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Abstract: In light of the constant increase in global temperatures, increasing risks associated
with climate change, and stricter environmental policies, societies are at a crossroad where sound
environmental decisions need to be taken. This is particularly applicable to the chemical industry
where the sustainability of processes is all the more relevant to decision-making. This article supports
the development of a holistic industrial environmental index (IEI) to assess the sustainability of
industrial solvent-based processes. Several metrics are reviewed to individually assess particular
aspects of the process in terms of materials, equipment, energy, environmental health and safety
(EHS) considerations, and the product’s entire life cycle. The metrics are later used to support the
development of an aggregate and holistic IEI using a composite indicator method. The developed
methodology and framework can pave the way for environmentally sound decision-making in
industries and spark the development of dedicated assessment indices similar to IEI that can be
applied to a wide array of other industries.
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1. Introduction

Two of the many problems facing the scientific community today are climate change and global
warming. CO2 emissions have never been as high as 400 ppm since 1960 [1], and the climate trends
continue to show a steady increase in average temperatures, despite the global efforts to curb it. Without
international policy agreements (such as the Paris Agreement in 2015), limiting global warming to an
increase of 2 ◦C by 2050 would be all the more impossible [1]. Amidst regulations and policies, scientists
and, especially, chemists and chemical/process engineers have a responsibility for defining sustainable
industrial processes in order to understand whether those used are environmentally viable. They
can also provide insightful data and analyses to increase the awareness of government officials [2,3],
policy-makers, as well as the scientific community and the chemical industry. The chemical industry,
as an important player in the implementation of industrial processes and manufacturing, is required to
advance its environmental, economic, and social performance to comply with the global sustainability
agenda and the Sustainable Development Goals (SDGs) [Goal 9: Industry, Innovation and Infrastructure]
in particular [4].

By definition, green chemistry aims at reducing waste, energy and materials usage, risks and
hazards, the emission of volatile organic compounds (VOCs), the cost and, in general, the environmental
impact of a process [5].

Sustainability, which is defined as “meeting the needs of the present without compromising the
ability of future generations to meet their own needs” [5] has to be understood as a relative attribute—at
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least, much more than it is absolute. In other words, the green metrics of a process should be assessed
relatively to those of another one [6]. However, because of the rather broad definition of sustainability,
it is still conceptually unusual to try and quantify the sustainability of a process, be it in general or
relatively to another [7]. Some questions, therefore, arise when trying to use green metrics to quantify
how green or sustainable a process is: Should the entire process be considered? Can quantitative
green metrics solely determine sustainability? How can a simple method give a result with reasonable
objectivity? Is one unified metric or index more practical?

Although quantitative assessments are the major drive towards the improvement of a synthetic
process, a proper green metrics analysis should help determine whether a chemical process meets set
criteria quantitatively and qualitatively [8]. Furthermore, a holistic approach to the assessment of a
process [9], i.e., from the transportation of raw materials to the disposal of the end product (cradle-to-grave)
or its recycling/upcycling (cradle-to-cradle) [10], renders the metrics and results more relevant.

Metrics should ideally be converted into key performance indicators (KPIs) that will assist in
decision-making in view of maximizing material and energy efficiencies while minimizing cost, solvent
usage, waste production, and toxicity of materials [6], either by identifying key aspects of a synthetic
process to be optimized or by investigating a greener alternative. A process is “generally a closely linked
set of unit operations carried out across a finite time and discrete space” [11]; a change in one unit will
most likely affect other unit operations. It is thus important to have metrics that consider the relationship
between different units. In addition, measuring chemical efficiency is not the same as measuring process
efficiency. The latter encompasses chemical, chemical engineering, and plant operation efficiencies and
results in a more comprehensive analysis of the sustainability of a process [11,12].

In light of what has been detailed above, the scope and aims of this article are to: (i) cover the
quantitative, semi-quantitative, and qualitative credentials and metrics that can be used to assess
the sustainability of solvent-based processes and (ii) conceptually aggregate the covered metrics and
resulting KPIs into a composite indicator to be used as an aggregated industrial environmental index
(IEI) for strategic and operational developments in relevant industries.

2. Materials and Methods

This article reviews process metrics and criteria and environmental health and safety (EHS)
credentials applicable for large-scale chemical plants and elaborates on life cycle analysis (LCA) to
support their aggregation into an IEI for the assessments of solvent-based processes. Following a
thorough review of a wide-enough array of metrics and their aggregation into a composite index,
this article sets the base towards developing quick and easy-to-use measurements in sustainability
assessments of chemical processes. The theoretical work in this article paves the way for future
applications of the IEI for sustainability assessments in various chemical and manufacturing
industries [13,14]. This final and single index would allow for more insightful and relevant relative
assessments of different processes or process pathways without having to detail each and every
component of the assessment.

3. Applied Metrics

The metrics discussed in this article were divided in three main categories in order to attempt
aggregating a vast-enough array of credentials in the development of the proposed IEI. The three
categories are the following:

1. Process metrics and criteria: metrics and credentials that relate to the core of the process in terms
of inputs (materials, energy), outputs (materials, energy), and equipment.

2. Environmental, health and safety metrics: metrics and credentials that deal with the impact of
the process on the environment, the process staff, and the process itself.

3. LCA, which is briefly covered in this article to conceptually widen the assessment of a process
and the aggregation of metrics into an IEI.
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Figure 1 breaks down the different categories of metrics that will be discussed in this article.
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3.1. Process Metrics and Criteria

Process metrics can further be divided into the three components of a process [9]: materials
(physical inputs and outputs in the process), equipment (electro-mechanical components of the process),
and measured energy (both in terms of input and output) in order to provide a full assessment that
encompasses all its components.

3.1.1. Materials

The choice of materials will eventually affect the product quality and yield, sometimes
compromising the whole process. This leads to large quantities of waste (including discarded
product) and adverse effects on the environment because of the increased energy requirements for
disposal and/or recycling of the materials [11]. The physical form and properties of the materials
also influence the choice of reactor and the mixing, separation, and recovery steps, in addition to
the fact that they impact on the energy demand (heating and/or cooling), cleaning, and waste [15].
Therefore, it is necessary to be able to quantify the materials used. This is generally done through
mass-based process metrics. Mass productivity or efficiency (ME) measures how much input materials
are incorporated in the final product, i.e., how much input is saleable [11,16]:

ME =
1

Process Mass Intensity (kg)
× 100 (1)

ME is more adapted for industries than for laboratory-scale processes, since it eventually
determines how much of the input will generate profit, unlike laboratory-scale metrics that are centered
on the chemical outcome of a reaction (e.g., yield). Process mass intensity (PMI) is described in
Equation (5) below.

Moreover, when scaling up a laboratory experiment to a pilot scale or a real plant scale, the
use of solvents becomes more cumbersome, especially in the pharmaceuticals and fine chemical
industries [17,18]. In the past, this issue was overshadowed by the cheapness of solvents: even though
they constitute 80–90% of the mass intensity, they do not count towards 80–90% of the cost of a
process [19]. Also, by choosing the proper solvent, the increase in yield used to be more important
and beneficial for industries than other considerations. Today, the situation has changed, and solvent
usage in batch chemical plants (i.e., pharmaceuticals and fine chemicals) has to be accounted for and
assessed because of the large environmental impact of solvents [20]. To do so, the solvent intensity (SI)
of a process, expressed as a percentage or a ratio, can be calculated [8,11]:
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SI =
total solvent input (kg)
total mass input (kg)

(2)

Because SI excludes water from the calculations [19], the water intensity (WI) of a process should
be calculated separately [9,11]:

WI =
total water input (kg)
total mass input (kg)

(3)

Similarly, the waste intensity can also be determined [9,11]:

Waste Intensity =
total waste produced (kg)

total mass input (kg)
(4)

SI, WI, and waste intensity are useful metrics for processes, since they can give an idea of the
breakdown of the more general PMI [21]:

PMI =
∑

material inputs (kg)
mass of product (kg)

(5)

Another aspect related to the materials used for a synthesis reaction regards their recyclability
and the renewability of the feedstock. In order to account for the renewability of the materials the
renewables intensity (RI) of a process can be calculated [9,22]:

RI =
mass of renewably derived materials (kg)

mass of product (kg)
(6)

A major pitfall of RI is that it does not account for the energy available from renewable sources.
Therefore, an alternative metric, known as the renewables intensity index, can be useful in an
environmental assessment [9]:

Renewables Intensity Index

=
C from renewable materials (kg)

total cradle mass of C (kg)

+
C from renewable energy (kg)

total energy mass of C (kg)

(7)

The left-hand term in equation 7 corresponds to the proportion of carbon from renewable materials,
while the right-hand term corresponds to the proportion of carbon from renewable energy directly fed
in the process [9,11,22]. Following the calculation of the renewability index, it is then scored from 1
to 10 for the materials being compared (10 corresponding to the highest renewability) [9]. However,
it is crucial to keep in mind that it is difficult to compare a well-established and optimized process
(generally based on non-renewable sources) to one that has yet to be fully optimized and that is under
development (based on renewable sources) [9].

The recyclability of a material is also an important factor to consider. It can be measured by
attributing recyclability scores, weighted by mass, to the chemicals under study, which can then be
ranked accordingly [22]. In this approach, it is important to consider the fundamental chemistry of the
entire process, as well as the life cycle impacts it can have [9].

3.1.2. Equipment

The development and correct application of green metrics in this category is highly dependent
on a constant process optimization and a thorough understanding of its underlying chemistry [11].
This can be achieved if a real-time analysis of the process is done via distributed control systems
(DCSs) [9]. DCSs enable the monitoring of process parameters, examples of which include temperatures
throughout the process, pump settings, flow settings, etc. [9]. They allow the modelling and trend
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design of the various parameters involved in the process and, if coupled with chemical analysis,
can provide a better understanding of the optimal conditions and the limits/boundaries of a process [5,9].
Additionally, DCSs enable a real-time and easier detection of the source of a defect or problem [5] in
order to avoid process excursions and the production of waste with negative environmental impacts.

Scalability

Process scalability is the extent to which a process performs well when changing the production size
as the process develops [11]. To measure scalability, one needs to have a comprehensive understanding
of the chemistry and the kinetics of the synthesis reaction under study as well as a tight control over
its conditions [11]. This will help avoid losses in product yield and quality, as well as an increase in
energy demand and waste production [9]. Understanding the fundamentals and the dynamics of the
chemical reactions in a process allows the identification of the critical quality attributes of a process
and their limits when scaling it up or down [9,11]. Consequently, it should lead to determining the
optimal processing window within which a product of acceptable quality and yield is produced [9].

Controllability

The controllability of a process is crucial in reducing waste, material usage, energy per unit of
product, and throughput of a process [9,11]. Indeed, if a process is not tightly controlled, variations
in reaction conditions may adversely affect the course of the reaction by producing more waste and
requiring more energy. Indirect metrics to measure controllability might be the amount of waste
produced per kilogram of product or the energy consumed per kilogram of product for excursions
outside a pre-defined control zone [9]. Alternatively, it can be measured by determining the process
capability, Cp [11]:

Cp =
USL− LSL

6σ
(8)

Cp is a metric that compares the output of an ‘in-control process’ to the specification limits [14].
In Equation (8), USL and LSL refer to upper and lower specification limit, respectively, and σ
corresponds to the standard deviation of the process. In other words, the spread of specification is
compared to that of the process values. If Cp > 1, the specifications of a process cover practically all the
process measurements [11]; the process would therefore be in-control.

Robustness, Throughput, and Cycle Time

The robustness of a process is the extent to which the process ‘resists’ to variations in the reaction
conditions [9]. A robust process is one in which variations in reaction conditions will not have large or
significant effects on product yield and quality. Robustness can be measured with proxy metrics or
measures such as the amount of impurities (resulting from side reactions), the physical and chemical
stability of the reactions, or the time and complexity of the separation steps [11].

While the throughput of a process is a measure of the average saleable production output per given
time unit, cycle time is the rate at which the products are manufactured [9,11]. Since the throughput is
a measure of the final output of a process, it is affected by any variation in the reaction conditions,
equipment, or chemical plant layout. It can be expressed as the volume or the mass of product per unit
time [11]. From a survey conducted by AstraZeneca, a model for calculating the manufacturing time
(Tm) was developed [11]:

Tm =
NB

P
+ misc (9)

Tm is a measure of the cycle time and is a function of the number of batches (NB), the productivity
(P), and the time needed for auxiliary procedures such as cleaning, transportation, or maintenance
(misc) [9]. The last term is particularly important for batch processes where more time is allocated for
cleaning and maintenance of the multi-purpose unit operations.
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3.1.3. Measuring Energy

Energy metrics can be computed and broken down as follows [11]:

Energy Intensity =
total process energy (MJ)

mass of product (kg)
(10)

Life Cycle Energy =
life cycle energy requirements (MJ)

mass of product (kg)
(11)

Waste Treatment Energy =
waste treatment energy requirements (MJ)

mass of product (kg)
(12)

Solvent Recovery Energy =
solvent recovery energy requirements (MJ)

mass of product (kg)
(13)

Equations (12) and (13) can be further rearranged to be expressed as a fraction of the total energy
input [7]:

Waste Energy Ratio =
total waste produced (kg)

total energy input (MJ)
(14)

Solvent Energy Ratio =
total energy for solvent use and recovery (MJ)

total energy input (MJ)
(15)

The most important challenge to overcome when measuring energy is to put in place the necessary
equipment for measuring the energy consumption of individual unit operations [9]. Unit energy
measurements allow the distinction between baseload energy (i.e., energy required to ‘fuel’ the chemical
plant) and the energy required by the individual processes [11,23]. Furthermore, they can be used
to underpin key material uses or different forms of energy delivered to the process (e.g., heating or
cooling) [11]. Like the renewability index and recyclability that were discussed in Section 3.1, it is
important to consider energy requirements on a life cycle basis in order to avoid false or simplistic
results that exclusively take into account the energy fed into the synthesis [9,11]. Indeed, the energy
required for processing and transporting the raw materials, recycling materials, and treating waste
generally constitutes a significant fraction of the energy demand of a process [23].

3.2. EHS and Other Considerations

EHS metrics are of utmost importance in assessing the greenness of a process in accordance with
the 12 principles of Green Chemistry [24]. Indeed, in a chemical process, it is better to avoid the use
of toxic or hazardous substances rather than dispose of them—at an extra energetic and materials
cost [24]. However, in order to accurately identify harmful substances and fully understand the EHS
risks associated with them, one has to look at the entire EHS profile rather than focus on one portion of
it and ending up making risky compromises [11]. The major problem facing EHS metrics is the lack of
available data and comprehensive databases, even though legislations, such as REACH (Registration,
Evaluation, Authorisation, and Restriction of Chemicals) in the European Union [5], are dealing with
this issue. It is also important to understand the distinction between risk and hazard: sometimes using
a relatively low-hazard material in large quantities poses a greater risk than using a more hazardous
material in fewer quantities. Risk is a function of hazard (a measure that is inherent to the compound
under consideration) and likelihood of exposure or occurrence.

3.2.1. Occupational Exposure Hazard

Similar to the approach proposed for ranking materials depending on their recyclability, substances
can be ranked according to process safety, occupational exposure, or environmental hazard [11].
The weighted score (by mass) can be either a composite score including all the hazards or a specific
score for the different hazards that substances can present [11,25]. Occupational exposure hazards
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can be determined through occupational exposure limits (also known as permissible exposure limits),
which are a combination of inherent toxicity hazard and various safety factors such as the nature and
severity of the effect of exposure [11]. Other ways of determining occupational exposure hazards imply
the use of indices such as Dow’s chemical exposure index [26] or summing the masses of substances in
a particular hazard band/category [11]. There are four hazard categories or bands, numbered from 1 to
4 [25]:

1. Skin and eye irritants;
2. Harmful on single exposure;
3. Severely irritating and corrosive;
4. Very toxic on single exposure, reproductive hazard.

3.2.2. Process Safety Hazards and Cost

Determining the process safety hazards and risks means to evaluate the potential for a process to
exhibit sudden changes in temperature and/or pressure that lead to secondary events (fire, explosion,
detonation, etc.) [11].

Well-established indices are the Dow’s fire and explosion index [27], the Stoessel criticality index
(determines the thermal risk associated with a process) [28], and the inherent safety index [29,30].
However, the challenge resides in the difficulty of accurately predicting the behavior of a chemical
system in a process. Moreover, the fact that unstable compounds (generally inherently hazardous) react
more readily and favour the completion of a reaction (both thermodynamically and kinetically) [11]
is also problematic, since these chemicals are more prone to be used than less reactive and less
hazardous compounds.

Cost might be one of the most crucial metrics that help in the decision-making process. Indeed,
businesses are more worried about cost than other factors, in addition to the fact that cost reduction
prompts research into new classes of chemicals, particularly cheaper ones [11]. Nonetheless, simply
stating the cost of materials and substances is not enough. It is important to set the cost metric in
the context of a life-cycle approach in order to provide a realistic and comprehensive cost study [5].
An emerging field in which this can be done is environmental accounting [31]. Furthermore, one has
to consider all costs incurred in the process, including indirect costs such as monitoring costs, lawsuit
costs, or consumer loyalty costs.

3.2.3. Environmental Hazards and Risk

The three main factors to consider when assessing the environmental hazards and risks associated
with a chemical process are:

• Persistence: It is the resistance of chemicals to chemical or biological degradation [9]. Tests to
determine the depletion mechanisms of chemicals are extensively covered in the Organization for
Economic Co-operation and Development (OECD) Guidelines for the Testing of Chemicals [32].

• Bioaccumulation: It is the tendency for a chemical to become increasingly concentrated (usually
in fat) as it moves up the food chain [9]. It is estimated with the water/octanol partition coefficient
(logKOW or DOW), corrected for pH and ionizability in water [9].

• Toxicity: It is the most debated and debatable factor because of the various tests available to
measure it and assess the risk associated with the use of a substance [33]. Nonetheless, and as
mentioned in the introduction of this section, the REACH legislation is facilitating the gathering
of toxicity data [5], in addition to the regulatory lists (developed by governments) [9] as well
as the hazard data and solvent guides published by chemical companies [17–19]. Nowadays,
lethal toxicity data are not enough, and eco-toxicity data are slowly being incorporated in the
databases [9].

Establishing specific risk assessments for each process is vital, since the impact of a chemical will
highly depend on the specifics of the process and on its physical and chemical effects [11].
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3.3. Life Cycle Analysis

LCA is a holistic approach that predicts the environmental impact of a product over its entire
life cycle [34,35]. LCA requires the evaluation of raw materials extraction, intermediates manufacture,
product manufacture, use and disposal, or recycling and reuse. LCA studies also include the
environmental impacts of the transportation of the materials at any stage of their life cycle [5,8].
Figure 2 provides a schematic overview of LCA stages and boundaries.
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A full LCA is a lengthy, complex, and costly process but it can be better understood when broken
down to its four stages [5]:

1. Goal and scope definition: It is the planning stage of the LCA process where the objectives and the
system boundaries are clearly defined. The different system boundaries are detailed in Figure 2.
At this stage, the strategy for data collection needs to be developed, and if any comparative
studies are to be conducted, it is essential they be carried out on the same functional unit.

2. Inventory analysis: This stage mainly consists of data collection. This can be done by direct
measurements, literature and database searches (with time, databases are growing and becoming
more established), theoretical calculations, and interviews with experts. The data can be either
aggregated according to the medium where releases occur (i.e., water, air, or soil), which is known
as a midpoint method, or presented as a series of potential environmental impacts, which is
known as an endpoint method.

3. Impact assessment: The potential environmental impacts discussed above should be put into
numbers in order to properly assess the data. The eight most reported impacts are: abiotic
depletion (accounting for the depletion of all non-renewable resources), acidification potential,
aquatic toxicity, eutrophication potential (potential to cause over-fertilization of water and soil),
global warming potential, human toxicity potential, ozone depletion potential, and photochemical
oxidants creation potential (potential to generate smog).

4. Interpretation: The final stage of LCA consists of identifying both the parts of the life cycle
that have the most impacts and the possibilities of improving the total environmental impact of
the process.

LCA is crucial for determining the sustainability of a process, since it is an assessment that
considers entire systems throughout their life cycle and sheds light on the relationship between the
different parts of a system and the impact they have on one another [9]. However, the major drawbacks
of LCA are [5]: (i) the large amount of data required, (ii) the lack of information on many emissions
and products entering the environment, and (iii) the lack of objective ranking of the different criteria
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considered within an LCA. For example, renewably derived tetrahydrofuran (THF) has twice the PMI
and more adverse environmental effects than synthetically produced THF [36]. Without considering
the process of THF production as a whole and the life cycle impacts of the product, the conclusion
would be different [36].

4. Index Development

Key performance indicators relate to an organization’s objectives; they are measurements and
determinations that are useful for strategic and operational purposes. KPIs have led to the improvement
of decision-making in organizations using these indicators. Environmental KPIs, such as greenhouse
gas (GHG) emissions, induce savings and underpin the dependency of organizations on ecological
systems and services [37]. Furthermore, they internally foster responsibility towards natural resources,
and externally encourage socially responsible and environmentally conscious investing [37]. Green
metrics can be converted to KPIs, specific to each chemical industry, depending on the following [38]:

• The metrics should be indicative of the process as a whole;
• The metrics should measure performance;
• The metrics should be important in terms of the organization’s short-term and longer-term goals.

The resultant KPIs would also have to be regularly monitored through environmental management
plans. KPIs also allow the understanding of the environmental cost trends of a chemical industry,
in conjunction with its economic and social costs, in view of striking a balance between the three [39].

4.1. The Composite Indicator Method as a Means of Metrics Aggregation

A consolidated index may be more practical for decision-makers to use because it summarizes
important information in one or a few numbers (i.e., score card). It can also offer a quick indication
for a state of constraints that typically operate under different conditions. The general preference
for aggregate indices is controversial and often argued as a long-standing methodological problem
associated with the use of different indicators with different properties. Essentially, the debate centers
on the amount of information that is lost in the simplification made possible by the aggregated
index [40]. One of the visible methods related to this work is the application of the composite indicator
approach by Saisana and Tarantola [41]. This emerging method was recently used to develop indices
such the environmental sustainability index (ESI) by Yale and Columbia Universities and the ecological
footprint by the World Wildlife Fund.

4.2. Step-by-Step Approach for the Development of the IEI Index

This section explains the step-by-step approach to develop the IEI index. Figure 3 explains
the proposed framework and its components which are divided in four main parts; Input data,
Normalization, Aggregation, and Output leading to the index development. First, a theoretical
framework was constructed to combine individual indicators into a meaningful composite indicator
and to provide a basis for the selection of components and weights. Second, the criteria for
setting metrics, which were explained earlier in the paper, were established, focusing on data
related to “Process, EHS, and LCA”. The criteria could rely on a number of factors such as policy
relevance, simplicity, or availability of data. Third, the data normalization process was carried out.
The normalization method took into account the data properties and the objectives of the composite
indicator. The commonly used ways of data normalization include re-scaling, ranking, standardization,
etc. For the purpose of our research, we utilized the re-scaling approach which uses the range rather than
the standard deviation. All normalized indicators had identical range (0, 1). Fourth, weighting, which
can be determined in several qualitative or quantitative ways, was performed. The qualitative ways can
use public opinion “focus group” sessions, analytical hierarchy process (AHP), etc. The quantitative
ways can use regression analysis, principal component analysis, and other techniques. Depending on
the future application of this method, we thought the regression analysis would be suitable for our
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type of research, providing that the collected data were suitable to conduct such an exercise. Fifth,
aggregation was conducted through an additive technique which is widely used for this type of data.
In the aggregation, “x” stands for the four normalized KPIs (1–4), and “w” represents the weights which
were applied to each KPI and then aggregated to form the overall composite IEI indicator “index”.
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5. Discussion

A variety of metrics and criteria can be used to assess the sustainability of chemical processes. It is
important to choose metrics that suit the process under study without making biased and subjective
trade-offs. Figure 4 provides a schematic overview of the various metrics that were discussed in
this article.
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It is necessary to adopt a holistic approach towards a sustainability assessment, considering the
entire life cycle of a product. Also, qualitative and quantitative metrics have to complement each other
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and be used in a multi-disciplinary approach to avoid overlooking important aspects of a process.
The work presented in this article, both in terms of the review of the various metrics and in terms
of the development of a conceptual composite indicator, can pave the way for the development of a
systematic methodology that can be used to efficiently and rapidly compare several solvent-based
processes in terms of their environmental impact. It will allow the collection and aggregation of
large environmental datasets and permit an ongoing process of (re)evaluation of green metrics, since
they are still conceptually new and under development. This work will, therefore, open the door
to more thorough and in-depth research related to environmental impact assessments of industrial
processes. Additionally, such a methodology and proposed framework will allow for expedited and
environmentally informed decisions in terms of business development and process optimization
or up-scaling.
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