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Abstract: The increasing industrial interest in biocatalytic
processes is predominantly driven by the need for selec-
tive chemistry, with high reaction yield (Y . ) and few
side reactions, as well as the need for optically pure chiral
molecules (in particularly in the pharmaceutical indus-
try). Interestingly, it is often argued that the mild condi-
tions frequently used in biocatalytic reactions (ambient
temperature and pressure, neutral pH and aqueous-based
media) automatically lead to environmentally-friendly
and cost-effective production processes. However, such
a conclusion is not justified without the use of adequate
tools to evaluate the performance of a process, in particu-
lar during process development. Nevertheless, at the early
development stage, evaluation of biocatalytic processes
is not a trivial task, not only due to the lack of data, but
also because at this stage many of the biocatalytic pro-
cesses are not yet fully optimized. Hence, in this paper we
propose the use of a range of tools which can be used to
guide process development, research tasks and support
decision-making. Three sets of metrics are identified, each
for use at different stages of process development (route
selection, early development and late development), each
with different objectives.
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Abbreviations and nomenclature

AP acidification potential (gSO,-eq-kg ,, ...")
AE atom efficiency MW, MW, _ )
AVI added value index (€, duct-€ReagemS'l)

BWP bulk waste potential (g kg,

C-Factor carbon factor (g, (cradle to gme)-kgPro )

CME carbon mass efficiency (g ¢ p, 4’8 ¢ reagents )
CoG cost of goods

E-Factor environmental factor (8 ... eneratedSeroduct )
EMY effective mass yield (g, .. g non-benign reagents.

eq equivalents

ETP eco toxicity potential (PAF.m’.day-kg, . %)
GWP global warming potential (gCO,-eq-kg, . %)
HTP human toxicity potential (Cases-kg, , ")

HWP hazardous waste potential (g kg, . 7)

NCE new chemical entity

NEP nutrientenrichment potential (gPO,*-eq-kg, . )

[P] product concentration (g, . L.

PAF potentially affected fraction (-)

PMI process mass intensity (g all reactants and products'gProduct-l)

POCP photochemical ozone creation potential
(gCZHlA_eq.kgProduct-l)

RME reaction mass efficiency (g, ... '€ . reactants )

SI solvent intensity (g, .. 8poaucr

STY space-time- yield (g, ., .-(L ... 1"

WI water intensity (8 ... S e
Biocatalyst yield'(gProduct'gbiocatalysl-l)
Reaction yield (mol -mol

biocatalyst

-1
reaction Product Substrate )

1 Introduction

In recent decades, biocatalytic processes have emerged as
an excellent complement to (and in some cases replace-
ment for) conventional chemical synthesis (using homo-
geneous and heterogeneous catalysis), driven by the need
to produce chemicals from inexpensive renewable raw
materials, adopt greener and cheaper synthetic routes,
generate less toxic side-products and waste, while ensur-
ing product quality [1]. The use of biocatalysis is partic-
ularly attractive when: (1) the current process exposes
considerable safety concerns (such as oxidation reactions
carried out in organic solvents operating at high tempera-
ture and pressure [2]), (2) stereoselective and regioselec-
tive synthesis is required [3] and/or (3) there is a need to
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replace metal catalysts (such as Rh, Ru, Pd and Pt), which
are scarce and non-renewable resources (and therefore,
expensive). Repeatedly, biocatalysis has been promoted
as a potentially cheaper, cleaner and more environmen-
tally-friendly technology, due to its unrivalled selectivity
[allowing production of single stereoisomers, as well as
reactions with higher reaction yields (Yreaction), fewer side
reactions, by-products and easier separation of products],
the renewable and biodegradable character of the bio-
catalyst, and the fact that biocatalytic reactions run under
mild conditions (ambient temperature and pressure)
and in neutral aqueous solution. The often cited attrac-
tive environmental and economic features of biocatalytic
processes have led to an increasing number of processes
running on a commercial scale [4-6] and a rapid growth in
the number of scientific publications claiming the green
benefits of this technology. Such claims are frequently
based on the sole fact that the given process fulfils at least
one of the so-called “12 Principles of Green Chemistry” [7].

For some higher value market niches, biocatalytic
processes provide a unique synthetic route to the desired
product [8]. However, more common is that there are
other competing routes to the same product. Thus, final
successful implementation of the biocatalytic process is
determined by its performance when compared with the
competing technologies.

Despite the many potential advantages of biocatalytic
processes and the increasing number of processes running
on a commercial scale [5], when compared with conven-
tional chemical industrial catalysis, biocatalysis is still a
relatively young technology [9] and, as with any emerg-
ing technology, many start-up difficulties are encountered
[10]. Thus, being “bio” does not necessarily mean that a
process is sustainable or more environmentally friendly
than a conventional synthetic route.

In nature, enzymes operate at the conditions optimal
for their host organism, which are typically mismatched
with the conditions required for an industrial chemi-
cal processes (such as high substrate and product con-
centration [P]). Hence, as expected, the vast majority of
biocatalytic processes when first identified as potentially
useful, do not meet the required process metrics that
are key for a green and economically feasible process at
an industrial scale [high Y __. . high biocatalyst yield
(metalyst), high [P] and high space-time yield (STY)] [11,
12]. Indeed, many of the potentially most interesting bio-
catalytic reactions, and their corresponding biocatalysts,
are still under development and, as a result, many of the
reactions are neither well developed nor optimized. There
are a number of previously published studies reporting the
benefits of biocatalytic processes in terms of their score on
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the environmental assessment [13-15], economic evalua-
tion [16, 17] and both economic and environmental assess-
ments [18, 19]. However, these studies refer to optimized
processes and/or biocatalysts and thus, the use of more
complete and complex tools for early development of the
next generation of biocatalytic processes is not relevant.
A particularly attractive feature of biocatalysis is the
ability to engineer an enzyme (via recombinant DNA tech-
nology) to have defined properties, different from those
of the wild type. This means there is always significant
potential for improvement of the biocatalyst and hence the
process, following initial laboratory exploration. Through
advances in recombinant DNA (rDNA) technology, com-
bined with high throughput screening techniques, knowl-
edge-base and statistical tools have been shown to be
suitable for enzyme improvement. It is expected in the
near future that enzymes will be engineered at reasonable
cost to fit the process specifications, making the task of the
process engineer easier [20]. For this reason, it is rather
important that environmental and economic assess-
ments should not only be based on the initial process
performance and design, but also on a projection of the
improved process. In this way, the tools for environmental
and economic assessments can provide valuable insights
for development of biocatalytic processes. A systematic
methodology for process evaluation adapted to each phase
of the process development would support and drive the
scale-up implementation, identify the potential process
pitfalls and thus, guide research tasks, therefore shorten-
ing the time for development. In fact, over the develop-
ment life cycle of a new process, the tools can serve three
very distinct roles: (1) route selection, where the tools are
a key to decision-making eliminating of synthetic routes
where the reaction chemistry prevents the environmental
and economic competitiveness of the process, (2) early
development, where the tools are used for benchmarking
(i.e., to set the targets required to achieve a competitive
process) thus assisting in the selection between different
process alternatives and (3) late development (following
process selection, but prior to scale-up), where the tools
can be used for go/no-go decision-making by assess-
ing process profitability and the environmental profile
(Figure 1). It is crucial to differentiate the goals and the
tools for each process development stage, since the more
design-variables are fixed (e.g., reaction chemistry, final
[P], biocatalyst dosed in the reactor, downstream equip-
ment), the smaller the weight of the other design-variables
(e.g., heat integration) becomes on the environmental and
economic performance [21]. Hence, the presented environ-
mental and economic tools vary in detail and we suggest
that it is necessary to use different tools to deal with the
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Figure1 Use of environmental and economic evaluation in the development of biocatalytic tools.

different objectives at different stages of the process devel-
opment. In this paper, we propose the adoption of three
different sets of evaluation tools according to the process
development stage (route selection, early development
and late development). Here, different tools for environ-
mental and economic assessment are presented, exempli-
fied with examples and their limitations discussed with
respect to their applicability at the different stages in the
development of a biocatalytic process.

2 Phase I: route selection

At the very preliminary stages of chemical process devel-
opment, the choice of the synthetic route is a key design
decision. Route selection can affect the selection of the
reagents, solvents, reaction conditions (pressure and
temperature) and (bio)catalysts. Clearly, an attractive syn-
thetic route has a greater potential to become a greener
and profitable production process [22]. Hence, the objec-
tive of adopting environmental and economic evaluation
criteria at this stage of process development is to quickly
eliminate infeasible reaction chemistries and synthetic
routes. In route selection, only reaction stoichiometry is
available and thus, the evaluation of the different routes
is based on ideal reaction performance (i.e., 100%Y . ).
Furthermore, technical, safety or health issues can also
contribute to eliminate synthetic routes if this involves
banned or restricted substances.

2.1 Tools for environmental assessment:
reaction related green chemistry metrics

Many environmental factors must be considered when
selecting a synthetic route. One very useful tool at this

stage of development is application of the so-called ‘Green
Chemistry Metrics’. The metrics can be used during route
selection, to compare between options [23-25] accord-
ing to the Green Principles. These are used to evaluate
the potential of the reaction chemistry and therefore it
is the reaction-related green chemistry metrics that are
of primary interest. They quantify exclusively the green-
ness of the reaction chemistry, using two metrics, namely:
atom efficiency (AE) and carbon mass efficiency (CME).
Additionally, beyond these two metrics, other relevant
environmental, health and safety issues must also be
considered at this stage (such as the use of hazardous
reagents and solvents) [26]. Hence, it is also necessary to
eliminate routes that involve hazardous or toxic reagents,
by-products or side-products or reagents with a poor envi-
ronmental footprint.

2.1.1 AE

AE, also known as atom economy, measures how much
of the starting material ends in the desired product [27]
[Eq. (1)]. Hence, this metric assesses the reaction stoi-
chiometry as it does not consider the Y __. . The driver
behind this metric is the selection of a synthetic route or
step targeted at product synthesis with a high mass yield
and low waste [27, 28]. This principle ensures that process
chemists design a reaction where as many as possible of
the atoms of the substrate are included in the structure
of the final product. Hence, reactions with lower AE are
usually labelled as less environmentally friendly reactions
[26]. AE is an easy to use metric, based on the reaction
stoichiometry and mechanism [29]. However, it does not
consider the by-products produced, or co-substrates used
and it is based only on the reaction chemistry, not taking
into account the overall process:
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MW,

z Mv\l;roduct (1)

Reagents

AE=

2.1.2 CME

CME, also known as carbon efficiency, is a green chemistry
metric developed by GlaxoSmithKline (GSK) to measure
the sustainability of their processes within the framework
of the 12 Principles of Green Chemistry [23]. CME is defined
as the percentage of carbon in the reagents that remains
in the final product [Eq. (2)] and thus, the preferred reac-
tion systems corresponds to CME=100% and a reaction
with a lower CME lead to a less desired system, as there
is a greater amount of carbon that will eventually end in a
waste stream or as emissions. CME takes into account the
stoichiometry and the amount of carbon in the reagents
that is incorporated into the final product [23].

However, as noted for the previous metric (CME),
it does not account for the waste generated during the
process:

CME — mC—Product %100 (2)
2 InC—Reagents

2.2 Tools for economic assessment: added
value index

The cost of the product relative to the raw material(s) is
also an important metric to use at Phase I of the devel-
opment to screen routes to a specific product. The added
value index (AVI), Eq. (3), accounts for the difference
between the cost of the raw material(s) (or so-called cost
of goods, CReagems) and the selling price of the product
(Cpoque)- This difference defines the requirements on
Y_.....and thus, the profitability range. If the raw material(s)
are expensive, then higher yields must be sought, in par-
ticular when developing a new chemical entity (NCE). It is
obvious that, even for an NCE, the costs of goods cannot
surpass the product cost, i.e., AVI>1 [Eq. (3)]:

AVI — mProduct XCProduct (3)
2 nl'Reagents XCRea gents

2.3 Example

As an example of the application of these metrics for
route selection, Table 1 illustrates different synthetic
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routes for the synthesis of a chiral alcohol from a ketone.
For the calculation of the above described metrics, it was
assumed that (bio)catalysts and cofactors were recovered
after use and therefore, not included in these metrics.
Table 1 highlights the fact that that catalytic reactions
often score better than the stoichiometric reactions
(entries 2-6). With respect to environmental, safety and
health issues, the biocatalytic reactions (entries 4-6) are
undoubtedly a suitable alternative to the chemical syn-
thesis (entries 1 and 2), since both synthetic routes use
borane products. In particular, biocatalysis can indeed
stand as a promising alternative for the synthesis of
chiral alcohols when whole-cells are used (i.e., a resting
cell with ADH activity, entry 6). However, unlike often
reported in the scientific literature, for systems requir-
ing expensive redox cofactors [such as NAD(H), NADP(H)
and FAD(HZ)] and thus, an effective cofactor regenera-
tion, the biocatalytic systems using isolated enzymes
might not always stand as more attractive alternative
(entries 4 and 5). Indeed, for all the three metrics cal-
culated, the synthesis of chiral alcohol using isolated
enzymes and a glucose as the final electron acceptor is
the less interesting system (entry 5).

3 Phase ll: early development

One of the most attractive features of biocatalysis is the
ability to modify and tune the biocatalyst properties
(e.g., enantioselectivity, substrate acceptance, kinetic
or pH profiles under given conditions) and in recent
years, enormous progress has been made in the devel-
opment of new and improved methodologies to achieve
this [20, 33]. One consequence is that at the early devel-
opment stage, target setting is essential. Unlike evalu-
ation during route selection (where the assessment
eliminates the less favorable reaction chemistry, rather
than the process to achieve that chemistry), in early
development, environmental and economic assess-
ment is focused solely on the process performance and
thereby in evaluating the benefits of a particular tech-
nology to achieve a given chemistry. In particular, in
early development, more important than knowing the
overall economic and/or environmental score of a given
process, is to understand where the major profile contri-
butions lie (e.g., raw material, biocatalyst, solvent use
or downstream processing), since these will determine
the process viability and score of the different steps of a
biocatalytic process (fermentation, biocatalyst formula-
tion, reaction and downstream) and thus, it is necessary
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Table1 Environment and economic assessment for redox reactions during route scouting.

Redox reaction Catalyst Environmental Economic  References
assessment assessment
AVI
AE CME
MwProdu:t' g CProduct' €Produ:t'
MwSubstra\te-1 g Creagents-1 Reagents-1
1 Q NEBH‘ Q - None (stoichiometric reaction) 0.83 100% 16.5 [26]
2 0.91 67% 13.9 [30]
THF,BH,
chy CBS-catalyst cHy
o) HO
4 {;27 Isolated enzyme ADH/FDH 0.74 89% 19.6 [31]
NAD(P)H + H* NAD(P
N / OH
co; FDH o=/
5 2O Isolated enzyme ADH/GDH 0.41 57% 17.7 [31]
CH, ; i CH;
4 HO
NAD(P)H + H*  NAD(P)"
wo t M
o e N
HO |‘4 H }!l }!i GDH Ho ? OH
" OH H
6 Whole-cell 1 100% 20.3 [32]
LbADH
e
CH, CHy
o HO

Note: cost of products and raw materials obtained from www.icis.com.

ADH, alcohol dehydrogenase; AE, atom efficiency; AVI, added value index; CME, carbon mass efficiency; FDH, formate dehydrogenase; GDH,

glucose dehydrogenase.

to set targets for the process performance that can be
translated into the cost of the different parts of the
overall process.

Hence, the objective of evaluating the process at
the early development stage is to set targets for devel-
opment and to evaluate the potential strategies of
implementing a given biocatalytic process. Figure 2 is
a schematic representation of a single step biocatalytic
process, indicating the types of data required to assess
the process performance. The data can be collected
at small scale, provided it is under process relevant
conditions.

3.1 Tools for environmental assessment:
process related green chemistry metrics

Experts often find it difficult to assess the ‘greenness’
of bioprocesses, by virtue of the limited data available
[34]. Indeed, the number of environmental assessments
of biocatalytic processes that are published today
remains rather limited [34] and such studies invari-
ably require a large amount of information which is
not available at an early development stage. However,
there are several simpler approaches to quantify the
process environmental performance [23-25], by using
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process-related green chemistry metrics. These metrics
quantify the overall process (including the reac-
tion chemistry, covered by the reaction-related green
chemistry metrics). There are potentially six metrics
to be applied (dependent on the nature of the reagents
involved in the process), namely: process mass inten-
sity (PMI), effective mass yield (EMY), environmental
factor (E-factor), water intensity (WI), solvent intensity
(SI) and carbon factor (C-factor).

3.1.1 Reaction mass efficiency

Reaction mass efficiency (RME) (also known as mass
efficiency) is a metric developed by GSK. This metric
takes into account the Y . ~and the actual molar
quantities of reagents, as well as the atom economy
[23]. RME can be calculated by computing the quotient
of the mass of the product by the mass of all the rea-
gents in the process [Egs. (4) and (5)] [23]. However, this
metric does not account for the type of waste gener-
ated, solvent use, work-up (e.g., quenching) or energy
use [26, 35]:

RME= mProduct ( 4)
Zi rnReagent1
RME = AE XYReaction (5)

3.1.2 E-factor

The E-factor analyzes the amount of waste formed in the
synthesis of chemical compounds [36], quantifying it as
the amount of waste created/kg of product produced.
Despite the simple definition of E-factor, this metric can
be made as complex and thorough as is required. In a sim-
plified viewpoint, this metric can be defined as the inverse
of the RME as, at this stage, assumptions on solvent and
other factors can be made. By contrast, a more thorough
analysis can be performed when including solvent and
catalyst recycling. Therefore, this green chemistry metric
has been recognized as a valuable measure to provide
information about the environmental performance and
waste footprint of a given synthetic route or process [37].
In the E-factor, the waste is defined as everything leaving
the process boundaries, except the desired product. There-
fore, the E-factor takes into account the Y _ . , includ-
ing solvent and reagent losses and process aids [38]. The
E-factor includes not only the reaction chemistry and the
process options related with the reaction, but can also
include all the steps in a chemical synthesis, upstream or
downstream of the reaction step [Eq. (6)]:

.m -m
i”waste,  water

mPruduct

E factor=

(6)

Under stoichiometric conditions (i.e., no excess),
assuming that solvents and catalysts are recycled, the
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E-factor and RME are related according to Eq. 7, and in
such situations, the use of both metrics is unnecessary:

E factor= ! E -1 @

Water is generally excluded from the E-factor, as this
could lead to excessive E-factors for some processes (such
as bioprocesses), making a meaningful comparison of
the results difficult [37]. Since water is usually benign,
the solvent of choice for green chemistry is frequently
water, whereas organic solvents are more often used in
conventional chemical synthesis [39]. There is a historical
perception that water by itself does not have a significant
environmental impact. However, one must remember that
many chemical processes require highly purified water
and there are life cycle impacts related to the water puri-
fication step. In addition, in many chemical synthetic
routes, a mixed aqueous-organic waste stream is gener-
ated and therefore additional recovery units are required
to further separate the phases prior to the wastewater
treatment plant. Furthermore, nowadays, assessing the
water footprint of a given process is also a measure of sus-
tainability, since in many parts of the world competition
for water is becoming more of a concern and seems certain
to become a greater issue in the future [40]. Therefore, two
types of E-factor should be considered: one excluding
water [Eq. (6)] and one including water [Eq. (8)]:

z“i mwaste
T (8)

mProduct

E factor=

However, this green chemistry metric does not con-
sider what type of by-product or waste is generated. The
E-factor can also be used for multi-step reactions, although
the result only provides a benchmark guide for different
sectors and markets of the chemical industry [41].

In the study presented by Henderson et al. [13], where
a biocatalytic route was compared with the conventional
chemical synthesis, the biocatalytic route led to a higher
E-factor, whereas when using a simple life cycle assess-
ment (LCA) model (FLASC tool [42]) this synthetic route
shows better results with respect to energy consumption
and greenhouse gas emissions [13]. However, in this case,
there is a high water contribution to the E-factor of the
biocatalytic route, whereas for the E-factor of the con-
ventional chemical route, only the mass of unrecovered
solvents are accounted for, leaving the solvent recovery
processing steps out of the environmental evaluation.
Hence, a drawback of the E-factor as an accurate metric is
the need to define system boundaries before calculations.
Furthermore, this simplified metric only accounts for one
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environmental impact (i.e., waste generation), leaving
aside other relevant outputs and thus, the exclusive use of
this metric can lead to biased results.

3.1.3 PMI

PMI is the metric chosen by the American Chemical Society
Green Chemistry Institute’s Pharmaceutical Roundtable as
a high-level metric to evaluate the extent to which a given
manufacturing process is sustainable [43]. PMI is defined
as the total mass of materials used to produce a specified
mass of product [43], Eq. (9). When calculating PMI the
starting point is the commonly available materials [43].
Hence, the metric accounts for all the steps in the chemi-
cal synthesis including the catalyst production and all
reagents (including water) that are used directly in the
process [44]. Additionally, PMI also includes the down-
stream process (DSP) steps required for isolation and puri-
fication of the final product at the required quality [44].
However, PMI does not include specific concerns regard-
ing the environment, health and safety of the raw materi-
als used or the waste produced. However, such concerns
are normally addressed during route selection:

2,m,

mProduct

PMI=

©)

3.1.4 Sland WI

From a careful assessment of many of the synthetic routes
to chemical products, solvents have been found to be one
of the biggest mass contributors [45], as the use of solvents
can lead to higher yields and thus, an improved environ-
mental performance. This is particularly the case in the
fine chemicals and pharmaceutical sectors, where the sol-
vents typically contribute 80% to 90% of the mass inten-
sity of a process [46]. For these sectors, it was observed
that solvents contribute to about 75% of the total energy
usage (used in solvent work-up and recycling), around
70% to volatile organic compounds (VOCs) emissions (and
thus, to the photochemical creation potential) and about
50% for the global warming potential (GWP) [18, 19, 47].
Furthermore, the solvent production process also contrib-
utes greatly for the solvents total environmental impact
[48, 49]. Hence, SI was defined as a metric in order to
address the limitations raised when applying the E-factor,
by analyzing and quantifying the amount of all solvents
used in a given synthetic process [Eq. (10)]:
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>.m

i~ solvent;

mProduct

Sl= (10)

There are several solvent selection guides available in
the scientific literature from GSK [50, 51], Pfizer, AstraZen-
eca and the American Chemical Society (ACS); these have
a great focus on safety, health and environmental issues.
A systematic methodology for solvent selection from an
operational and environmental perspective (also integrat-
ing partially solvent selection guides) has been developed
by Gani and co-authors [52, 53]. When choosing a solvent
for the development of a process, it is important to take
into account the environmental impact of the chosen
solvent, and the potential safety and health risks associ-
ated with handling and operating with the given solvent
[52]. Solvents with issues should therefore be avoided.
Furthermore, other issues related with the ease of sepa-
ration and recovery of the products and enzyme compat-
ibility are often only regarded as a secondary aspect by
the abovementioned solvent guidelines. Hence, solvent
selection should include a score for options to recycle the
solvent. For instance, for water-miscible solvents, where
the solvent recovery is commonly done by distillation and
evaporation, the solvents should be ranked according
with the differences on the vapor pressure, whereas for
immiscible solvents, the operation unit mostly used is lig-
uid-liquid extraction and thus, the solubility differences
should be the basis for the ranking. Moreover, an ade-
quate solvent for biocatalytic processes should not cause
catalyst inactivation or degradation. For water-immiscible
systems (two liquid-phase systems), the solvent should
be as immiscible as possible in water, in order to reduce
biocatalyst contact with the potentially toxic solvent.
Nevertheless, for these systems, the liquid-phase inter-
faces have toxic effects on the biocatalyst, since solvents
with high partition coefficients (log P>4) are argued to
have less toxic effects on biocatalysts [54, 55]. For water-
miscible solvents, the solvent effect on the biocatalyst is
dependent on its concentration and thus, the biocatalyst
should be developed to tolerate these conditions. Finally,
another constraint when selecting the organic solvent is
the solvent reactivity, as it should not interact with the
substrates nor products by reacting or degrading, or like-
wise the biocatalyst (e.g., avoid using organic solvents
with the same functional group as the substrate).

A particular version of SI is WI, where the focus is
on analyzing the amount of water used throughout the
whole process [Eq. (11)]. WI is of special interest in bioca-
talysis and fermentation processes, since one of the most
attractive features of bioprocesses in organic synthesis is
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the possibility of operating with an environmentally com-
patible solvent (water) [39, 49] often representing more
than 50% of the resources mass [19]. However, water has
become a scarce and overexploited natural resource. In
addition, these processes usually lead to a large amount
of wastewater that needs to be properly cleaned and this
is usually very energy intensive [56]:

> m

i7" water

mProduct

WI= (11)

Nevertheless, the type of solvent used (or the quality
of the water used) is not specified and a methodology for
measuring the relative greenness of a given solvent is still
required. Furthermore, the environmental issues related
with the solvent recovery are not addressed by this metric.

3.1.5 Other metrics for environmental evaluation

The Green Chemistry community has generally agreed
that a suitable metric should be clearly defined, simple,
measurable and objective rather than subjective [57].
Despite the weaknesses of the abovementioned metrics,
these fulfill (at least, partially) the requisites for suitable
metrics. There are other metrics that can be applied at the
early development stage (such as environmental quotient,
EQ [58], EMY [59] and the C-factor [60]). However, the
correct application of these metrics requires more infor-
mation that is often not readily available at this develop-
ment stage.

The EQ is an attempt to overcome the flaws of the
E-factor, by multiplying the E-factor by a quotient that
measures the type of waste [Q, Eq. (12)]. This quotient
has an arbitrary value between 1 and 1000 (where 1 is
the optimal waste type), depending on whether the type
of waste produced is innocuous, waste toxicity and ease
of recycling [58]. However, the quotient is set on a rather
arbitrary and subjective ground:

EQ = E factorxQ (12)

The EMY is defined as the percentage of desired
product relative to the mass of all non-benign materials
used in its synthesis [Eq. (13)] [59]. Unlike the previously
described metrics, this metric highlights the ecological
effect of the reagent(s) and reaction additive(s). However,
the EMY lacks a precise definition of non-benign reagents,
currently defined as “those by-products, reagents or sol-
vents that have no environmental risk associated with
them” [59]. Nevertheless, this definition cannot specify
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or quantify the environmental risks in an objective way.
Furthermore, the EMY only highlights one potential envi-
ronmental impact (toxicity), disregarding others, such as
the GWP or waste generated. Hence, the use of the EMY
is hindered by the availability of information regard-
ing human toxicity and ecotoxicity. For example, when
assessing a biofuel production process, this metric would
give a favorable score to the process, since typically the
reagents are renewable feedstocks and would be consid-
ered benign reagents. This is clearly erroneous:

mProduct

.1m .
i~ non-benign reagent,

EMY= (13)

The C-factor quantifies the amount of CO, produced/
kg of product formed [60] [Eq. (14)]. The innovation in
this green chemistry metric is the life cycle thinking,
since the C-factor includes all the CO, produced from
the raw material production, preparation, conversion
and purification of the chemical. Nevertheless, use of
this metric has some potential shortcomings and for
this reason it was excluded from the suggested metrics
listed in Figure 2. Briefly, while the production of chemi-
cal products (in particular fine chemicals and pharma-
ceuticals) involves many environmental issues, such as
emission of VOCs, toxicity or nutrient enrichment, the
C-factor focuses solely on one environmental concern
(GWP) [61]. Thus, the exclusive use of the C-factor for
environmental assessment leads to a risk of these other
issues being neglected. Furthermore, the C-factor as
defined, only accounts for the emission of CO,, as part of
the GWP. This may be misleading, especially when using
renewable resources where emissions of methane (CH4)
and nitrous oxide (N,0) have an equal (if not greater)
potential contribution to global warming [62]. Further-
more, for fine chemicals and pharmaceuticals the calcu-
lated C-factor for the reaction performance often leads
to biased results, as the large downstream impact of the
process is not considered. While for bulk chemicals, the
C-factor is often small [61], but it disregards the contri-
bution of the raw materials production phase, which
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is often more energy intensive and thus with a higher
C-factor than the production phase itself [63]. Finally,
the inventory of CO, emissions itself is a time consuming
task to ensure it is sufficiently comprehensive.

Ozemiﬁed1

C factor= (14)

roduct

The energy loss index was introduced on a decision
framework for process design developed by Sugiyama and
co-workers [21]. This metric is an indicator to estimate the
energy-related efforts associated to the process, using only
the available reaction information forecasting the energy
and utilities that will be required in a large scale. This
index has a value of 0 (low) to 1 (high estimated energy
demand) according with: reaction medium (aqueous or
organic solvent), [P], difference of boiling points, inherent
waste and reaction energy [21]. However, this metric only
gives a qualitative score of the process energy demand
and it was thought to be applied exclusively for a process
requiring distillation processes on their recovery and
purification processes, whereas the impact of the reaction
adjuvants (such as co-solvents and catalysts), operating
conditions and other unit of operations are not accounted
for in the process energy demand.

3.2 Tools for economic assessment: process
metrics

The use of process metrics allows the integration of the
objective function for cost optimization at the early devel-
opment stage. Dependent upon on the industrial sector
of interest (i.e., bulk, fine chemical or pharmaceutical)
the engineer can estimate the annual production, the
expected market value and revenue. The market value
and annual production (defining which market segment
the product of interest falls into) have a great influence
on the scale, mass and energy balances and therefore, the
threshold values for the process metrics are also deter-
mined by this (see Table 2 and Figure 3).

Table 2 Typical threshold values for process metrics (adapted from [64]).

Process metrics Cost Annual Reaction Biocatalyst Product Space-time
production yieldY .. vield Y, e concentration [P] yield STY

Units €'kgProduct-1 ton'yearl OA) gPruducl.gbiocatalyst-1 gPruducl.Lreacmr-1 gProduct'(Lreactor.h) b

Bulk chemical 0.5-10 104-10°¢ >95 10%-10° >300 >10

Fine chemical 10-50 102-10* >90 102-10° >150 >2.5

Pharmaceutical >100 10-10° >90 10-10? >60 >1

chemical
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Figure 3 Typical relative contribution of raw material, biocatalyst production and downstream on the operating costs of a chemical

(adapted from [5], [22], [43], [46], [65]).

Hence, four process metrics are proposed in order to
evaluate the required development efforts and to assess
the contribution of each individual step towards process
feasibility: Y _ . (as a measure of the raw materials cost
contribution), Ybiocmlyst (assessing the cost contribution
of the biocatalyst), [P] (assessing the cost contribution
of the DSP) and STY (accounting for capital cost via the
size of the equipment necessary to fulfill a given produc-
tivity). Interestingly, the environmental and economic
performances are often found correlated and indeed the
four metrics proposed here have an effect of both environ-
mental as well as economic assessment of a given process
(Table 3).

3’2°1 Yreaction

Efficient conversion of the raw material is an essential
requirement for process success, since high Y_ . (%
mol, . /mol,, ) simplifies the downstream separa-
tion and leads to a more cost-effective process, lowering
the environmental and economic contribution of the raw
material to the final process performance. Ultimately, the
yield (and the associated cost differential of the substrate
and product) determines the available opportunity for
processing. For example, a low yield implies very little

Table 3 Suitable metrics for early development process evaluation.

freedom for costs in the rest of the process. Since raw
material costs are often in the range of 35%-90% of the
total processing cost [18, 66], dependent on the industrial
sector, there are different threshold values for the sug-
gested Y . for each market (Table 2). When aiming for
the production of a low value (bulk) chemical, there is a
small gap between the cost of the raw material and the
profitable product cost (>80% of the total processing cost
[66]). Therefore, the production costs are often dominated
by the cost of the raw materials and very high Y . are
required. A higher Y __ . also has a positive effect on the
environmental performance, leading to higher RME (by
virtue of better raw material use), lower PMI (due to the
lower mass contribution of the raw materials) and a lower
E-factor (since there is a smaller amount of raw materials
in the waste stream).

Furthermore, achieving a high conversion of a fossil-
based raw material (as is the case for many fine chemicals
and pharmaceuticals [34]) leads to lower cumulative energy
requirements [and consequently lower global warming,
acidification potential (AP), human and eco-toxicity
impacts]. For bio-based raw materials, a high Y . might
lead to lower nutrient enrichment potential (NEP) (due to
reduced use of fertilizers during the growing of crops) and
other land use aspects [34]. Due to the high selectivity of

enzymes, when highly functionalized molecules or those

Environmental metrics

Economic metrics

reaction

%

[P] STY

1

biocatalyst

. -1 . - . .h) 1!
gProduc! ghiocatalyst gProduc! Lreactor gProduc! (Lreaclor h)

RME gPrcducl‘g all reaclanls-1 X
E-factor gwaste generated‘gPruduct-1 X
PMI g all reactants and products'gProduct-1 X
SI/WI gsol\/ent/ water'gProduc!-1

X denotes the relationship between environmental and economic metrics at Phase Il
E-factor, environmental factor; [P], product concentration; PMI, process mass intensity; RME, reaction mass efficiency; Sl, solvent intensity;

STY, space-time yield; WI, water intensity.
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with several chiral centers are aimed at, the biocatalytic
route might appear to be a suitable alternative to avoid pro-
tection and de-protection steps (with an overall reduction
of the process steps) and thus, the theoretical yield can
be greatly improved and the amount of waste minimized
[34]. Nevertheless, at industrially relevant conditions, high
yields (i.e., high concentrations, presence of solvents)
might be difficult to achieve, not only due to catalyst inhi-
bition and/or stability (substrate or product at concen-
trations above their inhibitory level and/or presence of
organic solvents), but also many of the industrially relevant
biocatalytic reactions are not thermodynamically favora-
ble (e.g., chiral amine synthesis using w-transaminase).
For these reactions, the allowable cost contribution of the
raw material determines the efforts required for displacing
the equilibrium (such as use of an excess of co-substrate
or in situ product removal). However, for low value chemi-
cals, the reaction thermodynamics might influence the
process viability, since these types of chemicals have a
smaller allowable cost for downstream processing (for co-
substrate recovery and recycle) and often cannot afford the
implementation of expensive process technologies to shift
the equilibrium (e.g., membrane technology or resins for in
situ product removal).

For instance, the asymmetric synthesis of amines can
be performed with high Y . (>90%) using a vanadium
catalyst and tert-butanesulfinamide as the amine donor [67]
and thus, the Y _ . of the w-transaminase-catalyzed reac-
tions should at least match the overall Y _ . of the chemi-
cal route. However, under the mild operating conditions at
which the biocatalytic reaction takes place, the synthesis of
the amine from a pro-chiral ketone is very often hindered
by the unfavorable thermodynamic equilibrium. Hence,
by putting in place first a target to the Y __ . , the process
can be designed in such a way that process technologies
are put in place and the equilibrium can be shifted towards
the amine production, as demonstrated (for instance) by
Truppo and co-workers [68]. Among the strategies to shift
the equilibrium, the use of an excess of one of the reagents
is often used to improve the Y _ . . However, the use of this
strategy leads to higher waste produced in the reaction (if
the excess of substrate is not recovered) and might lead to
additional downstream processing steps to recover or sepa-
rate the unreacted substrate from the product.

3.2.2 Ybiocatalyst

Even enzymes for which the optimization of the expres-
sion system is not fully realized can be applied in industri-
ally relevant processes [5], as the biocatalyst cost in itself
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does not mean much. The relevant question to address is
how much the cost of the biocatalyst (including fermenta-
tion and biocatalyst formulation) contributes to the final
processing cost (when compared with the competing syn-
thetic processes). Furthermore, some of the environmen-
tal considerations of the biocatalyst production are also
covered by the Y iocatatyst (Table 3), since the fermentation
step can have a large impact on land use footprint, NEP
(due to growing of the carbon source crop) and AP (due
to energy demand) [69]. Moreover, a process that has a
10w Yy et (i.e., a higher biocatalyst use) implies higher
PMI (due to a higher mass contribution of the biocatalyst),
a higher E-factor (since the amount of biocatalyst in the
waste stream is higher) and higher WI (related with the
higher fermentation broth volumes). Furthermore, for the
production of the catalyst itself, the media preparation
and the immobilization procedure are the two main con-
tributors for the environmental impacts [42, 69]. Typically,
for optimized processes, the contribution of the enzyme to
the overall environmental impact is small compared to the
environmental impact of the raw material and production
process. Nevertheless, at early development stages, often
the biocatalyst activity and half-life time have not been
optimized to match the large-scale conditions and thus,
using this process metric tells the biologist the targets for
the biocatalyst improvement and the large-scale condi-
tions (i.e., concentrations, presence of inhibitors, etc.).
Therefore, processes where the biocatalyst contribution is
significant lead also to a less sustainable process (Table
3). It is therefore necessary to set a threshold value for the
efficiency of the biocatalyst (Y,

. 1
biocatalyst® gProduct gbiocatalyst )'

3.2.3 Product concentration

Recovery of the final product from the reaction phase is a
critical step and it is often overlooked in laboratory assess-
ments of biocatalytic processes. Clearly, the extent (and
consequently the allowable cost) of the DSP is dependent
on the product’s subsequent use.

Despite being beneficial for biocatalyst activity and
stability, operating at low [P] (g, ... 'L.....,) compromises
the DSP, due to the high volume of water (or organic
solvent) that it is necessary to remove (often by evapo-
ration), prior to effective processing. Hence, operating
at low [P] increases the PMI (due to an increase in the
mass contribution of water and solvents [19]), the E-factor
(since the amount of water or solvents in the waste stream
increases), the process energy requirements [49] (and con-
sequently the energy costs and the emissions related with
energy production), the SI (leading to VOCs emissions),
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the process water footprint (or WI) and volumetric capac-
ity of the DSP units of operation (with subsequent increase
of the capital costs of the DSP), as also reported by Ravelli
et al. [49] for a photocatalytic reaction. Hence, unless the
product is removed during the course of the reaction by
in situ product removal, there is a trade-off between the
biocatalyst activity and stability (and consequently the
Ybiocatalvst) and the final [P], that determines the process
performance (Table 3).

3.2.4 STY

When developing a new process, the business drivers are
two-fold: economic (CAPEX and OPEX) and environmen-
tal (often greenhouse gas emissions) and thus, energy
requirement reductions are often targeted [70]. High STY,
or volumetric productivity, g, ... (L_....- 1% is required to
lower the capital costs (CAPEX) and energy requirements
during the reaction (lowering utility costs, labor related
costs, emissions and environmental impacts related with
energy production, such as the C-factor, AP and GWP).
Indeed, a significant share of the greenhouse gas emis-
sions in bioprocesses originates from the energy use and
the type of energy input [71]. Tufvesson and co-workers [71]
reported that changing the input energy from fossil (hard
coal and natural gas) to a less carbon intensive (such as
bioenergy) led to a reduction of about 20% of the GWP [71].
This process metric assesses the speed at which the
reaction occurs, for a given equipment occupancy time
and required production rate. When performing cost
evaluation, there is often a trade-off between the STY and
hiocatays SITICE Operating at higher biocatalyst loading
increases the STY (reducing the time that the reaction
takes to reach completion and consequently CAPEX, utili-
ties and labor related costs) at the expense of increasing
the biocatalyst cost contribution, unless recycling and
reuse is possible. Hence, the STY and [P] are indicators
of the cost and impact of the process energy required,
representing the upstream (i.e., reaction section) and
the downstream (i.e., product recovery and purification
section) costs. Furthermore, together, the me‘alyst and STY
determine the requirements (targets) for biocatalyst spe-
cific activity and stability.

4 Phase lll: late development

Despite the potential of biocatalytic processes to provide
selective and resource efficient synthetic alternatives
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in organic synthesis, the success of the biocatalytic pro-
cesses at a large-scale is determined by performance
when compared with the competing technologies. Hence,
at the late development stage, specific considerations not
covered by the aforementioned metrics must be raised in
order to identify process pitfalls, bottlenecks and identify
the competitiveness of the biocatalytic route, against the
previously identified suitable alternatives.

At the late development stage, decision-making in
process design is a challenging activity as it requires an
immense amount of detail and it involves trade-offs of
conflicting optimization goals, namely costs, technical
feasibility and environmental impact. The goal of imple-
menting process evaluation tools at this stage is to assist
in go/no-go decision-making and also to identify the
process inputs that require optimization and/or a tighter
control. The starting point of the economic and environ-
mental evaluation is a complete description of the mass
and energy balances. Therefore, at this stage, the process
should have a certain maturity so the process adjuvants,
solvents, etc. are known and the units of operation for
upstream and downstream are also known, since only
with this information can the engineer take an informed
decision either to implement or discontinue the process.

4.1 Tools for environmental assessment: life
cycle assessment

The use of simple metrics is an attempt to measure the
process chemistry and efficiency in a straightforward way
and does not require process details, making it attrac-
tive to assist in initial process design decision-making.
However, with simplicity might come several drawbacks,
such as the fact that most of the metrics do not distin-
guish between waste types and emissions [46]. Further-
more, these metrics do not consider the waste generated
upstream or downstream of the investigated process
step(s).

At the other end of the spectrum, a more elaborate
and comprehensive tool to quantify environmental effects
is LCA [28]. LCA is a systematic approach to determine
the environmental impact associated with products, pro-
cesses and services. LCA assesses environmental burdens
by quantifying energy and materials used, as well as
wastes released into the environment. This assessment
includes the entire life cycle of the product, process or
activity including extraction and processing of raw mate-
rials, manufacturing, transportation and distribution,
use, recycle, waste treatment and final disposal [72].
Unlike green chemistry metrics, LCAs are not specific for
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(bio)chemicals, chemical or bioprocesses. Indeed LCA
was developed to be a suitable environmental assessment
tool for all kinds of products and processes and today
there are LCAs published for many different products from
food [73] to television sets [74]. LCA is a standardized (and
regulated) tool (ISO 14040) that provides detailed infor-
mation about the type of emissions and the environmen-
tal impact over the life cycle of the product or functional
unit. LCA provides a framework for reporting applicable
green metrics reflecting the whole life cycle of a given
product (i.e., from raw material to the disposal stage) [75].
LCA metrics can be reported as inventory data (energy
consumption, raw material consumption or emissions),
a measure of individual potential environmental impacts
(such as GWP, acidification, nutrient enrichment), or as
an aggregated score or index (such as EDIP, CML or Eco-
Indicator) [62].

One of the most relevant steps of the LCA is to calculate
a range of environmental impacts. These are classified in
impact categories (e.g., GWP, photochemical ozone forma-
tion, human and ecotoxicity). The environmental impacts
are classified accordingly to their radius of action into
global, regional or local impacts. The chemical’s potential
impact is often expressed as an equivalency factor (e.g.,
gCO,eq, gC,H,-eq). Substances which can contribute to
more than one type of environmental impact require an
equivalency factor for each type of impact. For example,
emission of methane contributes to GWP and photochemi-
cal ozone formation. Hence, the emission of 1 g methane
is translated on the impact assessment as 25 gCO_-eq and
0.007 gCH,-eq [62]. The equivalency factor expresses the
emission measured relatively to a reference substance.
Table 4 shows the environmental impact potentials and
the appropriate unit (or equivalency factor).

The importance of a given impact category varies
depending on the type of chemical assessed [76]. More
complex chemistry (such as synthesis of fine and phar-
maceutical chemicals) often requires more processing

Table 4 Environmental impact potentials.
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steps and thus, often leads to more waste generation
and a higher energy consumption, than bulk chemicals
[34]. Several companies have reported the environmen-
tal profile of their processes or products by describing
the equivalent emission of greenhouse gases or energy
savings. Nevertheless, when performing an environmen-
tal assessment on a given chemical, one should choose
the most relevant impact potential. For example, solvents
are one of the biggest mass contributors in the produc-
tion of fine or pharmaceutical chemicals process due to
the low water solubility of many substrates and products
[46] and VOC emissions are mainly due to solvent use [62].
Hence, when assessing such chemicals, it would be more
relevant to study the impact assessment of regional and
local impacts as photochemical ozone formation poten-
tial (instigated by high concentrations of VOC) and eco
and human toxicity potential (due to emission of toxic
particles during the chemical production process [77]). By
contrast, when fuel production from renewable resources
is evaluated, it would be more beneficial to analyze the
potential impact on greenhouse gases emission, nutri-
ent enrichment and land use. When comparing process
options for the manufacture of biofuel or large volume
(bulk) chemicals, or in fermentation processes (such
as biocatalyst production), the impact of the cultivation
of the raw materials (for the carbon-source) on global
warming and NEP is influenced mainly by the choice of
crop, but also by the process yield. Therefore, the yield
coefficient of biomass on carbon substrate (Y_) could be
a very useful assessment metric. Primary energy demand
is also a suitable metric to measure the process efficiency,
mostly for the fermentation and DSP steps. In a similar
away, AP can also measure the process efficiency, as the
most significant man-made sources of acidification (i.e.,
S0,) are combustion processes for electricity and heat pro-
duction [62] (although the relationship is rather depend-
ent on the type of fuel used for energy production and its
sulfur content).

Type of environmental impact Environmental impact

Abbreviation Equivalency factor

Global Global warming potential GWP gC0,-eq
Stratospheric ozone depletion potential SOP gCFC, ,-eq

Regional Photochemical ozone creation potential POCP gC,H,-eq
Acidification potential AP gS0.-eq
Nutrient enrichment potential NEP gP0,>-eq

Local Eco toxicity potential ETP PAF.m3.day
Human toxicity potential HTP cases
Hazardous waste potential HWP kg
Bulk waste BWP kg

PAF, potentially affected fraction of species.
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Nevertheless, LCA is often a laborious task, since it
requires a large amount of data from a variety of sources
[46] and therefore its applicability to bioprocess is
reserved only for late development, when detailed infor-
mation about the raw materials is available. In order to
facilitate environmental assessments, several companies
have developed in-house modified LCA methodologies
and software tools, such as FLASC [42], BASF Eco-effi-
ciency method [78], GREENSCOPE [79] [a Waste Reduction
Algorithm (WAR [80]) based software], EATOS [81] and
EcoScale [82]. Nevertheless, the simpler approaches still
require a defined process (i.e., defined solvent, auxilia-
ries, upstream and DSP) and are thus not suitable for the
previous development stage (Phase II: early development)
when neither the biocatalyst and process are under devel-
opment; whereas, to be used at Phase III, many of the
above-mentioned tools fail on providing an objective (e.g.,
EcoScale penalties does not distinguish the amount of
solvent or reaction time [15]) and a complete picture of the
environmental impacts (e.g., EATOS and BASF methods
are exclusively based on the mass metrics and on potential
toxicity impacts and safety of the materials used, while the
other impact categories are not accounted for [15]). Hence,
at a later development stage, only an evaluation based
on the LCA methodology will be able to give a fair judg-
ment of the environmental performance. However, there
is a limitation of available LCAs of chemicals (in particular
for fine chemicals and pharmaceuticals) and LCA does not
yet enjoy widespread practice for environmental assess-
ment in bioprocesses (with the exception of biofuels [34]),
the difficulty in assessing renewable raw materials being
one of the main reasons [34].

4.2 Tools for economic assessment: cost
estimation

Economic evaluation is a decision-making tool to quan-
titatively estimate the expected profitability of a process,
often in comparison with other processes [83]. The four
essentials of an economic study are: problem definition,
cost estimation, revenue estimation and profitability anal-
ysis. Additionally, characterization of the uncertainty and
risk is required.

Cost estimation is extremely useful during the devel-
opment of a chemical process, since it allows cost control
and debottlenecking. Cost estimation can be divided into
two categories: capital investment (CAPEX) and operating
cost (OPEX).

Capital investment (CAPEX) corresponds to the sum
needed to get the project started, for the machinery and
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equipment installation and can be classified in fixed
capital and working capital [84]. Fixed capital refers to the
capital necessary for all installed equipment and accesso-
ries required in the process operation and start-up [83, 85].
Fixed capital comprises the cost of purchasing, delivery
and installation of equipment, piping, automated control,
buildings and structures, site preparation, land (direct
plant costs), engineering and construction (indirect
plant costs) and contractor fees and contingency allow-
ances (non-plant costs) [83, 84]. Working capital is the
sum required for the day-to-day operation and includes
the cost of inventories, supplies and some of the start-up
expenses. The fixed capital investment is an important
cost when developing the economics of a process, since
this figure is used to estimate operating expenses and
project profitability [85]. The accuracy of a fixed capital
estimate is a function of the design effort involved [83]. As
the project design is refined, the estimate evolves from the
various preliminary phases into a more detailed and accu-
rate estimate [83].

The operating (or manufacturing) cost (OPEX) is an
important part of the economic evaluation. It consists
of direct, indirect and fixed costs. The operating costs
that need to be determined for decision-making during
scale-up include raw materials, utilities (including waste
management) and operating labor. Other direct produc-
tion costs (such as supervision, repair and maintenance),
indirect and fixed operating costs are usually calculated
through direct labor costs and/or annual capital invest-
ment costs [83, 85].

Evaluation of the costs in the preliminary design stage
involves guesses and applications of rules-of thumb. This
means that the quality and accuracy of these estimations
are to some extent dependent on the experience of the
engineer [83]. Regardless of the level of detail and com-
plexity in cost estimation and environmental impact eval-
uation, a certain degree of uncertainty will always remain
[84]. This makes it is necessary to evaluate the effect of
certain modifications to the original project on the total
process environmental and economic performance by per-
forming a sensitivity analysis.

5 Discussion

The increased use of environmental and economic assess-
ment during the early development raises the question of
comparability of the results. Often, well-established and
optimized synthetic routes are compared with under-
optimized biocatalytic processes, giving misleading
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results [34]. When looking at emerging processes (such as
biocatalytic processes), it is necessary to consider poten-
tial changes to the process by implementation of biocata-
lyst engineering and/or process modification.

In the last decades, several green chemistry metrics
have been defined, many of those with the same ideas
and concepts [26] (e.g., atom economy, actual atom
economy [86], EQ [58], e-factor based on molecu-
lar weight [35], stoichiometric factor [35]), which can
explain the low acceptance of green chemistry metrics
as a suitable assessment during the early stages of the
process development. The use of more complete and
complex performance assessment tools (such as LCA
and/or full costing) during the early stages is definitely
not a suitable strategy, as many of the process details are
not yet defined, nor is the process optimized and thus,
the output of these evaluations are highly sensitive to the
quality and quantity of the input information. Neverthe-
less, several relevant mass metrics such as green chem-
istry metrics and process metrics are a necessary step to
perform an LCA and determine process footprints [43].
Hence, it is necessary to select a suite of appropriate and
relevant metrics that can well foresee the performance
evaluation and relate with the environmental impacts
and costs at a later stage (Table 5).

Many of the Green Chemistry Metrics, such as those
suggested by Andraos [35] and Calvo-Flores [26] are good
attempts at identifying the greenness of a process during
route selection and early development stage. However,
these metrics do not always translate in a straightforward
way the LCA environmental impacts or the cost estimation
at the late development stage.

Furthermore, the metrics chosen for the environ-
mental evaluation in these two studies are redundant
and they lack a correlation between these mass metrics
with more complex and complete metrics. By acquiring a
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good understanding of the process during the early devel-
opment stage, the engineer can already foresee some of
the results at a later stage evaluation (see Table 5). For
instance, a process with a higher SI will certainly lead to
a higher VOCs emission and thus, a higher photochemi-
cal ozone creation potential (Table 5). In a similar way, the
process metrics can also indicate the main cost drivers in
the cost estimates (Table 6).

Despite the industry interest in promoting innovation
in the pipelines implementing greener processes, it is the
economic success and profitability that are the catalysts
for the development of new processes at a large scale. For
instance, when developing a new API, where the speed
of development is crucial for the process success, at the
early development stages the role of the chemical engi-
neer is not to improve the process so it leads to savings
in the emissions or costs, but instead his/her role is to
make the process safe using hazard analysis (e.g., fault
tree analysis [87], HAZOP [88]). However, when consider-
ing the replacement of technologies (e.g., implementation
of a biocatalytic), production of generic pharmaceutical,
a bulk or a speciality chemical, where typically there are
several rounds of optimization before large-scale imple-
mentation, the application of the described metric to
guide process design will set the guidelines for R&D and
thus, lead to savings at implementation.

Sugiyama and co-workers [21] proposed a decision
framework integrating not only economic and environ-
mental aspects, but also Environment, Health and Safety
(EHS) aspects. However, this methodology does not con-
sider the process maturity and thus, well-established
optimized conventional technologies are compared with
not fully optimized processes (as is the case of the emerg-
ing biocatalytic synthetic routes) which gives misleading
results. Moreover, selected metrics are very specific for the
production of methyl methacrylate and the studied routes,

Table5 Correlation between green chemistry metrics and life cycle assessment environmental impact impacts potentials.

Environmental evaluation at late development stage

Environmental evaluation at early development stage

PMI EMY E-factor SI/WI

Global warming potential GWP If oil-based

Photochemical ozone creation potential POCP If oil-based X
Acidification potential AP If oil-based

Nutrient enrichment potential NEP If bio-based

Eco toxicity potential ETP If oil-based X
Human toxicity potential HTP If oil-based X X
Hazardous waste potential HWP

Bulk waste potential BWP

E-factor, environmental factor; EMY, effective mass yield; PMI, process mass intensity; Sl, solvent intensity; WI, water intensity.
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Table 6 Correlation between economic process metrics used at the early development stage and cost estimation used at late stage.

Economic evaluation at late development stage

Economic evaluation at early development stage

reaction Ybiocatalyst [P] STY
Capital cost
Direct fixed capital costs
Equipment cost X X X

Piping and instrumentation
Others

Indirect fixed capital costs
Allocated costs
Working costs
Others

Operating costs
Direct manufacturing costs

Estimated from equipment costs
Estimated from equipment costs

Estimated from equipment costs

Raw materials X

Utilities cost

Direct labor

Others Estimated from labor costs

Indirect manufacturing costs Estimated from labor costs
Fixed costs Estimated from direct fixed capital costs
Others

[P], product concentration; STY, space-time yield.

where the cumulative energy demand is the only environ-
mental impact accounted for.

All of the environmental and economic assessments
published are for well-established and developed pro-
cesses where indeed, the biocatalytic synthesis can be a
suitable alternative. Nevertheless, many of these studies
fail in giving a complete picture of the biocatalytic process
environmental impact, since neither the biocatalyst pro-
duction nor product recovery is included. Furthermore, for
energy intensive processes (such as the typical production
of pharmaceutical compounds), short-cut or simplified
methodologies where the amount of energy consumed
is disregarded (such as EATOS) are inadequate tools. For
processes using bio-based raw materials, methods that do
not include land use aspects are thus, unable to provide a
fair comparison.

Kuhn and co-workers [19] reported that the bio-
catalytic productions are typically capital and energy
intensive, due to the fermentation process, and thus it is
necessary to set targets for the biocatalyst development,
not only in terms of activity, but also in enzyme expression
(if isolated) or cell-growth (if whole-cell). Furthermore,
despite the negative and (often) the most critical impacts
of some of the organic solvents [15, 18], operating in an
aqueous media does not represent a greener or cheaper
solution [19] and thus, it is crucial to set guidelines for
the substrate(s) and product(s) concentrations at which
the biocatalyst should be able to operate effectively. To

achieve these research targets, the biocatalyst must be
improved either by process technologies (e.g., enzyme
immobilization) or by rDNA technology. When doing a
complete assessment, it is necessary to include the envi-
ronmental and the capital and operation costs of the DSP.

5.1 Recommendations

Many of the reviewed articles compare biocatalytic pro-
cesses with conventional production paths, where several
environmental and economic benefits of the biocatalytic
route could be found. Nevertheless, the published per-
formance evaluation studies are done for optimized pro-
cesses and/or where the challenges for implementation
are only moderate.

New biocatalytic processes will face new challenges
such as unfavorable thermodynamic equilibrium, pres-
ence of solvents and/or catalyzing non-natural reactions
[20]. Moreover, new plant design might become a less
common practice in the coming decades [89]. However,
this does not necessarily mean that there is no space for
novel design solutions. New synthetic processes (includ-
ing biocatalytic processes) will often be retroffited into
existing plants, either to increase capacity, improve EHS
compliance, or improve process performance. Hence,
it is necessary not to discard potentially good, but non-
optimized solutions (as is often the case of the biocatalytic
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processes in the early development). Instead, by using
adequate tools for each stage of the development, these
non-optimized solutions can be matured to the point
where they can actually present the best option. There-
fore, during early stages, we suggest the use and clear
reporting of process metrics and process related green
chemistry metrics to assess and guide the development of
both the biocatalyst and the process.

This paper suggests that the use of simpler metrics
[process related green chemistry metrics (RME, E-factor,
PMI, SI, WI) and process metrics (Y. , hiocatalyst? final
[P] and STY)] during early development of biocatalytic
processes is a suitable assessment tool to guide research
and development, setting targets for process, protein and
genetic engineers. However, in a later stage of develop-
ment, only comprehensive assessments based on LCA
methodology and/or cost estimation can provide an ade-
quate and fair representation of the environmental and
economic performance of the process.

6 Conclusions

Frequently, environmental and economic analysis is
carried out at a rather late stage of process development.
This paper argues that such an analysis should be carried
out far earlier, with the intent of providing guidance for
route selection and to set early development targets.
However, since the assessment of the process has different
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