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Fermentation based bioprocesses are routinely developed for higher value products;
however, the development of bioprocesses for larger volume chemicals has lagged. While
electrification of transportation may enable significant reductions in greenhouse gas emissions in
the fuel sector, the production of chemicals, by its very nature, requires a carbon feedstock. The
utilization of more sustainable bioprocessing has unique potential in this sector. Despite the start-
up of several bio-based chemical facilities (Supplemental Materials Table S6), none of these
technologies have had break-out success, as measured by the construction of multiple follow on
plants. A key barrier to the wide-spread adoption of large scale bio-based processes includes the
potential financial return on capital spent on new facilities and, importantly, the comparative
financial return for bioprocesses vs. incumbent petrochemical technology. A standard metric of a
project’s financial return is the internal rate of return or IRR as defined in Figure la. Bio-based
chemical processes will likely not be extensively commercialized unless they have an IRR that is
competitive with petrochemical routes.

To investigate scenarios in which bioprocesses can compete, we performed techno-
economic analyses to estimate the IRR for both fermentation and petrochemical processes for 33

commodity chemicals as outlined in Figure 1 and detailed in the Supplemental Materials.! With
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reasonable fermentation metrics (a production rate of 2g/L-hr, titer of 100g/L, fermentation yield
> 90% of theoretical, and downstream yield of 95%, sugar pricing at $0.15/1b), bioprocesses for
15 of these chemicals have a positive margin (Figure 1b), but only 8 have a positive IRR, (Figure
Ic), and none have an estimated IRR exceeding the incumbent petrochemical process. This is due
to fundamental differences in economies of scale for bioprocess and petrochemical based
technologies. (Figure 1d) Bioprocessing plants require larger capital investments for the same
production capacity and as a result have smaller financial returns.>* The fermentation metrics and
assumptions in Figure 1c¢ correspond to estimated bioprocess capital costs of ~$2.50/kg, at the low
end of recently reported capital costs for biochemical plants (Figure 1d).

In general, to achieve petrochemical parity, decreases in bioprocess capital costs, or
increases in capital efficiency are needed. If bioprocess costs can meet the current cost structure
of corn ethanol plants, a group of 26 chemicals have a positive IRR with 17 exceeding new
petrochemical facilities (Figure 1f). Production of ethanol from corn is a unique process with very
low capital requirements (~$0.50/kg of annual capacity) and uniquely low operating and capital
requirements for purification. Additionally, the use of corn directly (rather than purified sugars)
leads to very low feedstock costs, estimated at ~$0.04-$0.06/1b of dextrose.’> For most chemicals,
capital cost reductions needed to meet corn ethanol cost structures will require significant
innovation in bioprocessing technologies as well as cost reductions for downstream purification.
Capital costs associated with the downstream purification of a chemical can easily account for over
50% of the overall capital costs (Supplemental Materials Section A3) . Alternatively, increasing
capital efficiency through process intensification has the potential to reduce capital costs, with
standard technologies and more standard equipment, but necessitates significant improvements in

titers and volumetric production rates, which range from over 4g/L-hr to over 10g/L-hr depending



on the chemical (Figure 1g-h, Supplemental A8). Volumetric rates are one metric relating the
capacity of a facility to the capital spent in construction. These “targets” for new bioprocesses are
also moving. For example, newer petrochemical technologies for methyl methacrylate synthesis
are expected to have improved returns, which may well redefine performance competitive metrics
for any new bioprocess. ¢ To date, much of the field has been focused on improvements in yield.
High yields are necessary but not sufficient. Yield is critical for commercial success as it directly
impacts production (operating) costs; however, it has less of an impact on capital investment.

Additionally, for new technologies, R&D investments can dramatically impact potential
financial returns on a new process technology, and should be considered when estimating financial
returns. While R&D investments are variable, for new large scale bioprocesses they are not zero,
and historically have been over $75M and 7 years. ” This level of R&D investment can be on par
with the initial capital investment in a new facility. A 75 kta plant with a capital cost of $1/kg
would cost $75 Million USD to build. Historical R&D costs effectively double this investment
(Figure 1a). Significant reductions in R&D costs are essential to maximize the project level IRR,
given a reasonable project lifetime (in this case assumed to be 20 years).

Many R&D efforts in the production of large volume chemicals are focused on priorities
with limited potential to positively impact IRR and the commercial competitiveness with
petrochemistry. Novel pathways may not be needed for success in this space, as numerous high
yield metabolic pathways have already been described and many have demonstrated feasibility.®
15 R&D efforts would be better focused on improving rates of biocatalysis, the intensification of
fermentation processes to increase volumetric production rates and titers, and technologies which
reduce equipment and capital costs as well as R&D costs and timelines. If the field of industrial

biotechnology hopes to enable the more sustainable production of large volume chemicals that are



currently produced from petroleum, we need to move past proof of concept, or redefine it, and take

on significant new challenges.
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Figure 1: (a) The internal rate of return (IRR) for a given investment is obtained by solving the equation, where C: is
the net cash flow of year “t” . This is summed over the life of the project(T). Inputs for selling prices, plant capacity,
capital and operating costs were used to estimate IRR, according to the details in Supplemental Materials. (b & c)
Bioprocesses assume a rate of 2g/L-hr, titer of 100g/L, fermentation yield > 90% of theoretical, and a downstream
yield of 95%, with capital costs of ~$2.50/kg and sugar costs of $0.15/1b. (b) Estimated production costs (OPEX) for
bioprocessing plants vs. 10 year historical pricing for 33 petrochemicals. Above the red line indicates a positive
margin. (c) A comparison of the estimated IRR of newly constructed bioprocessing plants (50kta capacity) with newly
constructed petrochemical plants. Above the red line would indicate a bioprocess has a higher IRR than the
competitive petrochemical process. (d) A comparison of estimated capital costs (solid lines) and capital efficiency
(dashed lines) for bioprocess facilities (black lines) and petrochemical facilities (gray lines). Petrochemical data
extracted from Hansen et al, 2009. # (¢) Estimated capital costs for recent petrochemical, bioprocess and corn ethanol
plants. Refer to Supplemental Materials for details. (f) A comparison of the estimated IRR of newly constructed
bioprocessing plants if bioprocessing plants can achieve corn ethanol feedstock and capital costs. A rate of 2g/L-hr,
titer of 100g/L, fermentation yield > 90% of theoretical, and a downstream yield of 95%, with capital costs of $0.50/kg
and feedstock costs of $0.04/Ib. (g) A break even analysis for the IRR of petrochemical processes and bioprocesses
with cost reduction options including feedstock cost reduction (X-axis) and process intensification (increased
volumetric rates, Y-axis). The contour represents equivalence, with regions above the line indicating combinations of
process performance and feedstock costs leading to a preferred IRR for a new bioprocess. (h) a break even analysis as
described in (g) for a set of 15 chemicals. In this case the fermentation time is held constant at 50hrs, so titers scale
with volumetric rates. For example a rate of 4g/L-hr would deliver a titer of 200g/L. Line colors and dashes are used
for clarity only. The shaded area represents estimated best case pricing for corn syrup based sugar (DE95) >$0.15/1b
. Abbreviations: acrylonitrile (ACN), adipic acid (ADP), butyl-acetate (BA), 1,4-butanediol (BDO), bisphenol A (Bis
A), diethanolamine (DEM), dimethyl-terephthalate (DMT), 2-ethylhexanol (2-EH), monoethanolamine (MEM),
methylisobutyl-ketone (MIBK), methyl-methacrylate (MMA), phthalic anhydride (PA), 1,3-propanediol (PDO),
ethylene glycol (PG), propylene oxide (PO), triethanolamine (TEM).
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