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The E-factor has become an important measure for the environmental impact of (bio)chemical reactions.
However, summing up the obvious wastes generated in the laboratory neglects energy-related wastes
(mostly greenhouse gases) which are generated elsewhere. To estimate these wastes, we propose to
extend the E-factor by an energy-term (Eþ-factor). At the example of a lab-scale enzyme fermentation,
we demonstrate that the Eþ-factor can constitute a multiple of the classical E-factor and therefore must
not be neglected striving for a holistic estimation of the environmental impact.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
For more than 25 years now, Sheldon's E-factor has been an
inspiration for researchers aiming at environmentally more
acceptable chemistry [1,2]. The E-factor (E for environmental)
provides a very simple, yet reliable measure to estimate the
resource intensity of a given process or reaction and the wastes
generated. Other mass-based environmental metrics such as process mass intensity (PMI) or reaction mass efﬁciency (RME) have
not reached the same wide importance [2] and are mostly used in
special industries such as small-molecule pharma [1].
The E-factor essentially sums up the wastes generated in the
process including reagents, solvents (except water) and reaction
aids (such as ﬁlter- and column materials) and puts them into
relation to the amount of product generated (eq. (1)). Hence, the Efactor can be determined very easily from information found in lab
journals or standard operation procedures.

P
E¼

 
mðwastesÞ kg
mðproductÞ kg

Eq. (1). Sheldon's E-factor.
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(1)

Despite its large success, the ‘classical’ E-factor exhibits a range
of shortcomings. For example, the quality (in terms of environmental hazard or depleting resources) of a given waste component
is not reﬂected by the E-factor. In principle, this can be compensated by the ‘environmental quotient’ (Q) taking the ‘environmental unfriendliness’ of a given waste into account. There is also
an ongoing debate whether water should be included in the Efactor or not [1]. The concept of the complete E-factor (cEF) has
been developed to enable the inclusion of water in E-factor calculations [1,3].
Yet, another limitation is that the ‘classical’ E-factor does not
take the energy demands (heating, cooling, stirring, pumping etc.)
of a reaction into account. Especially if the reaction energy is
derived from electrical power, this is easily overseen as electricity
simply comes from a wall socket. Today's electricity, however, to a
very signiﬁcant part is still obtained from burning fossil fuels (gas,
oil, coal) resulting in emission of CO2 into the atmosphere. In the
European Union for example, still roughly 50% of the electricity is
obtained this way resulting in CO2 emissions of 315 g per kWh in
2015. On OECD average (2015) this value was even 404 gCO2 kWh1
[4].
Most contributions reporting an E-factor analysis neglect this
factor. We therefore became interested in estimating the contribution of this ‘hidden’ E-factor contribution caused by the electricity generation. For this, we deﬁne the Eþ-factor comprising the
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classical E-factor plus CO2-emissions caused by electricity generation (eq (2)).

"
#
2Þ
kWh  kgðCO
W  Cl
mðwastesÞ kg
kWh
þ
E ¼
mðproductsÞ kg mðproductÞ
kg
þ

P

(2)

Eq. (2). The Eþ-factor. W ¼ electrical power used; CI ¼ carbon
intensity, i.e. the local average CO2 emissions caused for the generation of electricity.
To evaluate the impact of electricity-caused CO2 emissions on
the Eþ-factor we decided to examine the electricity consumption of
lab-scale enzyme production. In particular, we chose the recombinant expression of the unspeciﬁc peroxygenase from Agrocybe
aegerita (rAaeUPO) [5]. Unspeciﬁc peroxygenases (UPOs, E.C.
1.11.2.1) are promising catalysts for selective oxyfunctionalisation
reactions [6,7]. Despite the fact that the synthetic application of
peroxygenases is still in its infancy [8] their potential has been
demonstrated through many examples of hydroxylation of nonactivated CeH-bonds [9e15] and further examples of (stereo)selective oxyfunctionalisation reactions [6,7,16] making them very
promising alternatives to existing oxyfunctionalisation catalysts
[17].
Peroxygenases, however, like all heme-dependent enzymes,
exhibit a pronounced instability against H2O2 [18], which is
generally solved by in situ generation of H2O2 through reductive
activation of molecular oxygen [16,19]. Various approaches for the
in situ generation of H2O2 have been developed in the past years
covering chemical [20e23], enzymatic [24,25], electrochemical
[26e32] and photochemical approaches [33e39].
For this study, we focussed on a recently described formate
oxidase from Aspergillus oryzae (AoFOx) [40e42]. AoFOx-catalysed
H2O2 generation is attractive for preparative-scale reactions as
gaseous CO2 represents the only stoichiometric side product leaving the reaction mixture and therefore not further complicating
downstream processing. Overall, a bienzymatic cascade for the
formate-driven, aerobic and stereospeciﬁc hydroxylation of ethyl
benzene as a model substrate was envisioned (Scheme 1).
Both enzymes were produced by recombinant expression at
10L-scale using Pichia pastoris as expression host for rAaeUPO and
Escherichia coli for AoFOx (see SI for more details). To determine the
‘classical’ E-factor, we added up the masses of all agents used for the
fermentation such as buffer and nutrients and divided them by the
mass of enzyme obtained (Table 1).
At ﬁrst sight, high E-factors in the range of 2000e4000 were
determined for both enzymes as crude products. In other words,
about 2000e4000 kg of wastes were generated per kg of the crude
enzyme. These numbers were even higher when taking the water
used for the fermentations into account (E-factors up to 50000). We
believe that at least in this case water must not be neglected from

Scheme 1. Bienzymatic cascade for the selective hydroxylation of ethyl benzene to (R)1-phenyl ethanol. Formate oxidase (AoFOx) mediates the formate-driven in situ H2O2
generation. The latter is used by the peroxygenase (rAaeUPO) for the selective hydroxylation reaction.

Table 1
E and Eþ-factors determined for rAaeUPO and AoFOx.

crude rAaeUPO c
puriﬁed rAaeUPO
crude AoFOx d
puriﬁed AoFOx d

c

E-factora [kg kg1] x 103

Eþ-factorb [kg kg1] x 103

4.3 (15.7)
18.5 (209.0)
2.8 (49.8)
4.3 (106.1)

110.9
566.8
99.7
157.8

a
Input of all material and reagents per kg of produced enzyme. The input
considering water is shown in brackets.
b
The Eþ-factor furthermore takes energy demand and the thereby resulting CO2
emission during enzyme production and puriﬁcation into account.
c
Calculated based on 778 mg rAaeUPO after ultraﬁltration or 295 mg rAaeUPO
retained after puriﬁcation.
d
Calculated based on 285 mg AoFOx retained after full puriﬁcation.

the E-factor calculation because it leaves the fermentation in
contaminated form which necessitates further (energy-intensive)
processing.
Table 1 also reveals the very signiﬁcant contribution of
electricity-related CO2 emissions in the range of 100000 kg CO2 per
kg of enzyme.
Finally, also the contribution of enzyme puriﬁcation is worth
mentioning here. Depending on the number of puriﬁcation steps
and the solvent consumption for chromatographic puriﬁcation
steps, both the ‘classical’ E-factor as well as the Eþ-factor were at
least doubled (Table 1).
The biocatalysts themselves, however, are not the ﬁnal products
but only the catalysts for the reaction of interest. We therefore
performed the desired stereospeciﬁc hydroxylation of ethyl benzene (Fig. 1).
Considering the high Eþ- and cost-contributions of chromatographic protein puriﬁcation we evaluated crude preparations as
well as the puriﬁed preparations. While the time-courses for crude
and puriﬁed rAaeUPO were essentially superimposable, no product
formation was detectable using crude AoFOx (Fig. 1). This was due
to the presence of catalase in the crude E. coli preparations counteracting the AoFOx-catalysed H2O2 generation. In case of rAaeUPO,
being an extracellular easily sectreted enzyme, no catalase activity
was detected in the crude preparations. Therefore, for all further
calculations we used the Eþ-factors of the crude enzyme for
rAaeUPO and the puriﬁed AoFOx, respectively (Table 1).
Table 2 compares the E-factor contributions of the enzymes for
the preparation of (R)-1-phenyl ethanol as shown in Fig. 1. It should

Fig. 1. Representative time course of the bienzymatic hydroxylation of ethyl benzene
(Scheme 1) using puriﬁed (A) or crude (>) AoFOx preparations. Conditions: KPi
buffer (100 mM, pH 6), [rAaeUPO] ¼ 200 nM, [AoFOx] ¼ 20 nM, [ethyl benzene] ¼ 10 mM, [NaHCO2] ¼ 100 mM, T ¼ 30  C.

F. Tieves et al. / Tetrahedron 75 (2019) 1311e1314
Table 2
E-factor evaluation of the reaction shown in Fig. 1.
Component

E-factor contribution [kg kg1(R)-1-phenyl

water
bufferb
rAaeUPO
AoFOx
otherd
Sum

788
7.7
7.1 (780141)c
0.1 (15937)c
<10
813 (796884)c

a
b
c
d

a
ethanol]

a classical E-factor was calculated.
Calculated as H3PO4.
Numbers in parentheses take the Eþ-factors for the enzymes into account.
Including CO2 from formate oxidation, non-reacted ethyl benzene, NaHCO2 etc.

be noted that the reactions shown in Fig. 1 were performed on
1 mL-scale in a thermoshaker reaction setup and thus, we refrained
from measuring the electricity used for the shaker; therefore
Table 2 shows the E-factor calculation only. Based on mass, water is
by far the biggest contributor to the environmental impact of the
reaction. Also the contribution of the phosphate buffer (7.7 kg
kg1product) should not be ignored considering the fact that phosphate is a depleting resource. It should, however, be noted that the
product concentration in this experiment (ca. 10 mM) was very low
accounting for the high E-factor contributions of water and buffer
[43]. Table 2 also illustrates the importance of taking the prehistory
of the reagents into account. Performing the classical E-factor
analysis just taking into account the actual masses of the biocatalysts used gives acceptable to excellent E-factor contributions
for both enzymes. A completely different picture, however, evolves
if the waste generation (mostly CO2) during the enzyme preparation is taken into account. Similar numbers would most likely be
the result taking the prehistory of the other reagents (substrate,
buffer etc.) into account [44].
The numbers shown in Table 2 are prohibitively high to label the
reaction shown in Fig. 1 as ‘green’. Particularly the contributions of
the biocatalysts are in stark contrast to the general notion that
biocatalysis is a green technology. It should however be noted here
that under the non-optimised reaction conditions the catalytic
potential of the biocatalysts was by far not exploited yet. In the
example shown in Fig. 1, rAaeUPO performed only 50000 catalytic
turnovers and thereby fell back by orders of magnitude behind its
catalytic potential [24]. AoFOx performed 500000 catalytic
turnovers.
The aim of this study was to evaluate to which extend ‘hidden’
waste formation originating from electricity generation contributes
to the environmental impact of (bio)chemical processes. The
numbers presented here clearly demonstrate that biocatalytic reactions by no means can be considered to be ‘green’ or ‘environmentally benign’ per se [45]. This impression may arise considering
the ‘classical’ E-factor only while neglecting CO2 emissions caused
by the electrical power used. However, when taking this waste
factor into account, a completely different picture evolves questioning the general notion of biocatalysis being an intrinsically
green technology. However, we believe that these numbers can
serve as a guiding principle to reduce the environmental impact of
the reaction. As discussed below, already a few improvements can
be very effective en route to this goal.
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‘worst case scenarios’. rAaeUPO was produced in P. pastoris using a
two-week fermentation protocol explaining the very high energy
demand for its production. AoFOx was produced from E. coli. Its
overexpression protocol, however, is still far from being optimised.
As a result, overall enzyme titres of approx. 22 mg L1 fall far back
from what can be achieved using E. coli as expression system and
explain the high Eþ-factor of AoFOx. Considering that protein yields
of up to several tens of grams of protein per litre fermentation broth
(>10 g L1) can be achieved with E. coli, [46] an Eþ-factor for an
E. coli-borne enzyme in the range of 200e1000 kg kg1 appears
realistic; leading to acceptable overall contributions to the ﬁnal
product.
It should also be taken into account that the lab-scale fermentations reported here are rather small in volume. Industrial-scale
fermentations in the m3-scale may also proﬁt from scalingeffects, more efﬁcient energy usage and hence reduced Eþ-factors
[47,48].
Next to the fermentation itself, (chromatographic) puriﬁcation
also immensely adds to the environmental impact of an enzyme
preparation. Consequently, from an economical point of view, puriﬁcation is not attractive [49] which is also why the majority of
industrial enzyme preparations are crude extracts rather than puriﬁed enzymes. In case of AoFOx, some puriﬁcation was inevitable
to remove the competing catalase activity.

1.2. Reaction conditions
Obviously, the environmental impact of a catalyst directly correlates with its turnover number (TN). This is exempliﬁed in Fig. 2.
Increasing the TN of AoFOx and rAaeUPO to approx. 1000000 and
3400000, respectively, reduces their Eþ-factor contributions to the
ﬁnal product to 10 kg kg1.
Hence, the more efﬁciently an enzyme is used (in terms of TN),
the lower its contribution to the overall waste generation.
Next to the biocatalyst contribution, water contributes signiﬁcantly to the waste formation due to the poor solubility of the reagents. Increasing the reagent concentration is the most effective
method to reduce this contribution, which can be achieved by neat
reaction conditions [50] or using the two-liquid-phase system
[36,43].
Overall, with this contribution we demonstrate that energy

1.1. Enzyme preparation
As shown in this contribution, it takes more than just the
obvious ingredients such as buffer and cultivation media to make
an enzyme. For both enzymes the electricity-caused CO2 emissions
contributed to more than 80% of the total wastes generated. It
should be noted that the numbers shown in Table 1 represent

Fig. 2. E-factor contributions of rAaeUPO (¡) and AoFOx ( ) to the ﬁnal product
depending on the turnover numbers achieved. The enzymes' Eþ-factors shown in
Table 1 put the basis for this calculation.
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represents a factor that should not be neglected even from simple
E-factor calculations. Enzymes are not per se ‘green’ catalysts and
biocatalysis is not per se a ‘green’ technology. We all should critically reﬂect the possible environmental consequences of our reactions and processes before labelling them ‘green’ by default.
Acknowledgments
This work was supported by the European Union Project H2020BBI-PPP-2015-2-720297-ENZOX2 and F.H. gratefully acknowledges
funding by European Research Council (ERC Consolidator Grant No.
648026) and the Netherlands Organisation for Scientiﬁc Research
for ﬁnancial support through a VICI grant (no. 724.014.003). J.M.R,
B.R and A.S.B. gratefully acknowledge support from the United
States National Science Foundation grant IIP-1540017.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tet.2019.01.065.
References
[1] R.A. Sheldon, Green Chem. 19 (2017) 18e43.
[2] R.A. Sheldon, ACS Sustain. Chem. Eng. 6 (2018) 32e48.
[3] F. Roschangar, R.A. Sheldon, C.H. Senanayake, Green Chem. 17 (2015)
752e768.
[4] International Energy Agency: ‘CO2 emissions from fuel combustion'Agency,
https://dx.doi.org/10.1787/co2-data-en, accessed 12.12.2018.
[5] P. Molina-Espeja, S. Ma, D.M. Mate, R. Ludwig, M. Alcalde, Enzym. Microb.
Technol. 73e74 (2015) 29e33.
[6] M. Hofrichter, R. Ullrich, Curr. Opin. Chem. Biol. 19 (2014) 116e125.
[7] Y. Wang, D. Lan, R. Durrani, F. Hollmann, Curr. Opin. Chem. Biol. 37 (2017)
1e9.
[8] R. Ullrich, J. Nüske, K. Scheibner, J. Spantzel, M. Hofrichter, Appl. Environ.
Microbiol. 70 (2004) 4575e4581.
[9] P. Gomez de Santos, M. Canellas, F. Tieves, S.H.H. Younes, P. Molina-Espeja,
M. Hofrichter, F. Hollmann, V. Guallar, M. Alcalde, ACS Catal. 8 (2018)
4789e4799.
[10] A. Olmedo, J. C. d. Río, J. Kiebist, R. Ullrich, M. Hofrichter, K. Scheibner,
rrez, Chem. Eur J. 23 (2017) 16985e16989.
A.T. Martínez, A. Gutie
[11] J. Kiebist, K.-U. Schmidtke, J. Zimmermann, H. Kellner, N. Jehmlich, R. Ullrich,
€nder, M. Hofrichter, K. Scheibner, Chembiochem 18 (2017) 563e569.
D. Za
[12] F. Lucas, E.D. Babot, M. Canellas, J.C. del Rio, L. Kalum, R. Ullrich, M. Hofrichter,
V. Guallar, A.T. Martinez, A. Gutierrez, Catal. Sci. Technol. 6 (2016) 288e295.
[13] S. Peter, A. Karich, R. Ullrich, G. Grobe, K. Scheibner, M. Hofrichter, J. Mol.
Catal. B Enzym. 103 (2014) 47e51.
[14] M. Kluge, R. Ullrich, K. Scheibner, M. Hofrichter, Green Chem. 14 (2012)
440e446.
[15] A. Gutierrez, E.D. Babot, R. Ullrich, M. Hofrichter, A.T. Martinez, J.C. del Rio,
Arch. Biochem. Biophys. 514 (2011) 33e43.
[16] S. Bormann, A. Gomez Baraibar, Y. Ni, D. Holtmann, F. Hollmann, Catal. Sci.
Technol. 5 (2015) 2038e2052.

[17] E. Roduner, W. Kaim, B. Sarkar, V.B. Urlacher, J. Pleiss, R. Gl€
aser, W.-D. Einicke,
G.A. Sprenger, U. Beifuß, E. Klemm, C. Liebner, H. Hieronymus, S.-F. Hsu,
B. Plietker, S. Laschat, ChemCatChem 5 (2013) 82e112.
[18] B. Valderrama, M. Ayala, R. Vazquez-Duhalt, Chem. Biol. 9 (2002) 555e565.
[19] S. Ranganathan, V. Sieber, Catalysts 8 (2018) 379.
[20] C.E. Paul, E. Churakova, E. Maurits, M. Girhard, V.B. Urlacher, F. Hollmann,
Bioorg. Med. Chem. 22 (2014) 5692e5696.
[21] F. Hollmann, A. Schmid, J. Inorg. Biochem. 103 (2009) 313e315.
[22] S. Ranganathan, V. Sieber, React. Chem. Eng. 2 (2017) 885e895.
[23] S.K. Karmee, C. Roosen, C. Kohlmann, S. Lütz, L. Greiner, W. Leitner, Green
Chem. 11 (2009) 1052e1055.
[24] Y. Ni, E. Fern
andez-Fueyo, A.G. Baraibar, R. Ullrich, M. Hofrichter, H. Yanase,
M. Alcalde, W.J.H. van Berkel, F. Hollmann, Angew. Chem. Int. Ed. 55 (2016)
798e801.
[25] P.C. Pereira, I. Arends, R.A. Sheldon, Process Biochem. 50 (2015) 746e751.
ndez-Fueyo, M. Lee, F. Hollmann, C.B. Park, ACS Catal. 7
[26] D.S. Choi, Y. Ni, E. Ferna
(2017) 1563e1567.
[27] A.E.W. Horst, S. Bormann, J. Meyer, M. Steinhagen, R. Ludwig, A. Drews,
M. Ansorge-Schumacher, D. Holtmann, J. Mol. Catal. B Enzym. (2016)
S137eS142.
[28] D. Holtmann, T. Krieg, L. Getrey, J. Schrader, Catal. Commun. 51 (2014) 82e85.
[29] L. Getrey, T. Krieg, F. Hollmann, J. Schrader, D. Holtmann, Green Chem. 16
(2014) 1104e1108.
[30] T. Krieg, S. Huttmann, K.-M. Mangold, J. Schrader, D. Holtmann, Green Chem.
13 (2011) 2686e2689.
[31] C. Kohlmann, S. Lütz, Eng. Life Sci. 6 (2006) 170e174.
[32] S. Lutz, E. Steckhan, A. Liese, Electrochem. Commun. 6 (2004) 583e587.
[33] S.J.P. Willot, E. Fernandez-Fueyo, F. Tieves, M. Pesic, M. Alcalde,
I.W.C.E. Arends, C.B. Park, F. Hollmann, ACS Catal. (2019), https://doi.org/
10.1021/acscatal.8b03752.
ndez-Fueyo, Y. Ni, M. van Schie, J. Gacs, R. Renirie, R. Wever,
[34] W. Zhang, E. Ferna
F.G. Mutti, D. Rother, M. Alcalde, F. Hollmann, Nat. Catal. 1 (2018) 55e62.
ndez-Fueyo, M. Alcalde, J.Z. Bloh, F. Hollmann,
[35] W. Zhang, B.O. Burek, E. Ferna
Angew. Chem. Int. Ed. 56 (2017) 15451e15455.
[36] E. Churakova, I.W.C.E. Arends, F. Hollmann, ChemCatChem 5 (2013) 565e568.
[37] E. Churakova, M. Kluge, R. Ullrich, I. Arends, M. Hofrichter, F. Hollmann,
Angew. Chem. Int. Ed. 50 (2011) 10716e10719.
[38] D.I. Perez, M. Mifsud Grau, I.W.C.E. Arends, F. Hollmann, Chem. Commun. 44
(2009) 6848e6850.
[39] I. Zachos, S. Gassmeyer, D. Bauer, V. Sieber, F. Hollmann, R. Kourist, Chem.
Commun. 51 (2015) 1918e1921.
[40] J.M. Robbins, J. Geng, B.A. Barry, G. Gadda, A.S. Bommarius, Biochemist 57
(2018) 5818e5826.
[41] J.M. Robbins, A.S. Bommarius, G. Gadda, Arch. Biochem. Biophys. 643 (2018)
24e31.
[42] J.M. Robbins, M.G. Souffrant, D. Hamelberg, G. Gadda, A.S. Bommarius,
Biochemist 56 (2017) 3800e3807.
[43] Y. Ni, D. Holtmann, F. Hollmann, ChemCatChem 6 (2014) 930e943.
[44] F. Roschangar, J. Colberg, P.J. Dunn, F. Gallou, J.D. Hayler, S.G. Koenig,
M.E. Kopach, D.K. Leahy, I. Mergelsberg, J.L. Tucker, R.A. Sheldon,
C.H. Senanayake, Green Chem. 19 (2017) 281e285.
[45] R.A. Sheldon, J.M. Woodley, Chem. Rev. 118 (2018) 801e838.
[46] D.D. Fan, Y. Luo, Y. Mi, X.X. Ma, L. Shang, Biotechnol. Lett. 27 (2005) 865e870.
[47] P.H. Nielsen, K.M. Oxenbøll, H. Wenzel, Int. J. Life Cycle Assess. 12 (2006) 432.
[48] K.R. Jegannathan, P.H. Nielsen, J. Clean. Prod. 42 (2013) 228e240.
[49] P. Tufvesson, J. Lima-Ramos, M. Nordblad, J.M. Woodley, Org. Process Res. Dev.
15 (2010) 266e274.
ndez-Fueyo, Y. Ni, A. Gomez Baraibar, M. Alcalde, L.M. van Langen,
[50] E. Ferna
F.J. Hollmann, Mol. Catal. B. Enzym. 134 (2016).

