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ABSTRACT 
L-lactic acid (L-LA), a key monomer in biodegradable plastics, is a sustainable alternative that can 
be derived from LCB. The L-LA production process typically involves various technologies such 
as fermentation, filtration, and distillation. In the L-LA production process, large amounts of buffers 
are used to maintain proper pH during fermentation, so conventional buffers (e.g., CaCO3) are 
often selected because of their low cost. However, these buffers cannot be recycled efficiently, 
and the potential for alternative buffers remains uncertain. In this work, we aim to develop and 
evaluate novel processes for sustainable L-LA production using the alternative buffer (i.e., KOH). 
The processes involve a series of different unit operations such as pretreatment, fermentation, 
extraction, and electrolysis. An efficient buffer regeneration process using membrane electrolysis 
is implemented to recycle the buffer with minimal energy input. Then, we evaluated the viability of 
the proposed processes compared to the conventional process based on minimum selling price 
(MSP), and global warming potential (GWP). The MSP for L-LA was evaluated to be 0.83 USD /kg 
L-LA, and the GWP was assessed to be 2.93 kg CO₂-eq/kg L-LA. These results represent a 25% 
reduction in MSP and a 32% reduction in GWP compared to the conventional process. Additionally, 
a sensitivity analysis was performed to identify the major cost drivers of MSP, such as interest 
rate, and the price of biomass. The proposed process, as a cost-effective and eco-friendly pro-
cess, promotes biotechnology practices for sustainable production of L-LA. 
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INTRODUCTION 
Climate change and food security remain critical 

challenges for sustainable development [1]. The global 
dependence on petroleum-based chemicals continues to 
drive environmental degradation and climate change [2]. 
To address these challenges, there is growing interest in 
producing chemicals and materials from renewable re-
sources. Lignocellulosic biomass (LCB) offers a promis-
ing sustainable alternative to produce various bio-based 
materials [3]. One significant LCB-based chemical is lac-
tic acid (LA), which has emerged as a key platform chem-
ical, particularly important in the production of 

biodegradable plastics [4]. LA exists in two enantiomeric 
forms, with L-lactic acid (L-LA) being crucial for industrial 
applications due to its influence on the mechanical and 
thermal properties of polylactic acid (PLA) [5]. Conse-
quently, numerous studies on LA microbial fermentation 
technologies focusing on high enantiomeric purity of L-
lactic acid (L-LA) have been published, demonstrating 
the potential to improve the quality and application po-
tential of LA-based products across various industries. 
 Microbial fermentation is widely used to produce L-
LA with a high enantiomeric purity. As with other fermen-
tation processes, the L-LA fermentation process requires 
various feedstocks, including fermentation medium and 
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other necessary materials. Buffers are particularly im-
portant for maintaining an optimal pH level to ensure the 
efficiency and yield of the process [6]. Notably, calcium-
based buffers (e.g., Ca(OH)2 and CaCO3) are commonly 
preferred in commercial L-LA production due to their 
cost-effectiveness. However, using these buffers typi-
cally results in solid byproducts, such as gypsum (CaSO4), 
which require disposal and create waste management 
challenges [7]. Therefore, an alternative buffer system 
could potentially address these issues by reducing waste 
and improving the sustainability of the L-LA production 
process. 

In this work, we aim to develop and evaluate novel 
approaches for sustainable L-LA production using an al-
ternative buffer (i.e., KOH). To achieve this goal, we first 
established a conventional L-LA production process as a 
baseline and developed a KOH recycling-based L-LA 
production (KRL) system incorporating buffer recycling 
technologies. We then evaluated the economic and envi-
ronmental impacts of the proposed KRL systems and 
compared them with those of the conventional process. 
Additionally, sensitivity analysis was conducted to iden-
tify major cost drivers of proposed processes for cost re-
duction. 

TECHNOLOGY OVERVIEW AND 
ANALYSIS METHODS 

Process configuration 
 Fig. 1(a) represents the baseline L-LA production 
process, which uses Ca(OH)2 as a buffer in the 

fermentation stages. After fermentation, H2SO4 is mixed 
to convert L-lactate to L-LA, and the gypsum is filtered 
out by centrifugation. Crude L-LA is separated and puri-
fied by reactive distillation units coupled with the synthe-
sis and hydrolysis of methyl lactate. This baseline pro-
cess demonstrates the established methodology and op-
erational simplicity of the purification method. However, 
the generation of gypsum causes significant waste man-
agement problems. 

In this study, we propose two novel KOH recycling-
based L-LA production (KRL) configurations that incor-
porate advanced buffer recovery and regeneration tech-
nologies, as shown in Fig. 1(b) and (c). In the fermentation 
steps, KOH is used as a buffer to maintain the optimal 
condition for microbials. H2SO4 is substituted with HCl to 
convert L-lactate to L-LA. The use of HCl allows the KOH 
to be regenerated using alternative downstream pro-
cesses. Solvent extraction and back-extraction units are 
employed for buffer recovery, L-LA separation, and puri-
fication. Solvent extraction effectively separates the im-
purities from the L-LA, while KCl releases the salts. The 
distillation unit purifies L-LA to high concentration by re-
moving water and residual impurities while operating un-
der vacuum conditions. The stream containing KCl is sub-
jected to membrane filtration for conditioning. Alkaline 
water electrolysis decomposes KCl and water to regen-
erate KOH. This reaction also produces hydrogen (H2) 
and chlorine (Cl2) gases as byproducts. In addition, the 
first alternative configuration (KRL #1) employs gas treat-
ment units to clean the byproduct gases. The purified by-
product gases can be sold, contributing to the economic 
potential of the process. 

 
Figure 1: Block diagrams of the L-lactic acid production from lignocellulosic biomass. (a) baseline process; (b) KRL 
#1: KOH recycling-based process; (c) KRL #2: KOH and HCl recycling-based process. 
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On the other hand, as shown in Fig. 1(c), the second 
alternative configuration (KRL #2) includes HCl regener-
ation steps where H2 and Cl2 gases are reacted to pro-
duce an HCl solution. This HCl solution is then used in the 
reacidification unit to enhance the recycling loop. Ac-
cordingly, the novel KRL system offers key advantages 
over the conventional process through integrated recy-
cling technologies. These improvements minimize raw 
material consumption and waste generation, thereby en-
hancing both economic viability and environmental sus-
tainability.  

Technology overview 

Pretreatment and enzymatic hydrolysis 
 Pretreatment converts hemicellulose to sugars, de-

grading LCB for efficient enzymatic hydrolysis. In this 
area, LCB is treated in high-temperature dilute H2SO4 for 
degradation. It is then neutralized with ammonia to pH 5 
for optimal enzymatic hydrolysis. This technique directly 
conditions the entire hydrolysate slurry without the need 
for solid-liquid separation, thereby improving sugar re-
covery [8]. Table S1 in Digital Supplementary Information 
(SI) presents the major reactions and process conditions. 

In this study, the feedstock for the process is 1000 
dry tons/day of Eastern cottonwood, a hardwood species. 
Hardwoods are widely used in bioprocessing due to their 
high cellulose and hemicellulose content and low inhibitor 
content compared to other biomass species. The compo-
sition of Eastern cottonwood is provided in Table S2 in SI. 
This composition is implemented in Aspen Plus V12.0 
software using an in-house physical property NREL data-
base to ensure an accurate representation of the bio-
mass components [9].  

L-LA fermentation 
 Microbial fermentation is a preferred method for L-

LA production due to its ability to achieve high optical pu-
rity. In this process, sugars derived from LCB are con-
verted to L-LA by microbial metabolism. As a microbial 
strain, thermophilic Bacillus coagulans was used in this 
study due to its capability to co-utilize hexose and pen-
tose sugars efficiently [10,11]. This co-utilization of car-
bon sources minimizes by-product formation and maxim-
izes L-LA yield. The fermentation process uses Ca(OH)2 
or KOH as a buffer to maintain optimal pH levels. The 
buffer reacts with the L-LA released by the microbes to 
form L-lactate. This ensures stable microbial activity and 
improves L-LA productivity. 

Separation and purification 
 After fermentation, insoluble cellular material is first 

separated from the broth by centrifugation. Then, the 
crude L-lactate mixture is treated with a strong acid to 
convert L-lactate to L-LA in the acidification reactor. The 
crude L-LA stream is concentrated via a multi-effect 

evaporator unit. The conventional process employs the 
reactive distillation units to separate other impurities and 
purify L-LA. L-LA in the concentrated stream is converted 
into methyl L-lactate by esterification coupled with a dis-
tillation. Then, another reactive distillation unit for hydrol-
ysis is used to decompose methyl L-lactate into L-LA and 
purify L-LA. The raw L-LA is purified to over 88wt% in the 
distillation column. 
 The novel configurations (KRL #1 and KRL #2) em-
ploy liquid-liquid extraction units with methyl isobutyl ke-
tone (MIBK) as the extraction solvent to effectively re-
move heavy impurities from the concentrated stream. 
The extracted solution is back-extracted with water to 
transfer the L-LA and ions to the aqueous phase, leaving 
the light impurities to remain in the solvent. The MIBK sol-
vent is then recovered by decanting and distillation. Fi-
nally, the aqueous L-LA stream is further concentrated 
and purified by evaporation and distillation to achieve the 
L-LA product of over 88wt% purity.  

Alkaline water electrolysis and acid gas synthesis 
The regeneration of KOH is achieved through an in-

tegrated system involving the electrolysis of KCl. In the 
alkaline water electrolysis step, a fluorinated cation ex-
change membrane was used to decompose water and 
KCl. The membrane enables high current efficiency and 
low voltage operation, achieved through its selective ion 
transport properties and enhanced chemical stability un-
der alkaline conditions [12]. Additionally, the electrolysis 
reaction also generates H2 and Cl2 gases as byproducts. 
In KRL #1, these by-product gases are purified and pre-
pared for sale as chemical products. The H2 gas from the 
alkaline water electrolysis achieves 99.97% purity 
through pressure swing adsorption using a molecular 
sieve hierarchical adsorbent. The adsorption columns 
operate at 30°C-35°C with pressure cycling up to 34 bar, 
resulting in the H2 recovery of 91.9% [13]. The chlorine 
gas is dried through desorption using concentrated sul-
furic acid, which effectively removes moisture to achieve 
a final purity of 99.99%. These high-purity byproducts 
provide a significant source of revenue.  By contrast, KRL 
#2 uses these gases directly in the acid gas synthesis 
unit. The H2 and Cl2 gases react to form dry HCl gas. This 
gas is absorbed into deionized water to make an aqueous 
HCl solution, which is used in the reacidification unit. 

Process analysis method 
The proposed processes were simulated and mod-

eled using Aspen Plus V.12 software. We evaluated the 
economic and environmental impacts of the developed 
process with mass and energy balances obtained from 
the process simulation. In this study, the viability of the 
proposed process was evaluated against the conven-
tional process based on minimum selling price (MSP), and 
global warming potential (GWP). 

For the economic evaluation of the L-LA production 
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processes, the MSP was used as a primary indicator of 
economic viability. The MSP represents the product’s 
sale price at the break-even point, where total revenue 
matches total expenses. The total revenue is generated 
from the sales of L-LA, while the total expenses include 
the annualized return on investment (ROI), fixed operat-
ing costs, and taxes. 

The ROI was determined based on the total project 
investment (TPI), the interest rate, and the process life-
time, as in Eq. (1). 

 𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑖𝑖×(1+𝑖𝑖)𝑟𝑟

(1+𝑖𝑖)𝑟𝑟−1
                                                  (1)  

where 𝑖𝑖 represents the interest rate, and 𝑟𝑟 denotes 
the lifetime of the process. The TPI, which includes both 
direct and indirect costs, was determined using cost es-
timation and scaling methods applied to simulation re-
sults. In addition, mass and energy balance data obtained 
from the process simulation were used to estimate the 
fixed and variable operating costs. Depreciation was cal-
culated using Eq. (2). Income tax was determined based 
on the net income and applicable tax rate, as detailed in 
Eq. (3). 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑇𝑇𝑇𝑇𝑇𝑇
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

                                             (2) 

      𝑇𝑇𝑇𝑇𝑇𝑇 = (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) × 𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟               (3)  

Finally, the MSP was calculated by dividing the sum 
of the annualized ROI, total operating expenses, and 
taxes by the total amount of L-LA produced annually, as 
shown in Eq. (4).  

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑅𝑅𝑅𝑅𝑅𝑅+ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐿𝐿−𝐿𝐿𝐿𝐿

[$/𝑘𝑘𝑘𝑘𝐿𝐿−𝐿𝐿𝐿𝐿]                          (4)  

The GWP was assessed as an environmental perfor-
mance metric through life cycle assessment (LCA) meth-
odology, representing the total CO2 equivalent emissions 
per unit of L-LA produced. The system boundary 

encompasses raw material extraction, transportation, 
utility, and waste treatment from manufacturing opera-
tions. The GWP analysis quantifies direct CO2eq emissions 
from process vent streams and indirect CO2eq emissions 
from utility consumption. It also takes account of emis-
sions associated with waste disposal, input material pro-
duction, and transport. The assessment followed ISO 
14040 and 14044 standards, with inventory factors 
sourced from the Greenhouse gases, Regulated Emis-
sions, and Energy use in Technologies (GREET) model 
[14]. 

RESULTS AND DISCUSSION 

Simulation results 
In this section, key operational parameters are dis-

cussed to provide a detailed understanding of the per-
formance of each process. The operability of the pro-
posed processes was assumed to be 7980 h operation 
per year. The baseline L-LA production process can pro-
duce 88wt% L-LA of 178,752 tons/year. The supplied 
amount of Ca(OH)₂ is 78,204 tons/year on a dry basis and 
then gypsum waste of 152,418 tons/year is removed via 
centrifugation after the reacidification unit. The down-
stream esterification and hydrolysis steps demonstrated 
a recovery efficiency of 94.9%. 

Both KRL #1 and KRL #2 processes achieved an an-
nual production of 197,673 tons/year of 88wt% L-LA. The 
supplied amount of KOH is 11,387 tons/year on a dry ba-
sis. The liquid-liquid extraction steps efficiently removed 
impurities, with an L-LA recovery efficiency of 85.7%. 
Separation and electrolysis units regenerated over 96.5% 
of the KOH supplied to the fermenters. The electrolysis 
units in KRL #1 produced byproduct gases, H2 and Cl2, at 
rates of 2,394 tons/year and 84,588 tons/year, respec-
tively. In KRL #2, the HCl recovery rate exceeded 87.0% 
of the HCl supplied to the reacidification reactor, 

 
Figure 2. (a) MSP and (b) NCE of produced L-LA via the baseline and proposed processes 

 



 

Kang et al. / LAPSE:2025.0248 Syst Control Trans 4:601-606 (2025) 605  

reducing the reliance on external inputs. 

Techno-economic and environmental 
analysis 

The economic and environmental performance of 
the developed processes were evaluated using the MSP 
and GWP as key indicators. As shown in Fig. 2, the pro-
posed KRL system leads to a decrease in the MSP of L-
LA. One of the major drivers of this cost reduction was 
the higher L-LA production rate in the KRL processes 
compared to the baseline process. Additionally, the intro-
duction of KOH, together with the implementation of ad-
vanced buffer recycling technologies, reduced the cost 
of buffer materials and waste disposal. The favorable re-
sults of KRL #2 can be attributed to the integration of ef-
fective regeneration and reuse of KOH, which are also 
present. These elements were further enhanced in KRL 
#2 through the integration of the HCl recycling loop, op-
timizing material utilization and reducing production 
costs. As a result, KRL #2 achieved an MSP of 0.83 $/kg, 
representing a 25% reduction compared to the baseline 
MSP of 1.10 $/kg. 

In terms of environmental performance, the baseline 
process demonstrated a relatively higher GWP compared 
to KRL #2, attributed to the substantial use of Ca(OH)₂ 
and the indirect emissions from utility consumption. KRL 
#1 exhibited a GWP of 3.45 kg CO₂-eq/kg L-LA, which rep-
resents an increase of 40% compared to the baseline 
process. This is due to the energy-intensive electrolysis 
and high consumption of HCl. Conversely, KRL #2 exhib-
ited the lowest GWP of 2.93 kg CO₂-eq/kg L-LA, showing 
a reduction of 51% relative to the baseline process. The 
recycling of HCl in KRL #2 significantly reduced material 
consumption, reducing the CO2eq inventory of raw mate-
rials.  

Sensitivity analysis 
A sensitivity analysis was performed to identify the 

key economic parameters influencing the MSP of L-LA. 
The sensitivity analysis evaluated how much MSP of L-
LA would change if the economic parameters varied by 
±20%, as presented in Fig. 3. The detailed values of major 
economic parameters used in the sensitivity analysis are 
provided in Table S3 in SI. For the baseline process, the 
interest rate was the most sensitive factor on MSP, af-
fecting a change of up to +4.69%. The biomass feedstock 
price was the second largest influential factor, with a 
±2.63% variation. For the KRL processes, the interest rate 
was also the most sensitive factor, with a change of up 
to 5.20%. Biomass feedstock is another sensitive factor, 
causing a variation of ±3.08% and ±3.17% in KRL #1 in 
KRL #2, respectively. Consequently, we identified the in-
terest rate and biomass feedstock price as the main cost 
drivers influencing the MSP of the developed processes. 

These results indicate the importance of optimizing these 
parameters to improve the economic viability of L-LA 
production. 

CONCLUSIONS 
This study developed the conventional L-LA pro-

duction process and the novel KOH recycling-based L-
LA production system for producing high enantiomeric 
purity of L-LA from LCB. Then we evaluated the eco-
nomic and environmental performances of the developed 

 
Figure 3. Sensitivity of the major economic 
parameters on the MSP 
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processes. Then we evaluated the economic and envi-
ronmental performances of the developed processes. In 
economic evaluation, KRL #1 exhibited improved eco-
nomics due to cost reduction from buffer recycling and 
byproduct utilization. KRL #2 demonstrated the best im-
provements in economic performance by incorporating 
HCl solution synthesis units. The MSP of L-LA was 0.83 
$/kg for KRL #2 and 0.89 $/kg for KRL #1, representing 
cost reductions of 23% and 25%, respectively, compared 
to the baseline process. However, the environmental per-
formance of KRL #1 was limited by the significant elec-
tricity demand and the extensive use of HCl. Conversely, 
the GWP of L-LA via KRL #2 was 2.93 kg CO₂-eq/kg, rep-
resenting a 51% reduction compared to the baseline pro-
cess. Furthermore, the sensitivity analysis revealed that 
the interest rate and biomass feedstock price are the 
main cost drivers. Addressing these key economic driv-
ers will be essential to further enhance the viability of the 
developed L-LA production processes. This study high-
lights the potential of integrating advanced recycling 
technologies to achieve both economic and environmen-
tal benefits, promoting biotechnology practices for sus-
tainable production of L-LA. 

DIGITAL SUPPLEMENTARY MATERIAL 
The following materials are available in the Living 

Archive for Process Systems Engineering 
(LAPSE:2025.0021): These materials provide compre-
hensive information for reproducing the results pre-
sented in this study. 

REFERENCES 
1. Wheeler, Tim, and Joachim Von Braun. "Climate 

change impacts on global food 
security." Science 341.6145:508-513 (2013) 

2. Lopez, Gabriel, et al. "From fossil to green 
chemicals: sustainable pathways and new carbon 
feedstocks for the global chemical 
industry." Energy & Environmental 
Science 16.7:2879-2909 (2023)  

3. Isikgor, Furkan H., and C. Remzi Becer. 
"Lignocellulosic biomass: a sustainable platform for 
the production of bio-based chemicals and 
polymers." Polymer chemistry 6.25:4497-4559 
 (2015) 

4. de Oliveira, Regiane Alves, et al. "Polymer grade l-
lactic acid production from sugarcane bagasse 
hemicellulosic hydrolysate using Bacillus 
coagulans." Bioresource Technology Reports 6:26-
31 (2019) 

5. Klotz, Silvia, et al. "Biotechnological production of 
enantiomerically pure d-lactic acid." Applied 
microbiology and biotechnology 100.22:9423-9437 

(2016) 
6. Abdel-Rahman, Mohamed Ali, et al. "Efficient 

homofermentative L-(+)-lactic acid production 
from xylose by a novel lactic acid bacterium, 
Enterococcus mundtii QU 25." Applied and 
environmental microbiology 77.5:1892-1895 (2011) 

7. Huang, Xing, et al. "Time-resolved transcriptomic 
and proteomic profiling of Heyndrickxia coagulans 
during NaOH-buffered L-lactic acid 
production." Frontiers in Microbiology 14): 1296692 
(2023) 

8. Humbird, Davis, et al. Process design and 
economics for biochemical conversion of 
lignocellulosic biomass to ethanol: dilute-acid 
pretreatment and enzymatic hydrolysis of corn 
stover. No. NREL/TP-5100-47764. National 
Renewable Energy Lab.(NREL), Golden, CO (United 
States), (2011) 

9. Wooley, Robert J., and Victoria 
Putsche. Development of an ASPEN PLUS physical 
property database for biofuels components. No. 
NREL/TP-425-20685. National Renewable Energy 
Lab. (NREL), Golden, CO (United States), (1996) 

10. van der Pol, Edwin C., Gerrit Eggink, and Ruud A. 
Weusthuis. "Production of l (+)-lactic acid from 
acid pretreated sugarcane bagasse using Bacillus 
coagulans DSM2314 in a simultaneous 
saccharification and fermentation 
strategy." Biotechnology for biofuels 9:1-12 (2016) 

11. Ma, Kedong, et al. "Highly efficient production of 
optically pure L-lactic acid from corn stover 
hydrolysate by thermophilic Bacillus 
coagulans." Bioresource technology 219:114-122 
(2016) 

12. Suhara, Manabu, and Yoshio Oda. "Electrolysis of 
aqueous solution of potassium chloride." U.S. 
Patent No. 4,261,803. (1981) 

13. Luberti, Mauro, et al. "Design of a H 2 PSA for 
cogeneration of ultrapure hydrogen and power at 
an advanced integrated gasification combined 
cycle with pre-combustion 
capture." Adsorption 20: 511-524 (2014). 

14. The Greenhouse Gases, Regulated Emissions, and 
Energy Use in Transportation Model (GREET). 
Argonne National Laboratory. 
https://greet.es.anl.gov/. 

© 2025 by the authors. Licensed to PSEcommunity.org and PSE 
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator 
and adaptations must be shared under the same terms. See 
https://creativecommons.org/licenses/by-sa/4.0/  

 


