oBY

SISTEMA DE BIBLIOTECAS DA UNICAMP

UNICAMP

UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITORIO DA PRODUGAO CIENTIFICA E INTELECTUAL DA UNICAMP

Versao do arquivo anexado / Version of attached file:

Versao do Editor / Published Version

Mais informacoes no site da editora / Further information on publisher's website:
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c03447

DOI: 10.1021/acssuschemeng.1c03447

Direitos autorais / Publisher's copyright statement:
©2021 by American Chemical Society. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAGAO

Cidade Universitaria Zeferino Vaz Barao Geraldo
CEP 13083-970 — Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br


http://www.repositorio.unicamp.br/

Downloaded via 201.82.39.207 on September 22, 2021 at 18:10:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Sustainable

Chemistryz Engineering =[cJolele
pubs.acs.org/journal/ascecg

Techno-Economic Analysis of Alternative Designs for Low-pH Lactic
Acid Production

Andressa Neves Marchesan,™ Jean Felipe Leal Silva, Rubens Maciel Filho, and Maria Regina Wolf Maciel

Cite This: ACS Sustainable Chem. Eng. 2021, 9, 12120-12131 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: Lactic acid production is highly affected by the Fermentation Technology

fermentation pH. The need for neutralizing agents and the salts Y

produced during fermentation have a significant impact on the pH

overall process performance. Changing the neutralizing agent and Yield

allowing lower pH fermentation can improve the process » Concentration »» Lactic
profitability. This work investigates the impact of fermentation Fermentation time Processing Acid
parameters and evaluates the process economics of alternative Neutralizing agent

downstream processing designs to produce lactic acid. The results Su9arene \/

show that low-pH fermentation (pH = 3.86) was profitable

(internal rate of return, IRR > 10%) at a fermentation yield of 0.97
g/g sucrose. Decomposing the salt subproduct to reduce the Process design @E Te”‘g‘:;;;’i;wmic %
environmental burden associated with gypsum disposal has a

significant impact on the economic performance, resulting in a

lower IRR than the other designs. Although the salt decomposition process has a high energy demand, it is compensated by the
savings obtained in the downstream processing, thus resulting in a similar overall energy demand when compared to conventional
reactive distillation. A novel process configuration with ammonium sulfate subproduct shows potential for 3 p.p. higher IRR and up
to 30% lower fuel demand in comparison with the conventional process. Therefore, alternative downstream processes could drive
low-pH fermentation to outperform the conventional process without any neutralizing agent.

KEYWORDS: lactic acid, fermentation, downstream processing, liquid—liquid extraction, process simulation, techno-economic analysis,
gypsum-free

B INTRODUCTION electrodialysis.”® However, these technologies have a high
cost and so far are not compatible with the targeted LA cost.

Another approach is to use acid-tolerant microorganisms.
One strategy is to improve acid tolerance of natural LA-
producer strains” or to turn more robust, acid-tolerant strains
such as yeasts into efficient LA producers.”® Nonetheless,
experimental results shown in Table 1 suggest that the
engineered microorganisms that withstand lower pHs tend to
have lower yields and productivity in comparison to less acid-
tolerant strains. This negatively impacts the economic
evaluation of such processes and does not discard the need
for neutralization and disposal of salt subproducts. For
example, low-pH (<3.0) yeast-based fermentation has been
applied commercially by Cargill since 2008, with product
concentration and productivity of ca. 130 g/L and 3 g/(L h),”
respectively. This process, however, only decreases the amount

The interest in producing chemicals and materials from
renewable sources has pushed the development of biorefi-
neries, in which a variety of products can be obtained through
biological or chemical conversion routes from intermediate
molecules, the so-called platform chemicals. Among these
molecules, lactic acid (LA), produced from the fermentation of
refined sugars and starches, has broad applications in food,
pharmaceutical, and chemical industries."

Most LA-producer microorganisms have an optimum pH
close to neutral. Thus, the acid product itself leads to inhibition
as fermentation occurs. This limits the initial sugar and final
product concentrations besides fermentation productivity,
which, in turn, impacts the purification costs due to dilute
product streams.” Hence, LA fermentation pH is controlled
through the addition of lime (or other base). After biomass
filtration, LA is recovered through sulfuric acid addition,
producing equivalent amounts of low-value gypsum (calcium Received: May 23, 2021 §§§J§LQ§EE|5
sulfate), which represents a problem of its own due to the Revised:  August 17, 2021 :
environmental impact and cost for its disposal.” Alternative Published: August 30, 2021
strategies have been developed to circumvent low pH
inhibition, including product in situ removal through
membrane separation, solvent extraction, adsorption, and

© 2021 The Authors. Published b
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Table 1. Literature Survey of Microorganisms for LA
Production at Different pHs”

ref. microorganism pH substrate
S Saccharomyces cerevisiae glucose [100 g/L, 0.70 g/g
(engineered) 097 g/(L h%, D]

8 Sporolactobacillus terrae S5.10  sucrose [120 %/L, 0.86 g/g,

1.44 g/(L h), D]

sugarcane juice [133 g/L, 0.90 g/g,
167 /(L h), D]

glucose [90 g/L, 0.97 g/g,

9 Lactobacillus delbrueckii 6.00

10 Saccharomyces cerevisiae 2.37

(mutant 0.98 g/(L h), L]

11 Escherichia coli 7.00  sucrose [109 g/L, 0.89 g/g,
(engineered) 1.83 g/(L h%, L]

12 not informed 6.40  beet juice [278 g/L, 0.97 g/g,

11.22 g/(L h), L]
cane molasse [200 g/L, 0.90 g/g,
538 g/(L h), -]
“Process conditions are indicated besides the substrate as [initial
concentration of substrate, mass yield, productivity, and D or L
isomer].

13 Lactobacillus plantarum  6.00

of inorganic salt produced instead of eliminating it. The
environmental impact is reduced by using the gypsum
subproduct as a soil conditioner.”” Therefore, while “perfect”
high-acid tolerant microorganisms are not available, the pH the
microorganisms withstand and the need for neutralization are
important aspects that impact the LA production costs.

This work evaluates how different LA production routes
impact the final costs employing process simulation and
economic analysis. The simulation considers different
fermentation pHs and yield to evaluate different neutralizing
agents and their adequate downstream processing. Considering
that low pH fermentation usually results in lower yields and
productivity, the material, energy, and economic requirements
for different LA yields and fermentation pH for different
downstream processing strategies are estimated in this work.
The results show that alternative processes could be

competitive with the conventional design if higher product
concentration and yield were obtained in low-pH fermentation.
Thus, simulation and economic analysis result in fermentation
yield and productivity—profitability trade-off data, thus
providing performance targets to the scientific community
for future developments in process design and acid-tolerant
strains for LA fermentation.

B PROCESS DESIGN

The LA production process is simulated from traditional
sugarcane feedstocks. The simulations consider a sugarcane
supply of 212 ton/h (1 million tons/year) based on an
autonomous ethanol distillery.'* After sugarcane crushing, the
juice is clarified and sent to fermentation. During fermentation,
the lactic acid product build-up causes inhibition, thus
lowering the yield and productivity. Because of that, in this
step, a base is added to the fermenter, maintaining the
fermentation pH required by the microorganisms. Depending
on the neutralizing agent employed, different downstream
processing configurations were adopted to obtain an 88 wt %
LA product.

Figure 1 shows the overall process representation for all
scenarios. Sugarcane composition, conditioning, juice extrac-
tion, and juice treatment steps are based on a first-generation
ethanol distillery design.'* The juice obtained after clarification
has a sucrose concentration of 125 g/L. For the scenarios with
higher sugar concentration, after clarification, the juice is
concentrated in a triple-effect evaporator. The evaporation
coefficient (c) is estimated from eq 1,'> where B represents the
Brix (sugar content in g per 100 g of aqueous solution) of the
juice leaving the effect and T the temperature of the heating
vapor, in °C.

[kg of vapor
o 2

L Tec } = 0.001(100 — B)(T — 54)

(1
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Figure 1. Simplified block flow diagrams of alternative processes for the production of lactic acid according to the neutralizing agent employed
during fermentation. The steps in gray are common to all scenarios, and those before fermentation are based on an autonomous ethanol distillery."*
The steps in different colors vary according to the chosen neutralizing agent. (a) CaO: “business-as-usual” process—gypsum (CaSO,) subproduct
separation and reactive distillation; (b) Mg(OH),: “salt-free” process, with Mg(OH), and HCl recovery and recycle; and (c) NH,OH: salting-out

extraction using (NH,),SO, and ethanol, with (NH,),SO, subproduct.
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Fermentation. The design and simulation scenarios were
based on different fermentation pHs, yields, batch duration,
teed sugar concentrations, and neutralizing agents according to
Table 2. Since literature results for modified microorganisms

Table 2. Fermentation Scenarios

parameter values
fermentation pH 3.86; 7.0
mass yield (g LA/g sucrose) 0.7; 0.97
fermentation time (h) 24; 48; 72
sugar concentration (g/L) 130; 250

neutralizing agents Mg(OH),; NH,OH; CaO

(Table 1) are usually obtained under different conditions, such
as temperatures, substrates and/or neutralizing agents, and
their concentrations, they would not allow a fair comparison
between process designs and neutralizing agents. Therefore,
the parameters in Table 2 were defined to represent sugar
concentration, yield, and productivity compatible with the
literature data. The conditions in Table 2 were assumed at a
fixed temperature of 40 °C across all scenarios.

The amount of added neutralizing agents was calculated to
neutralize 50 or 100% of the produced lactic acid to achieve a
pH of 3.86 or 7.00, respectively. After fermentation, the cells
are removed through centrifugation, and the LA solution is
sent to the different downstream processing alternatives.

Downstream Processing. Each downstream processing
configuration was designed according to the neutralizing agent
used during fermentation. In the first scenario (business-as-
usual), calcium oxide is used, resulting in a gypsum
subproduct. After gypsum removal, the lactic acid product is
subjected to esterification with ethanol in the reactive
distillation process for separation and purification.

In the second scenario, the salt subproduct is magnesium
chloride, which is used to increase the lactic acid product
removal through solvent extraction. In this scenario, the
neutralizing base, magnesium hydroxide, and the required acid
added, hydrochloric acid, are recovered and recycled, so that
there is no salt subproduct to be disposed of. In the last
scenario, the salt subproduct (ammonium sulfate) also favors
solvent extraction. However, in this case, the neutralizing base,
ammonium hydroxide, is not recovered and the salt sub-
product can be used as a fertilizer. Further description of each
scenario is provided in the following subsections.

Calcium Oxide—“Business-As-Usual”. In the conventional
process (Figure 1a), the calcium neutralizer reacts with lactic
acid during fermentation, producing a Ca-lactate solution,
which is then contacted with H,SO, in an acidulation tank, to
produce CaSO, (gypsum). The precipitated salt is removed in
a system of hydrocyclone and vacuum filter,'® while the LA
recovered will be concentrated and then purified in a series of
both reactive and conventional distillation columns (herein
referred to as reactive distillation) to achieve the required
product specification. The LA solution is concentrated to SO
wt % in a six-effect evaporator and a final evaporation step,
where the vapor goes through a six-stage distillation column to
achieve a 70 wt % solution.'”

The design pressures in the series of multiple effect
evaporators (MEE) were set to obtain a temperature difference
of at least 5 °C. The average heat-transfer coeflicient for each
effect was estimated as a function of the lactic acid mass

fraction in the feed solution (w,) based on a rigorous Aspen
Plus heat exchanger calculation according to eq 2.

U[ Y

2

] = 1.4094 — 1.9874w,
sm” K

)

This concentration step is important to favor the following
esterification step, which is equilibrium-limited (eq 3).
Otherwise, larger volumes of ethanol would be required to
achieve high LA conversion.'®

C,H,0; + C,H,0H & C.H,,0, + H,0 3)

The concentrated LA solution then reacts with ethanol in a
reactive distillation column at an EtOH/LA molar ratio of 3.5
to produce ethyl-lactate (EtLA), which is recovered in the
bottom stream and separated from heavier impurities and
unreacted LA by vacuum distillation.'® The recovered EtLA is
hydrolyzed back to LA in another reactive distillation column
at an H,O/EtLA molar ratio of 1.5."” The 88 wt % LA product
is obtained as the bottom stream of this column. The excess
ethanol and water obtained in the distillate streams of both
reactive distillation columns are separated by distillation to
produce a 93 wt % ethanol solution, which is then dehydrated
to 99.2 wt % in a membrane separation system,”’ before being
recycled to the first column. The main design parameters are
listed in Table 3.

Table 3. Main Parameters of the CaO-Based Process

process specifications

residence time: 4 h; T: 50 °C
CaSO, separation 25 wt % moisture

MEE 70 wt % LA

1st effect: 1.8 bar

6th effect: 0.26 bar
EtOH/LA molar ratio: 3.5

LA conversion: 98%

acidification

esterification

34 stages; 12 reactive stages;
0.015 bar; 25 stages

99.9% EtLA recovery
H,0/EtLA molar ratio: 1.5
42 stages; 34 reactive stages
1 bar; 63 stages

100% EtOH recovery

93 wt % EtOH

99.2 wt % EtOH

EtLA distillation
hydrolysis

EtOH distillation

EtOH dehydration

Magnesium Hydroxide—“Salt-free”. To produce gypsum-
free lactic acid, Purac Biochem patented a process based on the
salting-out extraction using an oxygenated solvent, preferably
methyl isobutyl ketone (MIBK).”' In this process, the
neutralizing chemicals (base and acid) are recovered and
recycled to the fermentation step, so that there is no undesired
gypsum residue. The process configuration adopted in this
work (Figure 1b) is based on the Purac Biochem patent”"*
and the Aman process”’ used for the production of high-purity
MgO from MgCl,.

When Mg(OH), is used as the neutralizing agent, the Mg-
lactate solution obtained from fermentation after biomass
removal is contacted with a 20 wt % HCI solution in an
acidulation tank to produce MgCl,. Although LA has a low
distribution ratio in MIBK,** the presence of MgCl, salt in the
aqueous phase increases the distribution ratio, thus reducing

https://doi.org/10.1021/acssuschemeng.1c03447
ACS Sustainable Chem. Eng. 2021, 9, 1212012131


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c03447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

the number of equilibrium stages and solvent volume required
for the liquid—liquid extraction. However, the MgCl,
concentration in the broth is lower than recommended,”" so
a six-effect evaporation process is used to achieve a 14—15 wt
% MgCl, solution, similar to the one described in the previous
sections.

After concentration, this solution is contacted with MIBK in
a sieve-tray tower at 60 °C. The extract is then fed to a second
extraction column, where LA is back-extracted using water at
40 °C. The number of equilibrium stages and solvent amounts
were defined based on sensitivity analysis to achieve a 98% LA
recovery after both extractions. After extraction, this higher
purity solution is concentrated by vacuum distillation.

To recover and recycle the neutralizing Mg(OH), and HC],
the MgCl, aqueous solution is subjected to a drying step,
where the hydrate MgCl,-4H,O is obtained, and then fed to a
thermal decomposition reactor, where a hot flue gas stream
provides the required energy for the decomposition of this salt
to HCI and MgO. The gaseous HCl-containing stream is sent
to an absorption column, producing an aqueous HCI solution
that can be recycled to the acidification reactor, whereas the
MgO solid is subjected to a washing step to remove soluble
impurities and then sent to a hydration tank to produce
Mg(OH), that is used in the fermenter.”> Table 4 shows the
main design parameters for the Mg(OH),-based process.

Table 4. Main Parameters of the Mg(OH),-Based Process

process specifications
acidification residence time: 4 h; T: 50 °C
MEE 14—15 wt % MgCl,
1st: 1.8 bar
6th effect: 0.26 bar
extraction 98% LA recovery
distillation 0.2 bar; 10 stages
99.99% LA recovery
88 wt % LA
drying air; 130 °C
decomposition natural gas combustion gases
Ty 1000 °C; Toye: 125 °C
absorption 8 equilibrium stages; 20 wt % HCI

MgO washing water to MgO mass ratio: 2
100% impurities removed
MgO filtration

MgO hydration

40% moisture
T: 107 °C; 50 wt % Mg(OH),

residence time: 2 h

Ammonium Hydroxide. Although calcium or ammonium
hydroxides could be used as neutralizing agents and then
recovered through electrodialysis without the requirement of
acid addition, such a process has high capital and operating
costs.” Salts such as phosphates and sulfates have gained
attention for the salting-out extraction of bio-derived products
such as organic acids using short-chain alcohols as the
solvent.”**” In particular, ammonium sulfate, which can be
produced during fermentation when NH,OH is employed as
the neutralizing agent, has been studied in single equilibrium-
stage extraction experiments with ethanol.”® The intention
here is to take advantage of the salting-out effect instead of
avoiding the formation of ammonium sulfate.

In this process (Figure 1c), the ammonium lactate solution
from fermentation after biomass removal is contacted with a 70
mol % H,SO, solution in an acidulation tank to produce

12123

(NH,),SO,. MEE is employed in a similar manner to the one
described in the previous section. However, achieving the
required salt concentration (18.5 wt %) would result in a too
high LA concentration, so the specification here is to achieve a
250 g/L LA solution, while additional salt is recycled from the
process before the extraction. The extraction occurs in a sieve-
tray tower at S0 °C using hydrous ethanol (93 wt %) as the
solvent. The extract is fed to a vacuum distillation column to
produce 88 wt % LA and the ethanol and water mixture is
distilled for recovery and recycle of ethanol.

The raffinate stream is fed to a double-effect evaporation
before crystallization at approximately 45 °C in a continuous
evaporative forced circulation crystallizer, which was sized
according to Ref 28 based on the (NH,),SO, solubility data
from Zapp et al.”” The solid product is then filtered and dried.
Table S shows the main design parameters for the NH,OH-
based process.

Table 5. Main Parameters of the NH,OH-Based Process

process specifications
acidification residence time: 4 h; T: 50 °C
MEE 250 g/L LA
1st effect: 1.8 bar
6th effect: 0.26 bar
extraction 99% LA recovery

18.5 wt % (NH,),SO,
EtOH/sol. of 0.29 g/g
8 stages; 50 °C

0.2 bar; 10 stages
99.99% LA recovery
88 wt % LA

1 bar; 63 stages

100% EtOH recovery
93 wt % EtOH

LA distillation

EtOH distillation

(NH4),S0, crystallization 45 °C

(NH,),S0O, filtration 25% moisture

drying air; 130 °C
B METHODS

Simulation. All scenarios were simulated in Aspen Plus 10 (Aspen
Tech, Inc., Bedford, USA) using equilibrium (distillation and liquid—
liquid extraction) and stoichiometric models (fermentation and
acidification). The sugarcane composition and properties, sugarcane
crushing, and juice clarification steps were based on the Aspen Plus
model from the literature.'*

Calcium Oxide. To model the vapor—liquid equilibrium (VLE),
the non-random two-liquid (NRTL) activity coefficient model was
used for the liquid phase and the Hayden-O’Connell equation of state
was used for the vapor phase. The binary parameters were regressed
from VLE data.**~>*

The reactive distillation columns were simulated using the kinetic
model shown in eqs 4—6 over the Amberlyst-15 catalyst.>>** The
Katapack SP-12 packing characteristics and the hydrodynamic models
from Ratheesh and Kannan®® were applied in a user model subroutine
in the rigorous distillation model (Radfrac) to estimate the column
diameter and liquid holdup in the catalyst bags.

K

AELA%H,0
eq

r= ke[aLAaEtOH -

(4)

where

https://doi.org/10.1021/acssuschemeng.1c03447
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W
o —58.47[51
sm’holdup | | RT

k, = 1.188 X 10°

©)

and

515.13
Keq = exp(2‘9625 - T J

(6)

Magnesium Hydroxide. To model the salting-out extraction, the
electrolyte NRTL (ELECNRTL) model was employed. The binary
parameters for the H,O + LA + MIBK system were regressed from
experimental data””* and the liquid—liquid equilibrium (LLE) model
was validated based on the Purac Biochem patent data.*' The HCI
absorption process was also modeled using ELECNRTL with binary
parameters from Ref 37. The extraction columns were sized as tray
columns,*® while absorption and distillation columns were sized in
Aspen Plus using the Radfrac model.

Ammonium Hydroxide. To model the VLE, the NRTL activity
coeflicient model was used. In salting-out extraction, the electrolyte
NRTL (ELECNRTL) model was employed, and the LLE model was
validated based on the experimental data from Refs 26 39 40,. The
extraction column was sized as a tray column,”® and the distillation
columns were sized using the Radfrac model in Aspen Plus.

The binary interaction parameters and the comparison between the
regressed models and the experimental data are listed in the
Supporting Information of this paper.

Economic Analysis. The economic analysis was based on the
material and energy balances by estimating the capital and operating
costs for all scenarios and determining the LA minimum selling price
(MSP, in $/t) from a discounted cash-flow analysis according to the
economic assumptions in Table 6. The free on board purchase cost of

Table 6. Main Assumptions of the Economic Analysis

parameter value
Discounted Cash Flow Analysis
production lifetime (y) 30
construction period (y) 2

nominal capacity in the first year of production  100%
operating factor (d/y) 200

project financing no debt, 100% equity

initial royalty fee (% CAPEX) 2%

income tax (Brazil) 34%

working capital (% CAPEX) 10%

depreciation method 10 year straight line

minimum acceptable rate of return (MARR) 10%
USD 1.00 = BRL 3.9451
Annual Fixed Operating Costs

exchange rate

labor (% CAPEX) 1%
maintenance (% CAPEX) 2%
Annual Variable Operating Costs
royalty fee (% product sales) 3%
location factor 1.46

conventional equipment (heat exchangers, pumps, evaporators,
distillation columns, tanks, filters, etc.) was estimated from cost
equations from Refs 38 44 49 50, The material of construction
assumed was Stainless steel 316 (material factor = 2.9°"), except for
equipment in contact with HCI, for which Nickel was considered
(material factor = 2.5*). The cost of non-conventional units
(sugarcane reception and juice extraction, fermenter, and cogenera-
tion of heat and power—CHP) was calculated based on the literature
data."***>* All purchase costs were updated to December 2019 values
using the Chemical Engineering Plant Cost Index (CEPCI). The fixed
capital investment was estimated by using a Lang factor of 4.28.*" In
all scenarios, the CHP unit was sized to satisfy the steam required by

12124

the process, and bagasse surplus was considered as an income in the
cash flow analysis.

Uncertainty analysis of the internal rate of return (IRR) of different
scenarios was carried out using Monte Carlo simulations in @RISK
v.8.1 1 (Palisade Company, LLC, Ithaca, USA) with 10,000 iterations
based on the prices of inputs and outputs shown in Table 7. For the

Table 7. Prices of Inputs and Outputs of LA Production
Scenarios

parameter price
electricity ($/MW h) 47.31 + 20%“/
process water ($/t) 0.56"
H,SO, ($/t) 44.69 + 19.03"¢
lactic acid ($/t) 1374.25 + 123.64%%2
juice treatment ($/tgugarcane) 0.71%
sugarcane stalks ($/t) 17.97 + 20%"*
sugarcane straw ($/t) 16.11 + 20%"*

catalyst ($/kg) 50"
cooling water ($/t) 0.14*
ethanol dehydration ($/tgon) 2.66*°

33.08 + 20%*°

300 + 20%"

145.06 + 79.89"¢

163.32 + 8.15%¢

502.41 + 629072

944 + 209%"*°

590.33 + 81.01"7%¢
134.59 + 12.22¢

12.89 + 0.697¢

369.83 + 20%"
“Average price in Brazilian energy auctions from 2018 to 2019
(epe.gov.br/en). bWeighted average values from Brazilian Exports and
Imports from 2015 to 2019 (comexstat.mdic.gov.br/en/home).
“Average values from 2015 to 2019. 980% of the average values.
“Values for Limestone. "Triangular distribution. $Normal distribution.

sugarcane bagasse ($/t)
Mg(OH), (/0

HCI ($/t)

CaO ($/t)

NH,OH ($/t)

MIBK ($/t)

hydrous ethanol ($/t)
(NH,),80, ($/1)
CaSO, ($/t)

natural gas ($/t)

prices based on the Brazilian historic price series, the ranges were
defined based on a normal distribution within + 1 standard deviation,
while those based on literature values were set as a triangular
distribution within a variation range of + 20%.

B RESULTS AND DISCUSSION

The production capacity evaluated in all scenarios is based on a
sugarcane crushing capacity of 1 million t/year, which
corresponds to the LA annual production ranging from
92,000 to 140,000 t, depending on the process scenario. The
different LA production scenarios were simulated in Aspen
Plus to obtain their material and energy requirements.

Technical and Sustainability Aspects. Table 8 shows
the main material (neutralizing agents and solvents) and
energy (expressed in terms of specific fuel demand) inputs, as
well as product outputs (LA, salt subproducts, and electricity
exported to the grid). The specific fuel demand is calculated
based on the lower heating value of the fuels to account for the
natural gas used in the MgCl, decomposition and the
sugarcane bagasse and straw burned in the CHP unit. All
technical results are shown for the different neutralizing agents
(CaO, Mg(OH),, and NH,OH) at a fixed fermentation time
of 24 h.

When comparing the energy requirements for the different
neutralizing agents, salting-out extraction in the process using
Mg(OH), has fuel demand similar to the conventional RD
process (CaO). Although the salting-out extraction offers
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ACS Sustainable Chem. Eng. 2021, 9, 12120—12131


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c03447/suppl_file/sc1c03447_si_001.pdf
http://epe.gov.br/en
http://comexstat.mdic.gov.br/en/home
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c03447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Table 8. Technical and Environmental Performance: Neutralizing Agents and Solvent Inputs, Energy Demand, and Product

Outputs for Different LA Production Scenarios

scenarios

parameter
sucrose concentration (g/L) 130 130
pH 3.86 3.86
LA yield (g/g) 0.70 0.97
neutralizing agent
CaO (kg/kgn) 0.95 0.68
H,50, (kg/kg;) 0.28 0.28
ethanol (kg/kg ) 0.004 0.014
electricity exported to the grid (MW h/y) 63.39 85.35
specific fuel demand (MJ/kgy,) 29.74 26.41
lactic acid (kg/tsugarcane) 92.17 129.23
calcium sulfate (kg/kg;,) 0.45 0.45
neutralizing agent
Mg(OH), (kg/kgra) 0.08 0.10
HCI (kg/kgy) 022 028
MIBK (kg/kg; ,) 017 0.17
electricity exported to the grid (MWh/y) 71.24 76.42
specific fuel demand (MJ/kg;,) 29.11 21.93
lactic acid (kg/tsygarcane) 96.82 135.98
neutralizing agent
H,SO, (kg/kg.s) 0.26 0.26
NH,OH (kg/kg; ) 0.61 0.60
Ethanol (kg/kg,) 0.011 0.003
electricity exported to the grid (MWh/y) 50.75 67.89
specific fuel demand (MJ/kg;,) 22.08 19.16
lactic acid (kg/tsugarcane) 98.83 138.85
ammonium sulfate (kg/kg;,) 0.39 0.33

130 130 250 250 250 250
7.00 7.00 3.86 3.86 7.00 7.00
0.70 0.97 0.70 0.97 0.70 0.97

CaO

0.96 0.68 2.90 2.05 2.97 1.93

0.56 0.56 0.27 0.27 0.56 0.56

0.012 0.014 0.011 0.014 0.014 0.013
61.78 83.38 77.07 101.88 73.60 99.12
29.77 26.42 31.94 21.89 31.79 28.43
91.00 127.79 93.02 131.60 90.84 128.75

0.92 091 0.45 0.45 091 091

Mg(OH),

0.03 0.02 0.22 0.20 0.03 0.02

< 0.01 < 0.01 0.22 0.29 < 0.01 < 0.01
0.16 0.15 0.18 0.17 0.13 0.15

82.87 110.48 67.44 94.63 79.58 107.52
33.55 30.35 27.38 25.00 26.05 29.67
98.24 137.58 96.87 137.20 119.58 138.32
NH,OH
0.52 0.52 0.26 0.26 0.52 0.52
1.21 1.19 0.61 0.59 1.21 1.18
0.008 0.011 0.023 0.011 0.014 0.011
49.63 65.07 59.65 79.39 §7.70 75.12
22.02 18.55 24.05 20.51 23.47 19.76
99.00 139.52 98.71 140.46 99.23 140.94
0.78 0.72 0.34 0.31 0.78 0.72

savings in product concentration and distillation, these savings
are offset by the high energy demand of MgCl, drying and
decomposition processes. On the other hand, the NH,OH-
based process has the lowest energy requirement because the
extract product has a higher LA mass fraction than the
Mg(OH), alternative, thus reducing the final distillation
energy demand. These results demonstrate that decomposing
the salt to avoid producing an undesired, low-value gypsum
subproduct that has to be disposed of has a high energy cost.
Meanwhile, replacing the gypsum subproduct with a more
attractive salt, such as (NH,),SO,, reduces the environmental
impact in terms of the specific fuel demand by 6—30%, as
shown in Table 8. Such a difference in fuel demand between
the two salting-out extraction processes shows the importance
of finding a good combination of solvent and salt to achieve
high LA recovery and concentration in the extract to reduce
the energy demand.

The business-as-usual process options using CaO as the
neutralizing agent have an average global yield of 113 kg t;,/
tSugarcaner 5% lower than the process options using Mg(OH),
and 7% lower than in the process options using NH,OH. This
difference can be explained by some product loss in the CaSO,,
removal step. Despite losses in the process, this result reflects
the better atom economy of lactic acid fermentation because
the product yield is much higher than that observed for ethanol
fermentation, which is 67.2 kg/ l‘sugarcane.14 In terms of solvent
input in the salting-out extraction processes, the ethanol
recovery by distillation results in lower solvent loss when
compared with MIBK back-extraction [Mg(OH),] because of
solvent loss in the final extract product.

Different combinations of salts and solvents have been
studied for the LA salting-out extraction, such as NaSO, and

12125

1,4-dioxane.”> However, effort should be made to explore
greener solvents. The CHEM21 initiative,”* for example,
provides a simplified evaluation of common solvents. Although
solvents such as MIBK and 2-propanol*’ have been classified
as recommended solvents, ethanol is also safe and has the
advantage of being widely produced from renewable sources.
Another bio-derived solvent is butanol, which, alone, showed a
low partition coeflicient in LA extraction.”® Nonetheless, the
addition of salts increases the size of the biphasic area,”™’
which could improve LA partition, as in the case of MIBK.

K,HPO, has shown a slightly higher LA recovery than
(NH,),S0,.”” However, the salt selection should consider the
neutralization requirements during fermentation for a com-
plete integration between fermentation and downstream
processing and a suitable process design. Other salts that
could be produced as fermentation and neutralization
subproducts and have been studied in the formation of
aqueous two-phase systems include Na,SO,,°%*" NaNO;,>”
and MgSO,. > Even so, the salt selection should also
consider the impact of their respective neutralizing base on the
fermentation performance. Liu et al’' reported that using
Ca(OH), as the neutralizing agent resulted in 3 times higher
LA volumetric productivity than with KOH and NH,OH for a
genetically engineered Escherichia coli strain. Finally, another
important factor is the market price and size of the neutralizing
chemicals and the salt subproduct destination, whether
decomposition or sale.

Economic Assessment. Figure 2 shows the total invest-
ment cost breakdown at a fixed fermentation time of 24 h. In
this figure, the solvent recovery and final distillation steps are
included in the RD and LLE areas. These results show that the
energy-intensive steps (product concentration and distillation)

https://doi.org/10.1021/acssuschemeng.1c03447
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Figure 2. Total investment cost breakdown according to the
neutralizing agent: (a) CaO; (b) Mg(OH),; and (c) NH,OH.

have a high contribution to the total investment. Even though
salting-out extraction reduces the required investment in
concentration and distillation, the recovery and decomposition
of the salt subproduct back to the neutralizing agents
[Mg(OH), and HCI] have a significant impact on these
costs. Thus, the process based on NH,OH has the lowest
investment cost.

The fermentation area has a small contribution to the total
investment cost (ca. 11%) in comparison with other process
areas for all downstream processing scenarios. Therefore, the
productivity parameter has a small effect on the production
costs. This effect can be observed in Figure 3, which shows the
LA MSP as a function of fermentation time. There is a linear,
consistent relationship between these two variables, while the

1500 | 1300 ‘ ‘
1400 1200
§ 1300 2 1100
5 5
2 1200 Z 1000
1100 900 T ----- . T
1000 | 800
24 48 72 24 48 72

Fermentation time (h)

El Fermentation time (h) IE‘

——Ca0 NH,OH ——Mg(OH), —e—Ca0 NH4;OH —*—Mg(OH)2

Figure 3. Effect of fermentation time on lactic acid minimum selling
price for a fixed yield of 0.97 and different initial sugar concentrations:
(a) 130 g/L and (b) 250 g/L. Solid and dashed lines represent
fermentation pHs of 7.00 and 3.86, respectively.

other variables have a more evident impact on the MSP.
Therefore, from this point on, the results will be shown for the
scenarios at a fixed fermentation time of 24 h.

Figure 4 shows the MSP distribution for the three
downstream processing scenarios, which varies from $891/t
to $1726/t. The business-as-usual case has the lowest MSP in

| Yield (gis/gsucrose) m0.97 ®0.70 ]
Co =250 g/L
$1,393
Co=130g/L
$1,309
$800 $1,200 $1,600 $2,000
Minimum Selling Price ($/tonne)
[ Yield (gia/Gsucrose) 0.97 m0.70 |
$1,108
700 I 51,056 Co =250 g/L
$1,086
380 NS 51267
e o
& $1,242
700 S 51478
Co=130g/L
$1,205
3.86 $1,496
$800 $1,200 $1,600 $2,000
Minimum Selling Price ($/tonne)
Yield (gua/Gsucrose) 097 0.70 |
$1,204
700 $1,443
..C Co=250g/L
386 $926
. $1,143
Y
& $1,366
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3.86 $1,307
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Figure 4. Lactic acid minimum selling price according to the
neutralizing agent: (a) CaO; (b) Mg(OH),; and (c) NH,OH.
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the scenarios with neutral pH and high sugar concentration. In
general, both lower pH and higher sucrose feed concentrations
result in lower MSP, but the NH,OH process is the most
sensitive to changes in the fermentation pH. This difference
can be explained by the differences in the price of the
neutralizing agents and their percentage in the total operating
cost. Figure 5 shows the operating cost breakdown at a fixed
LA selling price. Nonetheless, for the low pH scenarios, the
process based on NH,OH shows MSP results similar to those
based on CaO.

Li et al.%” evaluated the impact of fermentation parameters
on the LA MSP obtained from lignocellulosic feedstocks. Their
design is based on the business-as-usual process, but the
authors obtained higher MSP ($1380/t-1910/t) for neutral pH
fermentation scenarios. This difference can be explained by the
higher price of neutralizing agents and the low conversion in
the esterification step (20%), which had a significant impact on
the production costs. For higher LA yield and esterification
conversion (90%), their MSP is reduced to $1020/t, closer to
the results of this work. The authors also evaluated the low-pH
fermentation scenario, but their design is based on the
assumption that no neutralizing agent is employed. In this
scenario, the MSP varies from $930/t to $2660/t. This
difference can be explained by the wider yield and
concentration range evaluated by the authors in their study.
Although such a scenario would be ideal, current fermentation
results have lower yields under no pH control than those
controlled at low values.” Furthermore, given that the
concentration and distillation steps have a much higher capital
cost than the other areas (Figure 2) and the neutralizing agents
have a small impact on the LA operating costs in the CaO
scenarios (Figure 5), the IRR of a scenario under no pH
control would reduce the MSP in this study by ca. 5%. Thus,
improving product concentration and yield in low-pH
fermentation would reduce the LA production more markedly
than operating under no pH control.

Given the significant role of the input and product prices in
the economic performance, four scenarios were selected based
on current fermentation results: one pessimistic, two realistic,
and one optimistic, as shown in Table 9. These scenarios were
chosen to perform an uncertainty analysis of the IRR to
compare the economic robustness of the three downstream
processing designs. The pessimistic scenario has a low product
yield at low pH. The first realistic scenario (low pH) was
defined to evaluate the impact of yield improvement alone for
low pH fermentation, compatible with previously reported
experimental results.'’ The second realistic scenario (neutral
pH) was defined to evaluate the impact of using current
fermentation technology (similar to the results from ref 12) in
the alternative process configurations. Finally, the optimistic
scenario was defined based on hypothetical fermentation
results at low pH (performance equal to the neutral pH
results). The results of probability distribution for all scenarios
and tornado charts for the realistic (low-pH) scenario are
shown in Figure 6.

The results in Figure 6 demonstrate that improving the
fermentation yield (i.e,, moving to a more realistic scenario) is
mandatory to increase the probability of achieving an IRR
greater than the MARR of 10%. Nonetheless, the realistic (low-
pH) scenario demonstrates that reducing the salt subproduct
by employing low-pH fermentation, although profitable with
an average IRR in the range of 11—14%, would result in a
decreased probability of IRR > MARR in comparison with the
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Figure S. Operating cost breakdown for a lactic acid selling price of $
1375.24/t according to the neutralizing agent: (a) CaO; (b)
Mg(OH),; and (c) NH,OH.

current neutral pH technology, especially for the Mg(OH),-
based process. The IRR of the realistic—neutral pH scenario
shows a great change in the probability distribution when
comparing results for the NH,OH technology (Figure 6¢) with
the other two technologies (Figure 6a,b) because of the high
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Table 9. Scenarios Employed in the Uncertainty Analysis

characteristics of each scenario

yield duration concentration
scenario pH (g/ g) (h) (g/ L)
pessimistic 3.86 0.7 72 130
realistic—low pH 3.86 0.97 72 130
realistic—neutral 7.00 0.97 24 250
pH
optimistic 3.86 0.97 24 250

requirement of the neutralizing agent associated with its higher
price and spread.

Market uncertainties regarding the LA price is by far the
variable affecting the most the IRR of the realistic (low-pH)
scenarios according to Figure 6c—f, although the probability
distribution shows that the realistic and optimistic scenarios
have a high probability of achieving IRR > MARR. Portfolio
diversification could be used to mitigate this risk by integrating
the production of lactic acid to the production of ethanol and/
or crystal sugar. For comparison, a 1G standalone ethanol
distillery has an IRR of 13.1% (2014 values)'* and a 1G2G
ethanol facility has an average IRR of ca. 12% (2018 values),*
which are values compatible with the results presented in this
work for realistic scenarios. Therefore, the techno-economic
results indicate that the Brazilian sugarcane industry could
benefit from explorin§ LA to expand its product portfolio.

Daful and Gorgens evaluated the economic performance of
another gypsum-free process, which also uses Mg(OH), as the
neutralizing agent. In their configuration, the base is recovered
by contacting the Mg-lactate solution with triethylamine,
where an amine—lactate complex is produced, and the base is
recovered in the form of crystals. The complex has to be
subject to a thermal decomposition step to recover the LA
product and the amine—the latter being recycled. However,
such decomposition may be a risky process from technical
point of view due to energy- and mass-transfer complications.”

Daful and Gérgens' obtained IRR values of 14.72 and 21.28%
for this process configuration using lignocellulosic sugars as the
feedstock but for a LA selling price of $3000/t and an annual
production 10 times lower. In this study, for Mg(OH), as the
neutralizing agent and the $3000/t LA price, the estimated
IRR is 22.9 and 36.8% in the pessimistic and optimistic
scenarios, respectively.

Improving fermentation technology in terms of all variables
here evaluated (pH, sugar concentration, yield, and produc-
tivity) would offer incremental improvement in the IRR for the
CaO-based process but would greatly reduce the environ-
mental impact associated with the gypsum subproduct. These
conditions would certainly make the alternative downstream
processing designs a safer investment and even offer higher
IRR for the (NH,),SO,-based process. Nevertheless, the
salting-out extraction process requires technological develop-
ment for scale-up.

Such difference in the IRR for different process designs
shows that the development of alternative downstream
processes could benefit the LA industry, even if the ideal
scenario of efficient fermentation under no pH control has not
been achieved yet. The results of this study demonstrate that
taking advantage of the salt subproduct in alternative
separation designs has the potential to improve the economic
performance, which is necessary to decrease the market price
of LA and create opportunities for new applications. Therefore,
these results should stimulate further research and develop-
ment in the area, in particular, to investigate pilot-scale
production because the models considered here for the
alternative designs are based on limited lab-scale data.

B CONCLUSIONS

The sustainable production of lactic acid is challenging because
of the aspects related to the high energy demand for its
downstream processing and the production of an undesired
gypsum subproduct. In this work, a comparison of process
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Figure 6. Probability distribution (a—c) and Tornado charts for the realistic (low pH) scenario (d—f) for the IRR according to the neutralizing

agent: (a,d) CaO; (b,e) Mg(OH),; and (c,f) NH,OH.
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options considering different fermentation parameters com-
bined with different downstream processing options indicates
the economic outcomes of these technologies integrated into a
complete sugarcane-based biorefinery design. Alternative
salting-out extraction can become economically attractive to
produce lactic acid from sugarcane juice provided that high
fermentation yields (0.97 g/g) are obtained.

In this case, besides the impact of the salt and solvent on the
recovery cost of lactic acid, special attention should be given to
the choice of the salt because of the impact of the related base
on fermentation performance. Salting-out extraction is
economically feasible but has lower IRR (14—15%) and
similar fuel demand when compared with the conventional
process (IRR = 17%) for neutral pH fermentation. On the
other hand, if a similar yield becomes technically feasible in
low-pH fermentation, using salting-out extraction with
(NH,),SO, would result in an IRR of 20.71 and a 30%
lower fuel demand. Therefore, though some separation
processes are economically infeasible or unsuitable for
traditional fermentation processes, they can become viable
for newly developed fermentation processes if specific
conditions are met. These results demonstrate the importance
of the parallel development of fermentation and downstream
processing and should motivate their further development
beyond laboratory scale and process simulation.
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