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ABSTRACT

Biofuels and its production process are important features to be considered when meeting the requirements for a circular
bioeconomy: replacing fossil fuels, reducing carbon emissions, and therefore endorsing climate change mitigation. Cellulosic
ethanol production from sugarcane residues is impaired by its high operational costs and low efficiency. To overcome this,
consolidated bioprocessing using thermophilic bacteria combined with milling during fermentation (cotreatment) can be an
alternative. In this work, process simulation and technoeconomic analysis was used to compare both cotreatment and the current
process that applies hydrothermal pretreatment and fungal cellulases for cellulosic ethanol production from sugarcane bagasse
and straw. A significant reduction in capital and operational costs were observed when using cotreatment consolidated
bioprocessing to convert residues from the sugarcane industry in lieu of the current applied process.
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1 INTRODUCTION

In Brazil, the production of ethanol by sugarcane juice generates around 165 million ton of bagasse per year, and the use of this
lignocellulosic biomass for second-generation ethanol (E2G) can increase in 50% the ethanol productivity regarding the same
planted area '-3. The use of low-cost carbon sources, such as sugarcane straw and bagasse are great options being available
near or on-site in first generation ethanol plants, reducing costs with transportation 5. However lignocellulosic biomass requires
methods to overcome its recalcitrance, such as hydrothermal or diluted acid pretreatments and saccharification by enzymatic
hydrolysis. 68 The current applied process designs presents high installation and operational costs®°.

Cotreatment consolidated bioprocessing (C-CBP), an innovative technology proposed to produce cellulosic ethanol, combines
milling while direct microbial conversion takes place, all in a single unit operation 1%1%. This approach has the potential to eliminate
pretreatment and the need of added fungal enzymes, increasing ethanol productivity of non-treated biomass 1912, Studies
evaluating cellulosic ethanol production via C-CBP at thermophilic conditions, considering bioconversion yields projected through
future research and development, having corn stover as feedstock, and showcase the potential of this technology when compared
to E2G1314, In this work we build upon previous work to evaluate through technoeconomic analysis the differences between the
E2G process using hydrothermal pretreatment and enzymatic hydrolysis and C-CBP cellulosic ethanol production using a blend
of sugarcane bagasse and straw as feedstocks.

2 MATERIAL & METHODS

This study builds on the previous report that evaluated performance and cost of a simulated standalone cellulosic corn stover
ethanol biorefinery using C-CBP as conversion platform!4. Here we assume a 50/50 percent blend of sugarcane bagasse and
straw as feedstock and assume financial parameters compatible with the Brazilian market. We present two scenarios: Scenario |
is based on the conventional E2G process featuring hydrothermal pretreatment, fungal cellulase enzymatic hydrolysis and
fermentation mediated by yeast (Saccharomyces cerevisiae)!®. And Scenario Il uses reported simulation assumptions for C-
CBP1314 mediated by thermophilic bacteria (Clostridium thermocellum and Thermoanaerobacterium thermosaccharolyticum),
considering optimistic yields and intending to represent long-term potential of this technology. The defined parameters of the
evaluated scenarios are presented in Table 1.

Material and energy flows were modeled using ASPEN PLUS (V10), economic analysis was adapted from the NREL report for
lignocellulosic ethanol 8, considering 2019 CEPCI as adjustment factor. All scenarios were normalized to generate the same
amount of ethanol (230 million liters year), operating 8410 hours/year. Operational costs were calculated based on Brazilian prices
and costs?®, considering exchange rate of 4.11 R$/USS$.




Table 1. Scenario parameters

Scenario

Parameter Unit | 1]

Cotreatment
Consolidated
Bioprocessing

Pretreatment +

Conversion Platform Enzymatic Hydrolysis

Feedstock inlet Million ton/year 1.08 0.88
Sugar Yield* % 77 85
Electricity demand MW/year 218,774 179,463

*Sugar yield refers to the total amount of carbohydrates from the initial biomass converted to monomeric sugars (glucose and xylose) during
pretreatment + hydrolysis or C-CBP.

3 RESULTS & DISCUSSION

Carbon and energy balances are presented in Figure 1. Scenario | presented higher carbon recovery in the electricity and steam
cogeneration area (Figure 1A) but has lower electricity production (Figure 1B). The lower recovery is due to the demand of steam
for pretreatment, not needed in the C-CBP scenario. Scenario Il presented a higher mass recovery for ethanol, which was
expected once it considers higher conversion yields (Figure 1A). Same was observed for the energy recovered for ethanol (Figure
1B).
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Figure 1. (A) Carbon balance, represented as fraction of the carbon present in the feedstock. (B) Energy balance represented as
fraction of the lower heating valued (LHV) of the feedstock.

The total capital investment for the scenarios is shown in Figure 2A, being 431 MM$ and 353 MM$ for scenarios | and I,
respectively. The main contributor to the higher price in Scenario | is the pretreatment step, responsible for around 14% of the
capital cost. All the other features required mostly the same investment for all scenarios. The only exception is for the hydrolysis
and fermentation area in scenarios Il, due to the higher cost for cotreatment equipment and a higher amount of fermentation
vessels needed. Figure 2B presents revenues, costs and the annual earnings before interest, taxes depreciation and amortization
(EBITDA). Considering the feedstock cost 0.13 US$/ kg and ethanol selling price 0.47 US$/L. Due to the lower conversion and
hydrolysis yields assumed for scenario | (conventional E2G), a higher amount of biomass is required, resulting in elevated
operational costs for all other areas. In scenario | enzymes are produced off-site which is reflected in the operational costs of the
process, being the main contributor for the elevated cost. For all scenarios the revenue for ethanol is equal. Discount flow rate
analysis shows that the minimum ethanol selling price (MESP) is 0.55 US$/L and 0.39 US$/L for scenarios | and Il respectively.
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Figure 2. Capital and Operational Costs. (A) Total capital investmernt. Values showed are installed costs. (B) Revenue, costs and EBITDA. Other
variable costs include chemicals used in neutralization and nutrients for microbial growth.

4 CONCLUSION

Cotreatment consolidated bioprocessing shows great potential over the conventional E2G process utilized for existing second-
generation ethanol plants. This outcome is primarily attributable to its reduced capital expenditure due to removal of the
pretreatment step and lower operational costs, as there is no need to purchase enzymes. The C-CBP scenario presented lower
MESP than the assumed selling price, while E2G presented a higher value, which indicates that the technology is not yet
economically competitive in the current Brazilian market without premium prices.
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