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Abstract

A techno-economic analysis of two different bioprocesses was conducted,
one for the conversion of propylene to propylene oxide (PO) and other for con-
version of styrene to styrene epoxide (SO). The first process was a lipase-
mediated chemo-enzymatic reaction, whereas the second one was a one-step
enzymatic process using chloroperoxidase. The PO produced through the
chemo-enzymatic process is a racemic product, whereas the latter process
(based on chloroperoxidase) produces an enantio-pure product. The former
process thus falls under the category of high-volume commodity chemical
(PO); whereas the latter is a low-volume, high-value product (SO).

A simulation of the process was conducted using the bioprocess engi-
neering software SuperPro Designer v6.0 (Intelligen, Inc., Scotch Plains, NJ)
to determine the economic feasibility of the process. The purpose of the exer-
cise was to compare biocatalytic processes with existing chemical processes
for production of alkene expoxides. The results show that further improve-
ments are needed in improving biocatalyst stability to make these biopro-
cesses competitive with chemical processes.

Index Entries: Bioprocess; chloroperoxidase; economics; enzymatic; epox-
ides; lipase.

Introduction

Biocatalytic production of chemicals and intermediates has been
studied at the laboratory level for several years; however, few industrial-
scale processes have been commercialized. Commercial production of
commodity organic chemicals using enzymatic catalysts has been almost
nonexistent. However, with the increased use of biocatalytic processes in
low-volume high-value chemicals such as pharmaceutical intermediates,
newer technologies improving the activity and stability of enzyme biocat-
alysts (1,2) for industrial applications have emerged. Some of these include
improved immobilization techniques (3), stabilization through lyophiliza-
tion with lyoprotectants (4), salts (5), or addition of surfactants (6,7), chem-
ical modification with amphiphilic or hydrophobic polymers (8,9).
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Epoxidation of alkenes is of significant industrial interest because of
production of a range of products from the epoxides including glycols,
polymers such as polyols, plasticizers, and stabilizers for polyurethane
manufacturing, pharmaceuticals, agrochemicals, and so on. Biocatalytic
epoxidation of alkenes is possible through microbial or enzymatic pro-
cesses. A microbial process is preferred when cofactor regeneration is nec-
essary, as in monooxygenase-based processes (10). Alternately, an
enzymatic process using fatty acids as peroxidation cosubstrates (11–13)
may be used. Epoxidation of terminal alkenes with carbon atoms ranging
from 8 to 16 carbon atoms as well as some cycloalkenes has been demon-
strated (11). A second enzymatic route is through the use of haloperoxi-
dases such as chloroperoxidase (CPO) from Caldariomyces fumago. This
conversion results in epoxides with enantiomeric excess as high as 95%,
although yields are generally moderate (14).

Propylene oxide (PO) is one of the largest volume epoxides produced
worldwide using chemical routes. A bioprocess route has potential to
increase the energy efficiency of producing this commodity chemical. Two
biological routes have previously been proposed for production of PO.
These include a four-step Cetus process based on corn liquor fermentation
and a second route based on methane monooxygenase (MMO) (15). A
technical and economic analysis and comparison of various bioreactor
types for the latter process was also reported (16). A third route being pro-
posed here is based on a two-step chemo-enzymatic process using lipase
as catalyst. A process model based on the two-step reaction was developed
for industrial production of PO and an order of magnitude economic anal-
ysis was conducted.

Similarly, the epoxidation of styrene through chloroperoxidase was
used as a model for developing the process model, followed by the eco-
nomic feasibility analysis of the process. It should be noted that the
chloroperoxidase-based process produces styrene oxide (SO) at high enan-
tiomeric excess, whereas the (PO) is a racemic product. In the latter,
whereas the first step is enzymatic, the second step, which produces PO is
a chemical step. To develop a process for high-volume commodity chemi-
cals such as PO, enantiopurity is not considered necessary.

Results and Discussion

Propylene Oxide Process Description

The production of PO is based on a two-step chemo-enzymatic reac-
tion using lipase, a fatty acid, and hydrogen peroxide. The two reaction
steps are given below:

H2O2 + Fatty acid (using lipase as catalyst) → Peroxy acid + H2O (1)

Propylene + Peroxy acid → PO + Fatty acid (recycled) (2)



A chemical route based on peroxy acid as an oxidant has been reported
previously. In such a process, acetic acid is suggested as the fatty acid for use.
However, use of a low-molecular weight fatty acid interferes with subsequent
product separation. Thus, use of higher molecular weight fatty acids is prefer-
able. The enzymatic route allows use of higher fatty acids of up to 20 carbon
atoms with very good conversion to peroxy acid (13). Although the reactivity
of these higher fatty acids with propylene has not been demonstrated, they
have been shown to be effective in epoxidizing terminal alkenes with 8–16
carbon atoms (11). A few assumptions have been made in developing the pro-
cess model, with the reactivity of specifically, peroxyoctanoic acid with
propylene, being one of them. Other assumptions are described later.

The first step in the PO process is conversion of a fatty acid, such as
octanoic acid to octane peroxy acid using lipase and H2O2. The peroxy acid
is then used as a chemical oxidant to oxidize propylene-to-propylene
oxide in the second step. Such a process is applicable to epoxidation of
unsaturated plant oils as well (17,18). A schematic of the process for pro-
duction of PO is shown in Fig. 1. In this preliminary design developed for
the process, octanoic acid and 60% hydrogen peroxide are first mixed in a
blending tank. The solubility data on hydrogen peroxide solubility in
octanoic acid is not available, so an approximation based on the solubility
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Fig. 1. Schematic for conversion of propylene to propylene oxide using a lipase-
based chemo-enzymatic peroxidation process.



data of water in octanoic acid (3.88% at 14.4°C) (19) was used. A maximum
solubility of 3% was assumed for 60% hydrogen peroxide in octanoic acid at
25°C. The octanoic acid solution containing the dissolved peroxide is then
passed through a packed column containing the appropriate biocatalyst. In
this study, the biocatalyst used was an immobilized lipase (Novozym-435;
Novozymes, Franklinton, NC), for which kinetic data is available for the reac-
tion of epoxidation of unsaturated fatty acids. The kinetic rate constants for
alkene epoxidation is not available, although the conversion data is available.
However, because rate data is required for determining process conversion,
an approximation was used.

Deactivation of the lipase biocatalyst is included as a third reaction
(disappearance of the biocatalyst). The rate of deactivation is used from a
study by Hilker (17), which gives kinetic constants at various tempera-
tures. The reactor 1 was designed to operate at 40°C and the rate of deac-
tivation of the biocatalyst used was 0.036/min in the organic phase
saturated with 60% H2O2. The propylene gas is flown cocurrent (upward)
and recycled to achieve higher conversion. The operating temperature in
the reactor is 40°C, allowing the product PO to leave the reactor as a gas
along with the unconverted reactant, propylene. This gas mixture is sent
to a condenser to remove product PO from propylene. The liquid mixture
from the reactor (containing water and residual hydrogen peroxide, dis-
solved propylene, PO, and octanoic acid) is passed through a gravity sep-
arator to remove any aqueous phase carried over with the organic phase.
Any aqueous phase collecting in the separator is flash distilled to remove
dissolved PO. The organic phase is passed through a distillation tower
to remove water (any byproducts formed, such as propylene glycol may
also be removed in this manner, although byproduct formation is assumed
to be zero in this simulation). The bottoms stream from the distillation
tower contains octanoic acid and octane peroxy acid. This stream is recy-
cled to the reactor 1. A recycle loop is also provided for propylene from the
condenser outlet as well as the distillation unit.

To enable process design and economic analysis of the process, a sim-
ulation of the process was conducted (using SuperPro Designer). A process
flow diagram is given in Fig. 2. It should be noted that two reactors in
series are used for the two serial steps, wherein the first one is simulation
of a packed bed reactor and the second one is a plug flow reactor. Several
assumptions were made in designing the process and in its simulation.
The major assumptions are listed below:

1. Kinetic data from lauric/stearic acid peroxidation (17) is applicable
for first step.

2. Kinetic data from oleic acid/alkene epoxidation (17) is applicable
for second step.

3. Aqueous solubility (water + H2O2) in octanoic acid of 3% was
assumed.
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4. Separation of bulk aqueous phase from octanoic acid phase can be
achieved by gravity separation.

5. No royalty cost was assumed in economic analysis.
6. Waste disposal cost was assumed to be negligible.
7. Cost of propylene, hydrogen peroxide, lipase enzyme, and propylene

oxide was assumed to be $0.67, 0.66, 900, and 1.58/kg, respectively.
This is based on pricing obtained from commercial vendors and
Chemical Market Reporter magazine (July 5–12 2004).

8. No byproducts were assumed to be formed in this analysis.
9. No degradation of the peroxy acid occurs in the distillation tower.

10. The biocatalyst deactivation rate (essentially owing to peroxide)
obtained for octanoic acid–propylene-Novozym 435 system was
presumed to be similar to that reported by Hilker et al. (17) for
toluene–oleic acid-Novozym 435 system.

The assumptions are presumed suitable for an order-of-magnitude
analysis and it should be made clear that many of these assumptions may
have to be revised if a more detailed process simulation is to be under-
taken. The results of the analysis are shown in Fig. 3. The results indicate
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Fig. 3. Results from preliminary economic analysis of an enzymatic propylene oxide
production process.



that the process is uneconomical considering the price of biocatalyst used
($900/Kg, Novozym 435). The cost of production of PO was determined to
be about $4.14/kg, which is 2.6-fold higher than the current selling price
of PO ($1.58/kg). The cost of raw materials (including enzyme) is 91% of
the cost of production. Furthermore, the enzyme costs amount to about
75% of the total raw material cost. Thus, improvements are needed either
in the biocatalyst activity, stability, or its purchase cost.

A sensitivity analysis was conducted based on the cost and the sta-
bility of the enzyme. The cost of the product PO was found to be controlled
largely by lipase enzyme and its stability. This cost can potentially be
reduced as the demand for the enzyme rises. For the biocatalyst, Novozym
435, used in this analysis, the cost has to drop to $45/kg for the process to
produce PO economically, based on this order of magnitude analysis. The
sensitivity analysis was done with respect to biocatalyst stability using the
price of $900 to find out how stability improvement would affect produc-
tion cost. The result is given in Fig. 4. The plot shows that a 10- to 20-fold
improvement in stability is necessary to bring the production cost near the
current product-selling price. It should be noted that the price listed
($900/kg) is for the biocatalyst itself and not the cost for producing a
kilogram of product. Second, the price was obtained from enzyme manu-
facturers that sell the enzymes in bulk. Thus, the prices are realistic prices
at this time for the current demand. The prices will certainly decrease as
demand increases and technology advances.

A comparison with previously suggested biochemical as well as
chemical routes was conducted. Based on the production costs reported
previously (15), the three chemical routes, chlorohydrin, t-butyl alcohol,
and the styrene byproduct routes resulted in PO production cost of $1.548,
1.219, and 0.87/kg of PO, respectively, calculated for 2005 using chemical
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Fig. 4. Sensitivity analysis for production of propylene oxide with respect to
enzyme stability. An order of magnitude improvement in enzyme stability (reduction
in deactivation constant) is needed for the process to produce PO at a cost comparable
with current chemical commercial process (PO-Styrene process). The baseline enzyme
stability used in the study was for Novozym 435, which is a polyvinyl acetate-immo-
bilized form of the lipase enzyme.



plant cost index. The Cetus process gave a production cost of $1.89, whereas
the Exxon MMO process gave a cost of $1.14/kg of PO. Although these pro-
duction costs are relatively low compared with the cost of production using
the lipase-based chemo-enzymatic process ($4.14/kg of PO), it should be
stressed that in the bioprocess calculations for the Cetus and MMO process,
the cost of biocatalyst was not appropriately accounted for. For example, the
Cetus process uses three enzymes, glucose isomerase, chloroperoxidase, and
epoxide hydrolase as well as a palladium catalyst, and the total catalyst cost
(for all four) was assumed to be only 15% of propylene cost. In the MMO
process, the cost of the microbial MMO catalyst was about 20% of the propy-
lene cost. A more detailed analysis (16) for the MMO process reported a cost
of $26.6/kg of PO using a conventional reactor and a cost of $11/kg with an
improved reactor (granular-activated carbon-fluidized bed reactor).

SO Production Process

A similar order of magnitude process analysis was also conducted for
the production of SO. The design of this process was based on experimen-
tal system developed elsewhere (20,21). A batch process was designed for
production of 200 t/yr of SO. The flow sheet is given in Fig. 5. It consists
of a two-phase bioreactor consisting of 1% styrene as the organic phase
and 99% aqueous phase containing the enzyme, chloroperoxidase. The
organic substrate is emulsified in the aqueous buffer using the surfactant
aerosol-OT. Such a system was reported to increase the total turnover
number (TTN) by one order of magnitude (21). A process based on the 
2-phase system without the surfactant was also evaluated. The process
was conducted in batch with a 16 h batch and fed-batch addition of the
enzyme, hydrogen peroxide, and the substrate styrene (based on the rate
of conversion). The design was based on production of 600 kg of SO per
batch, separated through vacuum distillation. The following assumptions
were made in the analysis. The first four assumptions are based on exper-
imental work reported elsewhere (21).

1. Assume stoichiometric conversion to obtain 1.3 g/L/h productivity
of SO.

2. Assume TTN of 13,000, equivalent to 27.0 mg/L/h of enzyme use.
3. Total volume of aqueous phase approx 28,500 L; 267.0 kg of styrene

(added at 1% [w/w]).
4. Provide hydrogen peroxide in stoichiometric amounts, at rate 

7.2 mmoles/L/h.
5. Use oil–water separator for phase separation and assume 99% SO

recovery from the aqueous–organic mixture.
6. Use batch distillation at 0.01 bar and 75°C (22) to achieve 90.3% SO

with 9.7% styrene in product, and recover balance styrene approx
224.0 kg for recycle (Note: This is shown as revenue stream here,
along with SO product, but will be recycled).
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7. A yield of 100% is assumed and no byproducts are assumed to be
produced.

8. Biocatalyst (CPO) price was initially assumed to be about $5/mg. 

The enzyme price was obtained from vendors who supply the puri-
fied enzyme, but have only laboratory-scale operations for production of
CPO (price between $5 and $16/mg). In a recent review (23), the price of
CPO obtained from Chirazym was $5/mg. Although this is not an appro-
priate price for evaluating a commercial application, a better estimate for
this fungal enzyme is not available. Although research on development of
improved methods to produce CPO are under way (23,24–26), a signifi-
cantly cheaper way to produce this enzyme has not been reported.
Assuming a 100-fold decrease in the price of the enzyme compared with
current methods of production gives a price of CPO = $0.05/mg. Thus, an
approximate estimate of $50,000/kg was used in the analysis.

The results of the economic analysis are shown in Fig. 6. The results
show that the biocatalyst cost (using a price of $50,000/kg) contributes to
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Fig. 6. Results from preliminary economic analysis of an enzymatic StyOx production
process.



more than 95% of the production cost. Thus, the biocatalyst cost is the major
contributor to the product price. Industrial enzymes are now available at
much reduced prices, as genetically engineered strains have been developed
to produce the enzymes. Enzymes such as amyloglucosidase and cellulases
are available in the range of few hundred dollars per kilogram from Genencor
(Palo Alto, CA), Novozymes, and other bulk enzyme manufacturers.
However, it should be noted that the source of CPO is the fungus, C. fumago,
and not all fungal enzymes can be expressed at high levels. Enzymes such as
hemicellulases and cellulases from fungal sources have been produced in
Aspergillus niger and Trichoderma reesei at low production costs, so a method
for producing CPO may be possible. Recently, expression of CPO was
reported in A. niger, although the level of production was relatively low (25).

Alternate means to improve the process economics is through activ-
ity and stability improvement (9,25,27,28). A sensitivity analysis (Fig. 7)
was conducted to determine what other parameters would be important
besides the biocatalyst price. Both activity and stability were altered in the
process model and it was found that the impact of the biocatalyst stability
was much higher. This was because the biocatalyst loses activity rapidly in
the presence of the peroxide. Therefore, even if its initial activity is high,
the conversion remains low, unless the activity is maintained for a suffi-
cient time. In Fig. 7, the production cost based on a process without the use
of a surfactant (29) was calculated. This was determined to be more than
$9000/kg of SO.

Based on the improvements reported recently in this system, (increase
in TTN from 1500 [29] to 13,000 with use of a surfactant-based process), the
cost of StyOx drops to about $1000/kg. A further 10-fold improvement in
biocatalyst stability is needed to enable reduction of production cost to the
$100 range. The selling price of enantiopure SO is estimated to be about
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Fig. 7. Sensitivity analysis for production of styrene epoxide with respect to enzyme
stability. The stabilization procedure developed at University of California, Berkeley
accounts for a ninefold decrease in cost compared with existing data.



$25/kg. Thus, additional reductions in the cost of the enzyme are necessary
to make the process economically feasible. An alternate bioprocess to make
SO has been reported using a microbial catalyst (10); however, no economic
feasibility studies have been reported for the process.

Conclusions

The preliminary process design for production of PO and SO based on
enzymatic processes were conducted. The results indicate that the cost of
the enzyme contributes significantly to the production cost and can be as
high as 90–95% of the total cost, using current enzyme price. In case of the
PO process, which uses an immobilized lipase enzyme available commer-
cially, the cost is still dominated by the biocatalyst cost. This was found to
be a result of the instability of the enzyme in presence of hydrogen perox-
ide, which is a cosubstrate. Thus, improvements are needed in stabilizing
the lipase enzyme against hydrogen peroxide deactivation in peroxidation
reactions. The feasibility of production of enantiopure SO was similarly
found to be controlled by cost of the enzyme, chloroperoxidase. In this case,
although the product is of higher value, the economic feasibility was not
better because of the higher expected cost of producing the fungal enzyme.
Thus, the primary need for demonstrating process feasibility is being able
to produce the enzyme CPO at a reduced cost. Furthermore, the stability of
the enzyme was important for this enzyme as well and at least an order of
magnitude improvement in peroxide stability is needed in each of these
enzymes to improve economical feasibility of the process.
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