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Abstract: Agroforestry wastes are industrial byproducts available locally such as eucalyptus saw-
dust (EUC) and sugarcane bagasse (SCB). These byproducts can be used as lignocellulosic raw ma-
terials to produce high-value products. This study is a techno—economic analysis of four potential
scenarios to produce polyhydroxybutyrate (PHB) and levulinic acid (LA) from hemicellulosic sug-
ars by a fermentative pathway in a biomass waste biorefinery. Mass and energy balances were de-
veloped, and technical and economic assessments were carried out to obtain gas, char, and tar from
esidual solids from autohydrolysis treatment. It was determined that microbial culture could be an
attractive option for added-value product production. More than 1500 t/year of PHB and 2600 t/year
of LA could be obtained by the proposed pathways. Microbial and enzymatic conversion of LA from
sugars could significantly improve energy consumption on the conversion strategy. The products
from solid residual valorization (char and tar) are the most important for economic performance.
Finally, a variation in specific variables could mean substantial improvements in the final indicators
of the processes, reaching a higher NPV than USD 17 million.
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1. Introduction

In the last years, a significant increase in the worldwide consumption of water, food,
and energy was reported. It is expected that by 2030, the global demand for water and
energy could grow by about 50 and 40%, respectively, while a 35% increase in food pro-
duction could be required [1].

In this sense, biorefineries offer new options for biomass valorization that can con-
siderably improve the current value chains and replace existing products obtained from
fossil sources. Therefore, biorefinery process assessment for their implementation on an
industrial scale is crucial for the transition to green industries. In addition, several opera-
tions and reactions are involved in biorefinery processes susceptible to optimization.

One of the most relevant steps in biorefinery processes is pretreatment, in which the
biomass is fractionated for later recovery. A pretreatment step usually involves the treat-
ment of the biomass at increased temperature and pressure and high liquid-solid ratios,
among others. Hydrothermal treatment (also known as liquid hot water treatment or au-
tohydrolysis) is one of the most widely used treatments. It is applied to lignocellulosic
materials in diverse operational conditions, e.g., at different temperatures, particle sizes,
residence times, and liquid-to-solid biomass ratios (LSR). After hydrothermal treatment,
two main streams come from the process: a liquid fraction rich in hemicellulosic sugars
and a solid fraction rich in cellulose and lignin, which must be valorized. Several valori-
zation alternatives for different products and raw materials must be evaluated to deter-
mine the best schemes for an economically viable biorefinery platform.

One of the most relevant aspects of biorefinery design and analysis is the definition
of the products to be produced [2]. In recent years, the production of chemical products,
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composite materials, pharmaceuticals, biopolymers, food products, and additives, among
others, has gained interest.

Microorganisms can produce various valuable chemicals for biotechnological appli-
cations (pharmaceutical, nutraceutical, and cosmetics industries) [3]. However, these pro-
cesses need to achieve techno—economic feasibility, sustainability, and renewability [4,5].

Levulinic acid (LA), formic acid (FA), and furfural production processes via catalytic
pathways were developed and analyzed in previous studies. Additionally, energy inte-
gration and reuse strategies were proposed to improve economic indicators [6,7]. The ob-
tained economic indicators were attractive. However, these indicators are sensible for sev-
eral economic and process variables, demonstrating the need for new valuation strategies
complemented by previously developed approaches. Recently, fermentation pathways
for LA production and microorganism groups capable of converting LA from sugars were
reported. For example, the production of LA through the biochemical route has been eval-
uated recently as an alternative to the catalytic route [8-10]. However, no microbial-spe-
cific species able to produce LA have been identified, which could be achieved in the short
term due to progress in studies of LA microbial synthesis [10,11]. This work assesses the
potential of the biochemical route to obtain LA, the fermentative processes involved, the
downstream process, and costs.

On the other hand, poly-3-hydroxybutyrate (PHB) is a bio-based biodegradable plas-
tic produced by various microorganisms (Alcaligenes eutrophus, Azotobacter vinelandii, Esch-
erichia coli, others). Its commercialization is limited due to its high production cost com-
pared to conventional petroleum-based polymers. The bioconversion process requires
pure cultures and substrates, sterile conditions, solvent extraction, and recovery of PHB.
It can be used, among others, in disposable packages, agricultural systems, medicine and
medical devices, and sustained drug delivery systems. PHB can be produced through mi-
crobial culture by combining various substrates under different growth conditions. The
utilization of sustainable resources and waste materials has been established as reasonable
and promising for substrates for the production of PHB [12].

This study is a techno—economic analysis of four potential scenarios to produce PHB
and LA from hemicellulosic sugars by a fermentative pathway in a biomass waste biore-
finery. Hydrothermal treatment was selected as the raw material pretreatment to obtain a
rich liquid stream of hemicellulosic sugars, whereas pretreated solid waste was used for
char and tar production. Additionally, some process and economic variables were selected
to perform a sensitivity analysis for the alternatives, varying one variable at a time (OAT
test) to determine how these would influence the economic indicators.

2. Materials and Methods
2.1. Raw Materials

Eucalyptus sawdust (EUC) and sugarcane bagasse (SCB) were selected as raw mate-
rials to compare the alternatives to produce added-value products from the hemicellulosic
fraction. Their chemical composition was determined in previous work. The chemical
composition of EUC (total on od. wood) was: 41.8% glucans, 10.7% xylans, 1.41% acetyl
groups, 32.3% lignin, 7.86% extractives, and 0.59% ashes [13], while for SCB, it was: 43.1%
glucans, 23.8% xylans, 1.7% arabinans, 1.7% acetyl groups, 21.3% lignin, 4.8% extractives,
and 1.5% ash [14].
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2.2. Liquid Fraction Valorization

The scheme of the liquid fraction processing for hemicellulose valorization is shown
in Figure 1. Two main scenarios were proposed based on the used raw material, EUC, and
SCB.
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Figure 1. Processing scheme for hemicellulose valorization from the autohydrolysis liquid fraction.

2.3. Autohydrolysis

Autohydrolysis pretreatment alternatives were selected from previous studies. Both
raw materials were treated with hot water under isothermal conditions. For EUC, condi-
tions were: a temperature of 180 °C and a liquid/solid ratio (LSR) of 6 for 20 min [13]. SCB
was subjected to the same time and temperature but with an LSR of 10:1 [14]. After auto-
hydrolysis, spent liquors were concentrated and post-hydrolyzed.

2.4. Concentration and Post-Hydrolysis

Hemicelluloses solubilized in the autohydrolysis step were post-hydrolyzed to con-
vert oligomers into monomers. Next, the spent liquor outcoming autohydrolysis process
was pumped into an evaporator where liquor was concentrated until 200 g/L of sugars to
reduce post-hydrolysis equipment size and operation costs [15]. This step uses a falling
film triple effect evaporator, extensively employed in the sugar industry to concentrate
sugar solutions [16,17].

Different acids and concentrations can be used for the post-hydrolysis step [2]. In this
case, treatments with 0.5 and 4 wt.% H250s for 60 min at temperatures between 115 and
125 °C were employed for both raw materials, with high conversion yields [14,18]. It was
assumed that post-hydrolysis was carried out at 121 °C for 60 min and 1% H250.. After
pretreatment steps (autohydrolysis, concentration, post-hydrolysis, and neutralization),
the post-hydrolysis spent liquor composition was estimated from previous studies [13,14]
(Table 1).
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Table 1. Composition of spent liquor after post-hydrolysis.

Component SCB EUC

g/L g/l
Cellobiose 3.40 0.00
Glucose 12.2 15.6
Xylose 147 153
Arabinose 9.10 3.70
Formic acid 1.70 3.10
Acetic acid 20.9 12.6
HMEF 0.50 0.20
Furfural 2.80 10.0

2.5. Process Conversion

After post-hydrolysis, the hemicellulosic-sugar-rich spent liquor was sent to a micro-
bial culture step. Microbial culture conditions were selected from a previous study, which
evaluated two microbial culture alternatives for the production of levulinic acid (LA) and
polyhydroxybutyrate (PHB) from a similar stream [9].

The following alternatives were assumed for both EUC and SCB scenarios because
of their similar spent liquor composition after post-hydrolysis (as %):

e  Alternative I: the hemicellulosic fraction was sent to microbial culture. After micro-
bial culture, LA and PHB yields were 31 and 3%, respectively, from the initial carbon
source.

e  Alternative II: the hemicellulosic fraction is enriched with acetate to reach 50% the
total composition. LA and PHB yields after microbial culture were 31 and 3%, respec-
tively, of the initial carbon source.

After adding the nutrients, the microbial culture proceeded at 25 °C for 40 days of
operation. Then, a constant concentration of LA and PHB was observed. For more details,
see Pinto-ibieta et al. [9]. Assumptions for the microbial culture step in the technical and
economic assessment include energy consumption for cooling and a unit cost for nutri-
ents.

2.6. Process Recovery

The outcoming microbial culture stream was filtered to recover the PHB and LA from
the cell mass. The recovery processes of PHB from the cellular mass are still under devel-
opment. The strategies involve solvents or cellular lysis, each with advantages and disad-
vantages. The recovery using solvents was considered for this study, assuming a unit cost
of USD 1 per kg of recovered PHB [19]. After microbial culture, cellular mass was filtered
for the solvent extraction step. The selected solvent is CHCls, widely used for PHB [19].
This non-polar solvent allows the extraction of PHB. Since previous studies have demon-
strated that LA is not solubilized in non-polar solvents [20], the solvent must be recovered
by evaporation after solvent extraction of PHB. After PHB separation, LA was extracted
using furfural. Finally, LA and furfural were separated by distillation [21].

The operational conditions for the evaluated processing of the liquid fraction are
summarized in Table 2.

Table 2. Operational conditions for the evaluated processing of the liquid fraction.

Step Operational Conditions Aim Ref.

Extract hemicellu-

EUC: 180 °C, LSR of 6, for 20 min. [13]
. loses
Autohydrolysis Extract hemicellu-
SCB: 180 °C, LSR of 10, for 20 min. act iemicelt= 11y
loses
Washing of. the solid 3.5 tons of water per ton of dry pulp Recover. all hemi- [22]
fraction cellulosic sugars.
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To reach 200 g/L of

Evaporation 1 With a steam economy of 2.6 [15]
sugars
To convert oligo-
Post-hydrolysis 120 °C for 60 min and 1% H2504 mers into mono-
mers
Mixed microbial cultures and nutrients were To convert sugars
Conversion added to the microbial culture at 60 rpm and . & [9]
. in PHB and LA
maintained at 25 °C for 40 days. *
T 1lul
Filtration After conversion to recover the cellular mass = reco;zzsce war
PHB extraction Using solvent CHCIs at 60 °C. To recover PHB [19]
LA extraction Using furfural as solvent. To recover LA [21]

* For more details, see Pinto-ibieta et al. [9].

2.7. Valorization of the Residual Solid

The residual solid of the autohydrolysis is rich in lignin and cellulose (for SCB and
EUC), with a moisture content of about 50%. In the last years, thermochemical conversion
processes of biomass have gained attention. Products such as syngas, bio-oil, and biochar,
among others, could be obtained. These products could be used, i.e., for fuel production,
chemicals, and intermediates [23]. Regarding these products, biochar has received increas-
ing attention for several applications in the last few years [24].

One of the most common processes to obtain biochar is pyrolysis, which could be
classified into fast and slow pyrolysis [24]. Commonly, fast pyrolysis is used to maximize
the bio-oil product yield, while slow pyrolysis is employed to maximize the biochar prod-
uct yield [25]. Slow pyrolysis, which occurs at a low heating rate and long vapor residence
time, targets char as its main product [25]. The usual operational temperatures are be-
tween 400 °C and 600 °C, from minutes to hours, with typical yields of about 25-40 wt%
char and 20-50 wt% liquid product [24-26]. In the present study, pyrolysis was carried
out at 450 °C for 60 min, obtaining yields of 35% biochar, 25% bio-oil, 25% gases, and 15%
losses. These values are in the range reported in the literature [24,25,27,28].

Mass and Energy Balances

The mass and energy balances were conducted considering the main flows involved
in each step of the different processes. For the evaporation processes, a steam economy of
2.6 [29], and for microbial culture, an energy requirement of 5 MJ per kg of obtained prod-
ucts [30] is assumed. As previously mentioned, the energy consumption for PHB recovery
was taken into account in the cost of this step. The energy consumed is considered as 2 MJ
per kg of PHB recovered. This energy is mainly for heating the outcoming liquor from the
fermenter and evaporating to separate PHB from the solvent [19]. Finally, the energy for
LA recovery is assumed to be 8 kWh per kg of product recovered [7].

The total energy consumption was calculated as the sum of the different energy in-
puts for the processes presented in Table 2. The utilities, electricity consumption and re-
lated equipment, water heating, and cooling were estimated as proposed by Stuart and
Halwagi [31].

Regarding the valorization of the residual solid, it was estimated that the energy re-
quired to operate the pyrolysis process is between 6 and 15% of the energy available in
biomass (about 1.1 to 1.6 MJ/kg) [27,32]. Additionally, it was found that the pyrolysis pro-
cess could be energy satisfied by the pyrolysis gases generated at temperatures of about
450 °C and, in some cases, at temperatures of about 650 °C [27]. In the present study, it
was assumed that the requirement of pyrolysis energy is satisfied by the 100% gases gen-
erated in the pyrolysis step.
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2.8. Economic Assessment

The economic analysis was performed considering the process design. Production
costs, labor costs, and capital investment, among others, were estimated [31,33]. Equation
(1) was used for the required capital (equipment) estimation based on biomass production
at different scales.

M
C=0¢, (M—)n 1)

With the previous equation, it is possible to determine the cost (C) of a selected ca-
pacity (M), from reference data (Co and Mo), and n is an exponent smaller than 1 (between
0.6 and 0.8), all adopted for each case from the literature [31,33,34].

Parameters such as scaling factors and installation costs, among others, were esti-
mated from the bibliography [31,33,35,36]. Nutrient costs include an estimation of micro-
organisms and nutrients added. Labor was determined based on the type of process (batch
process) and the facility capacity [35]. Finally, the IRR and the NPV were used as indica-
tors of the profitability of potential investments in biorefinery projects [31,37]. The selected
variables for the economic analysis are shown in Table 3.

Table 3. Unit values of variables used in the techno—economic assessment.

Unit Prices at the Mill Gate

Sawdust (t/year) 50,000 (Dry basis) Assumption
Sawdust (USD/t) * 7.0

Water (USD/m) ¥ 0.7

Electricity (USD/MWh) ¢ 85

Labor (USD/h) ¢ 9-21

Steam (USD/t) 10 Assumption
Maintenance and taxes 2% (of TCI) Assumption
Tax rate 35% Assumption
Chemicals for production

H2S04 (USD/kg) © 0.09

Nutrients (USD/kg) 10 Assumption
Waste treatment (USD/m?3) f 1

Products (assumptions)

Char (USD/t) 8 1.5

Tar (USD/t)¢ 1.3

PHB (USD/kg) ¢ 6

LA (USD/kg) ¢ 3.5

“ Price estimated from the Instituto Nacional de Tecnologia Agroindustrial (INTA) [38]. ? Average
price in Argentina. ¢Energy cost in Misiones, Argentina. ¢ Value depends on the worker’s position.
¢[39].f[2]. ¢ Prices surveyed from international sellers. TCI: total capital investment.

For pyrolysis equipment, it comprised the pyrolysis reactor, combustor, products re-
covery, storage, and services [40].

2.9. Sensitivity Assessment

For the sensitivity assessment, the final products and byproduct prices, costs associ-
ated with raw materials, catalysts, utilities, and the impact of reaction yield variability are
the usual analyzed parameters [41]. Additionally, LSR and washing water, among others,
are critical process factors [42-44]. After the sensitivity variable selection, it is necessary
to define the uncertainty limits and the adjusted curves (commonly adjusted curves are
normal distribution, uniform, triangular, and lognormal shaped) [41,45]. The normal dis-
tribution was the main continuous distribution, and several economic and process factors
could be adjusted to it [41,45-47].
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Several variables could vary according to the adopted value, such as costs of raw
materials and energy and prices of products and reagents. Additionally, process variables,
such as LSR, sugar concentration, and production scale, among others, could also vary.

A sensitivity assessment was developed for the proposed scenarios to determine the
most relevant factors and how their variables affect the economic indicators. Crystal Ball
software was used for this analysis. The method is based on the impact of the main uncer-
tain parameters one at a time, keeping the other parameters fixed.

The selected cost variables are raw materials, reagents, energy costs, and product
selling prices. Operational variables are LSR, the steam economy of evaporators, available
raw materials, and washing water, among others. Therefore, all variables were inde-
pendently varied by +20%, assuming a normal distribution around the mean value.

Finally, some technical factors of the first processing steps, assessed in previous stud-
ies, were considered to analyze their influence. A sensitivity analysis was developed to
determine their impact on the economic indicators.

3. Results
3.1. Technical Assessment

Based on the adopted considerations, it was determined that for the scenarios ana-
lyzed, between 816 and 2685 tons of levulinic acid and between 175 and 1556 tons of PHB
could be obtained (Table 4). Additionally, between 8125 and 10,275 t of tar and between
11,375 and 14,385 t of char could be sold or valorized.

Table 4. Total products obtained by each evaluated scenario.

Product Raw Material
EUC SCB
Without acetate With acetate Without acetate With acetate
LA (t/year) 1807 816 2685 1213
PHB (t/year) 175 1049 260 1559
Tar (t/year) 10,275 10,275 8125 8125
Char (t/year) 14,385 14,385 11,375 11,375

Sugar solubilization in the pretreatment step and the total volume of PHB and LA
are higher in SCB than in EUC alternatives.

Mass and energy balances show that when using EUC, it is possible to obtain be-
tween 4 and 16 kg of PHB and between 21 and 36 kg of LA, whereas for SCB, it is possible
to produce between 5 and 31 kg of PHB and between 24 and 54 kg of LA, all on a one-ton
base. Figures 2 and 3 present mass and energy balances for both alternatives.

The difference in the obtained products is due to the sugar solubilization in the dif-
ferent scenarios. For SCB, solubilization in pretreatment is higher than EUC; therefore,
more LA and PHB could be obtained for the selected alternatives. On the contrary, for
EUC scenarios, products from the solid fraction after pretreatment are higher than in the
SCB scenario.

Concerning the difference in the production of PHB and LA, in the alternative with-
out acetate, the selected microorganisms probably can synthesize mainly LA and, to a
lesser extent, PHB. With the addition of acetate, molecules such as acetic acid can lead to
the accumulation of storage polymers such as PHB [9]. PHB seems to have fewer steps to
be produced from acetate, which could explain the higher amount of PHB in the alterna-
tives with the addition of acetate.

Regarding the residual solid after autohydrolysis, one of the common uses is as an
energy source for the production processes. In the present study, for EUC and SCB alter-
natives, it is possible to produce 2740 kWh and 2167 kWh, respectively, considering an
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LHYV of 15 MJ/kg and a boiler efficiency of 80%. In both cases, in this sense, the solid re-
sidual could be used to cover 80% and 40% direct energy consumption for EUC and SCB
pathways, respectively.

This study aims to valorize all the biomass fractions, so the solid fraction after auto-
hydrolysis was used for char and tar production through pyrolysis conversion (Figure 4).
For pretreated EUC, it is possible to produce about 288 kg of char, 206 kg of tar, and 206
kg of gases, whereas for pretreated SCB, it is possible to generate about 228 kg of char, 163
kg of tar, and 163 kg of gases. The gases obtained after pyrolysis are used for the energy
needed in all involved steps of the pyrolysis process. Based on our assumptions, 913 and
1155 kWh/dry ton of EUC and SCB are needed for drying and pyrolysis processes. Figure
4 shows the scheme of the pyrolysis process assessed.

H,O Energy Energy  H,S0, Nutrients

@ Energy PHB . PHB
455 kWh 2877 kg 1,615 kWh 52kWh  6kg 1ke _ m‘c‘m“ 35ke
EUC . : Energy
Liquor Liquor 5
1000k 1 * : 8233 ke § St3ke [ * 3 kWh
HO Autohydrolysis +|  Washing | '{ Concentration | -{ Poshydrolisis -{ Conversion ‘ -{ Filtration ‘ E
5 ) “nergy
6.000 kg i 289 kWh
'
Residual solid ¥ Energy To WWT |
1,644 kg H20 55 kWh 549.2kg LA recovery - LA
(100% moisture) 7,650 kg 36.1kg
Energy H,0 Energy Energy  H,S0, Acetate: 102 kg . PHB rec ., PHB
@ 455 kWh 2877 kg 1,615 kWh 52kWh  6kg Nutrients: 1 kg rf i 16.3 kg
: Energ
e Liquor Liquor _:m‘L;
1,000 kg - l—‘; 8233 kg - 583 ke — - 17 kWh
O Autohydrolysis Washing | — '{ Concentration | * Poshydrolisis -‘ Conversion -{ Filtration ‘ Energy
6,000 kg ] 131 kWh
Residual solid v Energy To WWT |
1,644 kg H,0 52 kWh 653.3 kg LArecovery |- b4
(100% moisture) 7,650 kg ke

@ Energy

758 kWh
SCB
1,000kg +
H,0 + Autohydrolysis
10,000 kg
@ Energy
758 kWh
SCB
1,000 kg t L]
ILO + Autohydrolysis
10,000 kg

Figure 2. Mass and energy balances for the EUC valorization strategy (a) without acetate and (b)
with acetate.

H,O Energy Energy  H,80, Nutrients . PHB
2275 ke 2345kWh 78kWh  9kg 1kg PHBrecovery |~ o iq

! Liquor | Liquor 1| ] Energy
11,975 kg 866 kg 4kWh
-{ Washing ‘ -‘ Concentration Poshydrolisis Conversion Filtration .
“nergy
430 kWh
Residual solid M Energy To WWT |
1,300 kg H20 82 kWh 815.9kg LArecovery |~ LA
(100% moisture) 7.650kg 53.7kg
H,O Energy Energy  H;S0, Acetate: 137 kg
2,275kg 2,345kWh T8kWh  9kg Nutrients: 1.5 kg
. . Energy
| Liquor ) Liquor 4 | : 26 kWh
11,975 kg 866 kg
L Washing Concentration Poshydrolisis Conversion Filtration E
‘nergy
¥ 194 kWh
Residual solid v Encrgy To WWT | —
1,300 kg H,0 77kWh 955.9kg l LA recovery ‘ . LA
(100% moisture) 7.650kg 24.3kg

Figure 3. Mass and energy balances for the SCB valorization strategy (a) without acetate and (b)
with acetate.
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Figure 4. Process flow for solid conversion through the pyrolysis process.

For energy consumption, the autohydrolysis step and concentration were the higher
energy consumers for all scenarios analyzed. In the case of the EUC scenario, energy for
autohydrolysis and evaporation represents about 57 and 60% total energy consumption,
respectively, whereas in the SCB scenario, it represents about 67 and 71% total energy
consumption, respectively. For both scenarios, evaporation is the step with the highest
energy consumption (Figure 5). Regarding LA production, in previous studies, energy
consumption in the conversion process (acid catalysis) could reach values between 2
kWh/kg of LA and higher values than 3 kWh/kg [7,48]. In the present study, energy could
be decreased to low values, about 1.5 kWh/kg (considering the energy for microbial cul-
ture and the final LA production); this means an interesting improvement in the energy
needed for this product conversion.

5000
4000 r
3000 r
2

2000 r

1000

EUC SCB

B Autohydrolysis ® Evaporation = Poshydrolysis
Fermentation ™ PHB recovery M LA recovery
B Pyrolysis

Figure 5. Energy consumption for each assessed scenario is based on dry tons of biomass. WA: with
acetate. WoA: without acetate.

3.2. Economic Assessment

After mass and energy balances, economic assessments were developed. Initially, the
residual solid after pretreatment was evaluated to produce process energy for LA and
PHB production, determining that all IRR economic indicators are smaller than 0. For this
reason, the results shown for residual solids are those obtained by the pyrolysis process.
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MMUSD/year

For all analyzed scenarios, energy (mainly steam) is one of the most important fac-
tors, followed by operational costs. When using acetate, this reagent is one of the most
relevant costs. The raw material, water, and acid costs are less influential in the economic
balance. Figure 6 presents the results of this analysis.

20
15
WoA
10 WoA
5
0 ;—_J__—t
EUC SCB
= H,0 ® Raw material = H,SO, Steam
m Utilities m Acetate ® Fermentation ~ ® PHB recovery
® Operation = Maintenance

Figure 6. Production costs of selected scenarios. MMUSD: millions of USD. WA: with acetate. WoA:
without acetate.

The economic assessment was carried out for the analyzed scenarios. IRR and NPV
were selected as economic indicators, and a discount rate of 15% was selected for the NPV.
The highest economic indicators are for EUC scenarios, with an IRR of about 14.4 and 16%
and NPV of USD -2.9 and 4.5 million. Indicators for SCB scenarios reach IRR between 5.5
and 7.4%, whereas, with NPV, values are much less than 0 (Table 5).

The investment needed for the proposed scenarios varies between USD 113 and 146
million. The highest investment cost is for SCB scenarios.

Table 5. Economic indicators for scenarios evaluated.

EUC SCB
Without Ace- With Acetate Without Ace- With
tate tate Acetate
IRR 16.0% 14.4% 7.4% 5.5%
NPV (MMUSD) 45 -2.9 NV NV
Investment (MMUSD) 113 113 146 146

NV: negative value. MMUSD: millions of USD.

For the alternatives with the addition of acetate (alternatives with the higher PHB
production) for the EUC and SCB scenarios, the minimum selling price of PHB was deter-
mined to obtain positive NPV. Figure 7 presents the selling prices for PHB in the EUC and
SCB scenarios.
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A16.99

46.92

EUC SCB
PHB

Figure 7. PHB minimum selling price to reach positive NPV. For the scenarios of EUC and SCB with
acetate.

For the EUC scenario, the selling price of PHB should be increased by about 15%; for
the SCB scenario, PHB should be increased up to USD 17/kg.

3.3. Sensitivity Assessment

A sensitivity analysis was developed after the economic assessment. The most rele-
vant variables to the economic balance are the price of char and tar for all scenarios. Spe-
cifically, for the EUC scenarios, the available raw material is also a key factor, and to a
lesser extent, LA and PHB prices and labor and steam cost. For SCB, the available raw
material is less important; however, LA and PHB prices have more influence than in EUC
scenarios. Results are presented in Figure 8.

EUC-WA EUC-WoA
—10,000,000 0 10,000,000 — 5,000,000 5,000,000 15,000,000
Char (USD/kg) s s Char (USDkg) i
Tar (USD/kg) N Tar (USD/kg) N
Capacity (t/year) e — Capacity (t/year) ——
PHB price (USD/kg) TR LA price (USD/kg) e
Steam (USD/t) - Steam (USD/t) -
LA price (USD/kg) e LSR [ [ ]
LSR | [ Labor cost (USD/month) ]}
SCB-WA SCB-WoA
— 60,000,000 — 50,000,000 — 40,000,000 — 50,000,000 — 40,000,000 —30,000,000
Char (USD/kg) — — ' Char (USD/kg) '
Tar (USD/kg) e — Tar (USD/kg) [——
PHB price (USD/kg) ] LA price (USD/kg) ]
Steam (USD/t) - Steam (USD/t) -
LSR - LSR -
LA price (USD/kg) il PHB price (USD/kg) s

Capacity (t/vear) (] Labor cost (USD/month) n
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Figure 8. Results of the sensitivity assessment for the selected scenarios. WA: with acetate. WoA:
without acetate.

3.4. Case Study

Finally, some variables were evaluated for EUC scenarios based on data from the
Northeast Region of Argentina (NEA) and data already obtained by our research group.
Some aspects regarding biomass fractionation were collected in previous studies. Wash-
ing water could be a critical factor regarding sugar recovery after pretreatment [49]. The
LSR of the pretreatment could influence the sugar solubilization [14] and play an upstand-
ing role in the economic balance of the processes [7].

Regarding the raw material, it is expected that the total waste available in the region
could probably decrease in the coming years, so its price could increase because of the use
of wood waste for energy generation and the new alternatives for producing high-value-
added products [50].

Because of the above, a sensitivity analysis of the proposed schemes was assessed,
evaluating selected parameters and their variation in the NPV values. Each variable was
varied by 20% from the base case. The accumulative variation of each variable is shown
in Table 6.

Table 6. The sensitivity assessment for the selected variables in the EUC scenario. Values of NPV in
USD.

Without Ace- With Acetate
tate

Increase 20%  Rawmaterial (tfyear) 17610627 8654484
Reduce 20% LSR 8,604,932 1,141,480
Reduce 20% Washing water 7,294,834 -168,618
Reduce 20% Steam 6,793,459 -669,993

Base case (USD) 4,462,196 -2,886,175
Increase 20% Steam 2,130,932 -5,102,358
Increase 20% Washing water 1,458,368 5,774,923
Increase 20% LSR -327,790 -7,561,081
Reduce 20% Raw material (t/year) -6,722,415 12,509,047

If some variables are improved, the economic indicators could increase considerably
from the base case. In the design of processes, all variables could be evaluated and con-
sidered to decrease the uncertainty.

4. Discussion

This study shows alternatives to producing value-added products from biomass as
byproducts to improve the overall performance of the processes. Recent studies were con-
ducted on polymers developed from several feedstocks [51-53]. The selling price of poly-
mers reported in the last years was almost USD 7/kg of PHA, and that of PHB is still higher
[53]. Its market prices could be up to 80% higher than petroleum-based polymers [54].
Regarding the production costs, studies have reported productions starting at USD 2.6/kg
[51] and higher than USD 20/kg [53,55]. The selling prices determined in the present study
are in the range of reported values; additionally, several improvement alternatives could
be carried out to decrease the production costs and the final selling prices of the products.

A recent study showed that, in a multiproduct biorefinery, it is possible to produce
up to 50 kg per ton of feedstock of PHB from glucose, while lignin fraction is used for
electricity [56]. The present study demonstrates that PHB, LA, and value-added co-prod-
ucts can be obtained from all the biomass fractions. Additionally, in the case of LA, as was
discussed previously, the biological pathway could significantly improve the energy con-
sumption in the conversion process, allowing an improvement in the technical and eco-
nomic balances.
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5. Conclusions

This study assessed PHB and LA production from eucalyptus and sugarcane bagasse
hemicellulosic sugars by a fermentative pathway in a biomass biorefinery. Additionally,
gas, char, and tar could be obtained from the residual solids of the autohydrolysis treat-
ment.

The mass and energy balances show that microbial culture could be an attractive op-
tion to obtain added-value products from EUC and SCB byproducts obtaining more than
1500 t/year of PHB and more than 2600 t/year of LA. Additionally, it could be an attractive
alternative to improve energy consumption in process conversion.

The products from the solid fraction valorization (char and tar) are the most critical
variables for economic performance. Depending on the feedstock, production could reach
more than 10,000 t/year of tar and more than 14,000 t/year of char.

For the assessed scenarios, EUC alternatives are the most attractive options, reaching
NPV higher than USD 4 million for the alternative without acetate.

Finally, the simultaneous variation of specific variables could mean substantial im-
provements in the final indicators of the processes, reaching an NPV higher than USD 17
million.

A result of this study is to highlight that once laboratory scale processes are devel-
oped and optimized, technical and economic assessments will be carried out to evaluate
the performance at the commercial scale. That will make it possible to determine how the
main variables and parameters influence the overall process.
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