 3.66 x 102 kg 1.4918
1,4-Dichlorobutane 4.07 x 1072 kg 1.0502
1-Butanol 2.37 x 1072 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 8.40 x 10~* m? 1.0502
technosphere  market for wastewater, average | Cut-off, U
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A.3. Environmental assessment

Table A.28: Fluoroboric acid inventory

Group Inventory Flow STDEV
(per-kg product)
Inouts fro Water, cooling, unspecified natural origin, RER 0.11 m3 1.0502
Igt’ﬁre PO Water, river, RER 567 x 1072 m3  0.03502
Water, well, in ground, RER 5.67x 1072 m?®  0.03502
Hydrogen fluoride {GLO} | market for | Cut-off, U 0.91 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10710 p 2.9905
Heat, district or industrial, natural gas {RER} | market 0.15 MJ 1.0502

group for | Cut-off

Inputs from Electricity, medium voltage {RER} | market group for | 3.20 x 1072 kWh  1.0502
technosphere  Cut-off
(materials) Heat, from steam, in chemical industry {RER} | market 1.72x 1072 MJ  1.0502
for heat, from steam, in chemical industry | Cut-off
Boric acid, anhydrous, powder {GLO} | market for | 0.71 kg 1.3269
Cut-off, U
Tap water {RER} | market group for | Cut-off 0.47 kg 1.3269
Ermissions to Hydrogen fluoride 1.82 x 1073 kg 1.0502
. Boric acid 1.41 x 1073 kg 1.0502
At Water 547 %1075 m3  1.0502
Emissions to ~ Water, RER 0.11 m?3 1.0502

water

187



Appendix A. Holistic Assessment of the Combined Production and Use of the lonic Liquid
1-Butyl-3-Methylimidazolium Tetrafluoroborate: Application to Fuel Desulfurization

Table A.29: LCA ReCiPe midpoint results, for 1 kg of solvent

Impact indicator Unit Metathesis Halide-free Acetonitrile DMF
[BMIM][BF,] [BMIM][BF4]
Global warming kg CO2 eq 27.26 6.30 4.21 2.98
Stratospheric ozone kg CFC11 eq 1.04 x 107° 1.58 x 107° 6.08 x 1077 1.33 x 1076
depletion
Tonizing radiation kBq Co-60 eq 2.18 2.91 x 1071 5.66 x 1072 1.87 x 107!
Ozone formation, kg NOy eq 0.13 1.43 x 1072 5.87 x 1073  5.73 x 1073
Human health
Fine particulate matter kg PM2.5 eq 0.05 1.02 x 1072 4.91 x 1072 4.76 x 1073
formation
Ozone formation, kg NOy eq 0.17 1.51 x 1072 6.24 x 1073 5.97 x 1073
Terrestrial ecosystems
Terrestrial acidification kg SO5 eq 0.11 2.74 x 1072 1.88 x 1072 1.12 x 1072
Freshwater kg P eq 1.05 x 1072 1.72 x 1073 4.22 x 107*  9.45 x 1074
eutrophication
Marine eutrophication kg N eq 1.17 x 1072 2.77 x 1074 4.24 x 1073 3.06 x 1073
Terrestrial ecotoxicity kg 1,4-DCB eq 73.49 17.60 8.82 10.20
Freshwater ecotoxicity kg 1,4-DCB eq 0.79 0.16 4.40 x 1072 8.03 x 1073
Marine ecotoxicity kg 1,4-DCB eq 1.12 0.23 6.64 x 1072 0.11
Human carcinogenic kg 1,4-DCB eq 0.95 0.21 6.63 x 1072 8.88 x 1072
toxicity
Human non- kg 1,4-DCB eq 24.30 5.49 1.45 2.39
carcinogenic toxicity
Land use m?a crop eq 4.39 x 10! 8.91 x 1072 2.61 x 1072  4.42 x 1072
Mineral resource kg Cu eq 7.35 x 1072 1.81 x 1072 5.69 x 1073 8.35 x 1073
scarcity
Fossil resource scarcity kg oil eq 9.40 2.65 2.36 1.66
Water consumption m? 1.02 1.83 x 107! 6.35 x 1072 3.91 x 1072
Table A.30: LCA ReCiPe endpoint results, for 1 kg of solvent
Impact indicator Unit Halide-free Metathesis Acetonitrile DMF
[BMIM][BF,] [BMIM][BF,]
Human health DALY 1.46 x 1075 6.81 x107°  7.69x107% 6.69 x 10°°
Ecosystem quality species X yr 3.02x 1078 1.49 x 1077 1.81x 1078 1.32x 1078
Resources US$2020 0.96 2.91 0.95 0.58
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Appendix B. Monetization for Multi-Criteria Decision-Making in Sustainability Assessment of Protic
Ionic Liquids: Application to Biomass Pretreatment

B.1 Modelling and simulation

Table B.1: [HMIM][HSOy4| properties

Property Value Units
MW 180.20 g mol™
BP 401.800 [122] °C
Density 1484 [122] kg m™
A Hy -938000 kJ kmol™
T. 739.6 [122] °C
P, 9189 [122] kPa
Ve 0.43 [122]  m?® kmol™

Acentricity  0.67 [122] -

Table B.2: [TEA]|[HSO,4| properties

Property Value Units
MW 199.30 g mol!
BP 377.10 [122] °C
Density 1143 [122] kg/m?
AH; -884100 kJ kmol!
T, 644.30 [122] °C
P. 4732 [122] kPa
Ve 0.62 [122]  m3 kmol™?

Acentricity  0.74 [122] -
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B.2. Economic assessment

B.2 Economic assessment

Table B.3: Commodity prices used in economic assessment

Commodity Price ($)
Sulphuric acid (kg) 0.05
Triethylamine (kg) 1.36
1-Methylimidazole (kg) 2.84
Tonized water (m?®) 0.87
Cooling water (kg) 0.50
Steam (1000 kg) 25.0
Electricity (kWh) 0.16

191



Appendix B. Monetization for Multi-Criteria Decision-Making in Sustainability Assessment of Protic
Ionic Liquids: Application to Biomass Pretreatment

Table B.4: Detailed CAPEX costs for [HMIM|[HSO,]

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 3.55 / 12.80 1.48 x 1074
Reactor Volume (m?) 4.19 1.11 x 1074
Heater Area (m?) 227.21 8.74 x 1074
Cooler 1 Area (m?) 299.69 8.74 x 1074
Cooler 2 Area (m?) 136.58 8.74 x 1074
Cooler 3 Area (m?) 4969.67 8.74 x 1074
Cooling Tower Vol Flow (Ls™) 1211.98 5.54 x 1074
Pump 1 Vol Flow (Ls™) 2.45 6.80 x 107¢
Pump 2 Vol Flow (Ls™) 12.16 8.42 x 107°
Pump 3 Vol Flow (Ls™) 2.30 6.78 x 107°
Pump 4 Vol Flow (Ls™) 10.07 8.04 x 107°
Pump 5 Vol Flow (Ls™) 2.08 6.75 x 107¢
Pump 6 Vol Flow (Ls™) 3.69 6.98 x 107¢
CAPEX Component Total Cost ($ kg™!)
ISBL 1.68 x 1073
OSBL 6.72 x 10~*
Cng 2.35 x 104
Cton 3.53 x 1074

Table B.5: Detailed OPEX costs for [HMIM|[HSO,]

Feedstock/Utility Cost ($ kgt)
Sulphuric Acid 0.03
1-Methylimidazole 1.30
Water 2 x 1074
Steam 4 %1073
Cooling Water 0.12
Electricity 1.37 x 107°

OPEX Component Total Cost ($ kg™)

1.45
0.0108

Cevp
CFCP
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B.2. Economic assessment

Table B.6: Detailed CAPEX costs for [TEA][HSOy]

Unit Specifications Eq. Cost ($kg™)
Flash Tank Diameter / Length (m) 3.21 / 11.30 9.08 x 107°
Reactor Volume (m?) 3.79 1.05 x 1074
Heater Area (m?) 191.93 3.36 x 1074
Cooler 1 Area (m?) 244.19 3.36 x 1074
Cooler 2 Area (m?) 133.09 3.36 x 1074
Cooler 3 Area (m?) 1527.61 3.36 x 1074
Cooling Tower Vol Flow (Ls™) 575.07 3.20 x 1074
Pump 1 Vol Flow (Ls™) 2.22 6.77 x 107
Pump 2 Vol Flow (Ls™) 5.77 7.30 x 107¢
Pump 3 Vol Flow (Ls™) 11.76 8.35 x 107°
Pump 4 Vol Flow (Ls™) 2.26 6.77 x 107°
Pump 5 Vol Flow (Ls™) 10.07 8.04 x 107¢
Pump 6 Vol Flow (Ls™) 1.68 6.70 x 107
CAPEX Component Total Cost ($ kg™!)
ISBL 8.96 x 1074
OSBL 3.58 x 1074
Cng 1.25 x 104
Ceon 1.88 x 1074

Table B.7: Detailed OPEX costs for [TEA][HSO4]

Feedstock/Utility Cost ($ kgt)
Sulphuric Acid 0.02
Triethylamine 0.69
Water 2 x 1074
Steam 3x 1073
Cooling Water 5.27 x 1072
Electricity 1.23 x 107°

OPEX Component Total Cost ($ kg™)

0.7716
0.0101

Cevp
CFCP
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Appendix B. Monetization for Multi-Criteria Decision-Making in Sustainability Assessment of Protic
Ionic Liquids: Application to Biomass Pretreatment

B.3 Environmental assessment

For both human health and ecosystem quality expressed in biophysical units, monetization

factors using the values in Table S18 were applied. Overall, the monetization proceeds as follows:

Monetized Cost = Z MF; EP; (B.1)

i€lmpacts

where MF; denotes the monetization factor for endpoint impact ¢, and E P; the corresponding
damage. Next, a currency exchange factor and inflation factor are applied to express a monetary
value in USDyg19. For resources already expressed in monetary value, only an inflation factor is

used for the conversion into USDygg.

Table B.8: [HMIM][HSO,] inventory

Group Inventory Flow STDEV
(per-kg product)

Inouts £ Water, cooling, unspecified natural origin, RER 0.14759 m? 1.0502

HI;I;ETZ YoM Water, river, RER 0.0738 m®  1.0502
Water, well, in ground, RER 0.0738 m? 1.0502
1-Methylimidazole 0.45657 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10719 p 2.9905
Heat, district or industrial, natural gas {RER} | market 0.84646 MJ  1.0502

Inputs from group for | Cut-off

P Electricity, medium voltage {RER} | market group for | 0.00013 kWh  1.0502

technosphere Cutoff

(materials) Heat, from steam, in chemical industry {RER} | market 0.09405 MJ 1.0502
for heat, from steam, in chemical industry | Cut-off
Tap water {RER} | market group for | Cut-off 0.27581 kg 1.3269
Sulphuric acid {RER} | production | Cut-off, U 0.54543 kg 1.3269

Emissions to Imidazole 0.00091 kg 1.0502

iy Water/m? 6.45411 x 1076 m3 1.0502
Sulphuric acid 0.00109 kg 1.0502

Emissions to ~ Water, RER 0.14789 m? 1.0502

water

Outputs to Wastewater, average {Europe without Switzerland} | 2.50 x 1075 m3 1.0502

technosphere  market for wastewater, average | Cut-off, U
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B.3. Environmental assessment

Table B.9: [TEA|[HSO4] inventory

Group Inventory Flow STDEV
(per-kg product)

Inputs from Water, cooling, unspecified natural origin, RER 0.07003 m? 1.0502

n;t’ure Water, river, RER 0.0738 m®  0.03502
Water, well, in ground, RER 0.0738 m®  0.03502
Triethylamine RER | production | Cut-off, U 0.50885 kg 1.3269
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10719 p 2.9905
Heat, district or industrial, natural gas {RER} | market 0.12841 MJ 1.0502

Inputs from group for | Cut-off

P Electricity, medium voltage {RER} | market group for | 0.00012 kWh  1.0502

technosphere Cut-off

(materials) Heat, from steam, in chemical industry {RER} | market 0.01427 MJ  1.0502
for heat, from steam, in chemical industry | Cut-off
Tap water {RER} | market group for | Cut-off 0.27104 kg 1.3269
Sulphuric acid {RER} | production | Cut-off, U 0.49319 kg 1.3269

Emissi ¢ Triethylamine 1.02 x 1073 kg 1.0502

(o SRR RO Water /m? 3.3422 x 105 m®  1.0502

" Sulphuric acid 0.00098 kg 1.0502

Emissions to ~ Water, RER 0.07032 m? 1.0502

water

Outputs to Wastewater, average {Europe without Switzerland} | 2.02 x 1075 m? 1.0502

technosphere  market for wastewater, average | Cut-off, U
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Appendix B. Monetization for Multi-Criteria Decision-Making in Sustainability Assessment of Protic
Ionic Liquids: Application to Biomass Pretreatment

Table B.10: LCA ReCiPe midpoint results, for 1 kg of solvent

Impact indicator Unit [TEA][HSO4] [HMIM][HSO,] Acetone Glycerol
Global warming kg CO2 eq 1.69209 2.72340 2.44755 3.49701
Stratospheric ozone kg CFC11 eq 3.20 x 107 732x 1077 1.20x1077 1.94x107°
depletion
Tonizing radiation kBq Co-60 eq 0.07024 0.20873 0.02407 0.11677
Ozone formation, kg NOy eq 0.00366 0.00397 0.00560 0.00599
Human health
Fine particulate matter = kg PM2.5 eq 0.00281 0.00369 0.00293 0.00513
formation
Ozone formation, kg NOx eq 0.00414 0.00422 0.00615 0.00628
Terrestrial ecosystems
Terrestrial acidification kg SO2 eq 0.00897 0.01131 0.00840 0.01505
Freshwater kg P eq 0.00071 0.00078 0.00030 0.00075
eutrophication
Marine eutrophication kg N eq 0.00052 0.00916 1.30E-05 0.00479
Terrestrial ecotoxicity kg 1,4-DCB eq 7.85354 9.89144 1.71027 5.52801
Freshwater ecotoxicity kg 1,4-DCB eq 0.05117 0.08063 0.01474 0.05628
Marine ecotoxicity kg 1,4-DCB eq 0.07388 0.10394 0.02073 0.06780
Human carcinogenic kg 1,4-DCB eq 0.05406 0.10076 0.04632 0.06241
toxicity
Human non- kg 1,4-DCB eq 1.71520 2.29409 0.42870 2.89151
carcinogenic toxicity
Land use m?a crop eq 0.02964 0.03823 0.00876 4.96817
Mineral resource kg Cu eq 0.00674 0.00847 0.00125 0.00640
scarcity
Fossil resource scarcity kg oil eq 0.99145 1.18605 1.40073 0.51561
Water consumption m3 0.10347 0.44592 0.03007 0.05052
Table B.11: LCA ReCiPe endpoint results, for 1 kg of solvent
Impact indicator Unit [TEA][HSO,4] [HMIM][HSO,] Acetone Glycerol
Human health DALY 4.138 x 1076 6.700 x 1076 4.432 x 1076 7.467 x 10~©
Ecosystem quality — speciesxyr 9.444 x 10~* 1.765 x 108 1.015 x 10~%  5.920 x 108
Resources USD2g13 0.387 0.421 0.535 0.165

Table B.12: Monetization, currency exchange and inflation factors

Damage area Unit Monetization Currency factor Inflation factor

(EUR2003/DALY)  (USD2003/EUR2003)  (USDa2019/USD2003)
Human health DALY 74,000 1.16 1.46
Ecosystem quality speciesxyr 9,500,000 1.16 1.46
Resourcs USD2g13 — - 1.08
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B.4. Additional results

B.4 Additional results

This section presents the direct cost and environmental impacts of the solvents using biomass
loading as the functional unit. The data used to convert functional unit from kg of solvent to

kg of biomass are reported in Table B.13.

Table B.13: Biomass pretreatment data used for converting the functional unit

Solvent Reference Biomass Ratio Fraction Recycle Makeup
(kg solvent/ (wt%) (%) (kg solvent/
kg biomass) ton biomass)

[TEA][HSO4] ionoSolv([179, 181] Miscanthus 5 80% 99.2% 32

[HMIM][HSO4] ionoSolv[179, 181] Miscanthus 5 80% 99.2% 32

Acetone Organosolv[178] Wood 10 70% 98% 140

Glycerol Lynam and Coronella [180] Rice hull 10 100% 75% 2,500

10.00
oy
N
S _ 100
S8
5 5
S & g1
g I
'5 H

oo L

[TEA][HSO4] [HMIM][HSO4] acetone glycerol

Figure B.1: Direct costs of solvents per kg of treated biomass
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Appendix B. Monetization for Multi-Criteria Decision-Making in Sustainability Assessment of Protic
Ionic Liquids: Application to Biomass Pretreatment
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Figure B.2: Endpoint environmental impacts of solvents per kg of treated biomass
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Appendix C. Global Sensitivity Analysis in Life-Cycle Assessment of Early-Stage Technology using
Detailed Process Simulation: Application to Dialkylimidazolium lonic Liquid Production

C.1 Modelling and simulation

Table C.1: [BMIM][PFg] properties

Property Value Units
MW 284 g mol™?
BP 281 [122] °C

Density 1346 [122]  kgm™
A Hy -1760000  kJ kmol!
T. 446 [122] °C
P, 1728 [122] kPa
Ve 0.76 [122] m? kmol™

Acentricity  0.79 [122] -

Table C.2: Lithium hexafluorophosphate properties

Property Value Units
MW 152 g mol™?
BP 500 °C
Density 1500 kg/m?
A Hy -2300000 [239]  kJ kmol™!
T, 782 °C
P, 2258 kPa
Ve 0.80 m? kmol™
Acentricity 0.59 -
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C.1. Modelling and simulation

Table C.3: Lithium chloride properties

Property Value Units

MW 42.4 g mol™*
BP 1382 °C
Density 2070 kg/m3
AH; -408300  kJ kmol™!
T, 1442 °C
P, 1015 kPa
Ve 3.04 m? kmol™!

Acentricity ~ 2.52 -

[BMIM][PF¢]
LiPFg [BMIM][CI]
RN T T~
LiF HF PCls C4HyCl1 CH3C3H3N»
/\ /N AN
LioCO3 HF Clo PCl3 HCl1 C4HoOH CHOCHO NH3 HCHO CH3NH-

/\ /N

Na>CO3 H>SO,4 LiAlSi»Og P Cl, Syngas Hs C3Hg

NH3 CH30H

NaCl CaC03 CH/l HQO

Syngas

CH4 H>O

Figure C.1: Synthesis tree of [BMIM][PFg]
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Appendix C. Global Sensitivity Analysis in Life-Cycle Assessment of Early-Stage Technology using
Detailed Process Simulation: Application to Dialkylimidazolium lonic Liquid Production

C.2 Environmental assessment

Table C.4: [BMIM|[PFg| inventory

Group Inventory Flow STDEV
(per-kg product)
Inputs from Water, cooling, unspecified natural origin, RER 0.07 m?3 1.0502
nature Water, river, RER 0.03 m? 1.0502
Water, well, in ground, RER 0.03 m? 1.0502
1-Butyl-3-methylimidazolium chloride 0.89 kg
Chemical factory, organics {GLO} | market for | Cut-off 4.00 x 10719 p 2.9905
Heat, district or industrial, natural gas {RER} | market 2.17 MJ 1.0502
Inputs from group for | Cut-off
Electricity, medium voltage {RER} | market group for | 1.32 x 107* kWh  1.0502
technosphere
(materials) Cut-off
Heat, from steam, in chemical industry {RER} | market 0.24 MJ  1.0502
for heat, from steam, in chemical industry | Cut-off
Lithium hexafluorophosphate {GLO} | market for | 1.06 kg 1.3269
Cut-off
Tap water {RER} | market group for | Cut-off 0.09 kg 1.3269
Emissions to C'arl?on dioxide, fossil 0.49 kg 1.0502
i Lithium hexafluorophosphate 2.11 x 1073 kg 1.0502
Water/m? 2.86 x 1073 m®  1.0502
BODS5, Biological Oxygen Demand 0.04 kg 1.4918
COD, Chemical Oxygen Demand 0.04 kg 1.4918
DOC, Dissolved Organic Carbon 0.01 kg 1.4918
Emissions to ~ TOC, Total Organic Carbon 0.01 kg 1.4918
water Water, RER 0.12 m? 1.0502
Lithium 0.03 m?3 1.0502
Chloride 0.13 kg 1.0502
Imidazole 3.00 x 1072 kg 1.0502
Outputs to Wastewater, average {Europe without Switzerland} | 1.01 x 1073 m3 1.0502

technosphere  market for wastewater, average | Cut-off, U
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C.2. Environmental assessment

Table C.5: LCA ReCiPe midpoint results, for 1 kg of IL

Impact indicator Unit [BMIM][BF4] [BMIM][PFg]
Global warming kg COs5 eq 27.3 32.5
Stratospheric ozone kg CFC11 eq 1.04 x 107° 1.17 x 107°
depletion

Tonizing radiation kBq Co-60 eq 2.18 2.29
Ozone formation, kg NOy eq 0.13 0.12
Human health

Fine particulate matter kg PM2.5 eq 0.05 0.07
formation

Ozone formation, kg NOy eq 0.17 0.16
Terrestrial ecosystems

Terrestrial acidification kg SO2 eq 0.11 0.16
Freshwater kg P eq 1.05 x 1072 1.30 x 1072
eutrophication

Marine eutrophication ke N eq 1.17 x 1072 1.14 x 1072
Terrestrial ecotoxicity kg 1,4-DCB eq 74 131
Freshwater ecotoxicity = kg 1,4-DCB eq 0.79 1.16
Marine ecotoxicity kg 1,4-DCB eq 1.12 1.66
Human carcinogenic kg 1,4-DCB eq 0.95 1.21
toxicity

Human kg 1,4-DCB eq 24.3 38.7
non-carcinogenic

toxicity

Land use m?2a crop eq 0.44 0.82
Mineral resource kg Cu eq 0.07 0.64
scarcity

Fossil resource scarcity kg oil eq 9.40 9.76
Water consumption m3 1.02 0.98

Table C.6: LCA ReCiPe endpoint results, for 1 kg of IL

Impact indicator Unit [BMIM][BF,4] [BMIM][PFg]
Human health DALY 6.81 x 107 8.64 x 1075
Ecosystem quality speciesxXyr 1.49 x 1077 1.78 x 1077
Resources US$2020 2.91 3.24
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Appendix C. Global Sensitivity Analysis in Life-Cycle Assessment of Early-Stage Technology using
Detailed Process Simulation: Application to Dialkylimidazolium lonic Liquid Production

C.3 Uncertainty quantification and sensitivity analysis
methodology and data

This section presents in detail the full methodology of the GSA using the RS-HDMR model and
reports the uncertain parameters and their corresponding errors for simulating the production of
ionic liquids and their precursors. Additionally, it presents a comparison of GSA and OTSA in
terms of relative contributions calculated as well as a comparison of the probability [BMIM][BF ]
has higher impacts than [BMIM][PFg] under all uncertainty scenarios.

All the background uncertainties were obtained from ecoinvent through an XML file. The
file was converted, processed, and imported to Matlab. All sampling and uncertainty analysis
was conducted in Matlab. GSA was conducted in SobolGSA. Simulating the background
samples was conducted in MATLAB while the foreground samples were simulated using Matlab
interfaced with Aspen HYSYS.

The following details the GSA methodology and equations used in SobolGSA to allocate
the output variances to the different uncertain parameters. Assuming that the relationship
between the output of concern, i.e., the environmental impact in a given category EI,, and the

uncertain parameters of concern affecting it can be expressed as shown in Equation S4:

EL(y) =EL, + Y EL,(v)+ Y BEL (v, %)+ +EL, (v, 72 ..7m) (C1)

i=1 1<i<j<n

Where « is a vector variable that includes the set of n uncertain parameters (w,w), EI,,
is the zero-order term (mean effect), EI, (7;) is the first-order term that represents the effect
of parameter ~; and EI., (v;,7;) is the second-order term that models the cooperative effect
between the parameters 7, and -;, and so on so forth until the term EL,, , (7v1,72,---,70),
which represents nth order term. Moreover, n is the number of uncertain variables. In this
work, the truncated form, including terms up to the second-order, is used as it has been shown
that higher-order terms can be neglected [240].

Furthermore, the following approximations are used to derive the RS-HDMR model:
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.|
— ZEI ) =)y (C.2)
L. (i) Zamﬂ Vi) (C.3)
l l
EL, (vi, i) = > Y Bion(vi)@e(v5) (C4)

p=1 ¢=1

Equation S5 is the approximation used for the zero-order term, defined as the average
of EL,(v) for all (=) = (’yi"z),’yénz), ..,')/T(l"z)),nz =1,2,...,N,, where N, is the number of
samples for a specific category z. The right-hand sides of Equations S6 and S7 are orthonormal
polynomials used to approximate the first and second-order terms. Herein, k, [ and [" are the
order of the orthonormal polynomials, while o’ and ” are the constant coefficients determined
from fitting the data to the model. Finally, ¢,(7:), ¢p(7i), pq(;) are orthonormal basis
functions.

Once the constant coefficients are obtained from the expansions above, the Sobol method
is used to calculate the partial variances and effect indices. First, the partial variances of the
first-order effects and second-order interactions are calculated as shown in Equations S8 and S9,

respectively.

D, ~ Z(O/)Q Vze Z (C.5)

U
WYY (B} VzeZ (C.6)
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Where D, and D, are the partial variances of the first-order effects and second-order
interactions, respectively, for a given environmental indicator. We use next these partial variances
and divide them by the total variance D, to obtain the Sobol indices, as shown in Equations

S10 and S11.

S0O., = Z;ZZ VzeZ (C.7)
SO.,, = Dsy VeeZ C.8
w5 = . z € (C.8)

S0, and SO, are the Sobol indices of the first-order effects and second-order interactions
for a specific environmental indicator. They measure the individual and cooperative contributions,
respectively, to the output variance.

Finally, the sum of the first-order and second-order indices are used to calculate the total

Sobol index as shown in Equation S12.

SO., = SO, + 580, + ..+ 50, V:zeZ (C.9)

Zij Zin

Where SO, is the total Sobol index of an uncertain parameter for a specific environmental
indicator.

The interpretation of these metrics is as follows. SO.;, s an indicator of how much contri-
bution the variation of uncertain parameter ~; has on the overall variance of the environmental
impact of a specific category EI,(7;) and it includes contributions from first-order effects and

second-order interactions.
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Table C.7: Uncertain model parameters, uncertainty sources and ranges in flowsheet simulation
of [BMIM][PFg] production.

Source Parameter Range Units
APR! 10+50% kPa
APy! 10+50% kPa

Process Typ? 95+20% °C
Pyr! 10+£50%  kPa
PUR! 0.1+£50% —
PBMIM[PF) 1346+19%  kgm™3

3 -3
Molecular ~[BMIMIC! 1080£19%  kgm

AHf[BMIM][PF6]4 —1.76+0.16e6 kJ kmOlil
Hf[BMIM]Cl3 —2.37£1.59¢5 kJ km()lil

! Estimate based on heuristics.

2 Mean value based on an optimized base case.

3 Estimate based on the group contribution methods developed by
Valderrama and Rojas [122] with maximum standard deviation of
19 %.

4 Estimate based on the lattice energy and computational chemistry
methods proposed by Gao et al. [124] with maximum deviation of
—159kJ mol 1.

Table C.8: Uncertain model parameters, uncertainty sources and ranges in flowsheet simulation
of [BMIM]CI production.

Source Parameter Range Units
APR! 10£50% kPa

Process Typ> 100£20% °C
Pypt 10+50% kPa

Molecular p[BMIM]@g 10804+19% kg m™3

AHf[BMIM]Cl4 —2.37+1.59¢5 kJ km()lil

! Estimate based on heuristics.

2 Mean value based on an optimized base case.

3 Estimate based on the group contribution methods developed by
Valderrama and Rojas [122] with maximum standard deviation of
19 %.

4 Estimate based on the lattice energy and computational chem-
istry methods proposed by Gao et al. [124] with maximum devia-
tion of —159kJmol L.
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Table C.9: Uncertain model parameters, uncertainty sources and ranges in flowsheet simulation
of 1-chlorobutane production.

Source Parameter Range  Units

APR! 10+£50% kPa
AP 10+£50% kPa

Process 2! 10£50%  kPa
Fuar® 37.5+10% kmolh?
F11—butamol2 30i50% kmol h_l
Xg? 0.8+410% —

! Estimate based on heuristics.
2 Mean value based on an optimized base case.
3 Estimate based on yield values reported in the literature.

Table C.10: First-order and total Sobol indices for each end-point impact in the production of
[BMIM][BF,].

Parameter Human Health | Ecosystem Quality Resources
OTSA | GSA | OTSA GSA OTSA | GSA
APg 0.03 0.06 0.03 0.06 0.03 0.06
APy 0.03 0.05 0.03 0.06 0.03 0.05
Tyr 0.19 0.82 0.18 0.71 0.18 0.75
Pyr 0.08 0.61 0.11 0.59 0.10 0.61
PUR% 0.10 0.20 0.11 0.20 0.11 0.20
PIBMIM|[BF ] 0.00 0.00 0.00 0.00 0.00 0.00
PBMIMICI 0.00 0.00 0.00 0.00 0.00 0.00
AHf[BMIM][BF4] 0.04 0.08 0.05 0.08 0.04 0.08
AHf[BM]M]Cl 0.05 0.09 0.05 0.08 0.05 0.08

Table C.11: First and total-order Sobol indices for each end-point impact in the production of
[BMIM][PFg).

Parameter Human Health | Ecosystem Quality Resources
OTSA | GSA | OTSA GSA OTSA | GSA
APpg 0.03 0.05 0.03 0.05 0.03 0.05
APy 0.03 0.05 0.03 0.05 0.03 0.05
Tvp 0.20 0.75 0.19 0.69 0.19 0.70
Pyr 0.09 0.57 0.11 0.55 0.11 0.56
PUR% 0.11 0.19 0.12 0.20 0.12 0.20
PIBMIM][PFg] 0.00 0.00 0.00 0.00 0.00 0.00
P[BMIMICI 0.00 0.00 0.00 0.00 0.00 0.00
AHf[BMIM}[PF(;] 0.05 0.09 0.05 0.09 0.05 0.09
AHf[BMIM]Cl 0.05 0.09 0.05 0.08 0.05 0.09
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[Bmim][BF,] vs. [Bmim][PF]
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Figure C.2: Overall scenario-based comparison between the end-point impacts of [BMIM][BF,]
and [BMIM][PFg], for 1 kg of ionic liquid.
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Table C.12: First-order Sobol indices for each end-point impact in the production of NaBF}.

Uncertain Parameter ‘ Human Health ‘ Ecosystem Quality ‘ Resources

BRI 0.60 0.58 0.60
BEI 0.03 0.02 0.01
BEI[Z#20 0.03 0.04 0.08
BEIY 0.05 0.05 0.03
BEI" 0.00 0.01 0.03
BEIY*F 0.29 0.30 0.25

Table C.13: First-order Sobol indices for each end-point impact in the production of LiPFg.

Uncertain Parameter ‘ Human Health | Ecosystem Quality ‘ Resources

BEIZF 0.45 0.43 0.44
BEI™ 0.03 0.02 0.01
BEIY” 0.24 0.28 0.29
BEI 0.05 0.06 0.03
BEI 0.01 0.01 0.04
BEIXF 0.22 0.20 0.19
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