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Summary 

This doctoral dissertation was related to an innovative biorefinery scheme for biofuel production 

that consists of two cascading consolidated bioprocesses for biological pretreatment of 

lignocellulosic biomass and acetone-butanol-ethanol (ABE) fermentation from cellulose. Each 

consolidated bioprocess is mediated by specialized microbiotas. The proposed scheme is 

characterized by the absence of chemical usages such as acids and bases (except for pH adjustment) 

and does not apply any physicochemical (high-energy demand) pretreatment. The work was 

divided into two parts – experimental and simulation.  

The first experimental part was dedicated to the solubilization of hemicellulosic fraction of 

lignocellulosic biomass (agave bagasse) by native microbiota to produce volatile fatty acids (VFA) 

and hydrogen for energy purposes. Results demonstrated that the nutrients organic nitrogen, 

calcium ions, and phosphates improved the VFA production and yield by 85 and 92%, respectively, 

and the soluble chemical oxygen demand by 1.5 times compared to without nutrient addition. 

Moreover, these nutrients promote the growth of the hydrolytic genera Cellulomonas, Gordonia, 

and Pseudoclavibacter. Then, the effects of initial pH (5.5 – 6.9) and total solids (TS, 7.8 – 22.1%) 

on hydrogen production were studied using a response surface methodology. Results showed that 

initial pH and TS affected two biological processes that occurred in parallel during the 

solubilization of agave bagasse: i) lactic acid production by lactic acid bacteria and hydrogen 

production by Clostridium sensu stricto 1. While the former acted in the entire pH range studied, 

the latter performed better at pH > 6.0. Furthermore, higher TS% improved lactic acid formation 

and, consequently, hydrogen production. The highest butyric acid production at the level of 5.1 g/L 

and hydrogen production of 4.1 mL H2/gTS were found at initial pH 6.2 and 22.1% of TS after 

48h. 

The second experimental part was dedicated to fermenting cellulose into butanol using a butanol-

tolerant microbiota. This butanol-tolerant microbiota was obtained previously by adaptive 

evolution using corn stover as substrate. The aim was to determine the capacity of this butanol-

tolerant microbiota for converting the cellulosic fraction into butanol after a long period of storage. 

Pretreated corn stover and paper filter were used as substrates for comparative purposes. The 

highest butanol concentration at 23.06 g/L was obtained from corn stover after 120h (productivity 
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of 0.19 g/L/h). Butanol concentration decreased by 20% using a paper filter as substrate. Instead 

of acetone and ethanol as co-products, valeric and caproic acids were found at concentrations of 

11.02 and 7.07 g/L, respectively, after 168 h from corn stover, and 8.83 and 3.54 g/L, respectively, 

after 144 h from paper filter. The presence of caproic acid is due to the presence 

of Caproiciproducens in the butanol-tolerant microbiota as a result of chain elongation of butyric 

acid molecules via the reverse β-oxidation pathway, while valerate is synthesized from propionic 

acid by the same pathway in the presence of some species of Clostridium and Megasphaera.  

The third experimental part was dedicated to investigating butanol recuperation from a 

fermentation broth under vacuum distillation in a rotating packed bed. Based on the fermentation 

broth obtained during consolidated bioprocessing, a synthetic mixture was prepared to investigate 

butanol recuperation. Firstly, experiments were carried out under total reflux to evaluate the 

efficiency of the method when thermodynamic equilibrium is reached. Butanol recuperation in the 

light phase of the top product was found at a concentration of 521.6 g/L, which confirmed the 

appropriateness of the method for butanol recuperation. Subsequently, experiments with 5% steam 

stripping were carried out to assess the applicability of the process for commercial use. In the 

stripping experiment (5%), 126.9 g/L was detected in the light phase, indicating that the method 

can be used commercially to remove butanol in-situ from fermentation broth. Also, ethanol and 

furfural were recuperated at high concentrations of 39 and 13 g/L, respectively, during stripping 

experiments. The butanol-rich phase requires further purification e.g., in a traditional distillation 

column, to be sold on the market. 

The first simulation part aimed to compare the cost-effectiveness of the innovative lignocellulosic 

biorefinery based on consolidated bioprocesses with a traditional lignocellulosic biorefinery 

applying a pure culture. Butyric acid was chosen as the main bioproduct and both biorefinery 

schemes were simulated at plant capacities of 100, 500, and 1000 tonne/d. Results showed that 

only butyric acid production by innovative biorefineries was economically viable. In the case of 

traditional biorefineries, the operating costs were 1.2 to 1.5 times higher, while total capital 

investment was 3-fold higher. This, in turn, resulted in unit production costs 4.7, 5.6, and 7.2 times 

higher compared to the innovative biorefinery for 100, 500, and 1000 tonne/d plant capacity, 

respectively. This made no traditional biorefinery plant economically viable. Crucial to the 



 

 3 

negative outcome of traditional biorefineries were a high-energy demand sugar concentration stage 

and expensive materials required for reactor construction. 

In the second simulation part, a mathematical optimization model was developed to assess the 

location of lignocellulose-based biobutanol plants in Mexico. Techno-economic analysis of 

biobutanol production under the innovative biorefinery was performed for four types of biomass: 

agave bagasse, corn stover, sugarcane bagasse, and wheat straw at three plant capacities: 500, 1500, 

and 2400 tonne/d. Additionally, a total Net Present Value (NPV) included biomass supply chain 

and biobutanol distribution to TAR (from Spanish: Terminales de Almacenamiento y Reparto) of 

PEMEX. The minimum demand was equal to the amount of biobutanol needed to blend 16% by 

volume with the gasoline consumed annually in Mexico. While maximum demand was equivalent 

to the total gasoline consumed in Mexico annually. The mathematical model with an objective 

function to meet the maximum biobutanol demand equal to the volume of gasoline tanks in 65 

TAR suggested the establishment of biorefineries at 13 out of 34 considered locations, which 7 of 

them processing corn stover at plant capacity of 2400 tonne/d, five sugarcane bagasse at 2400 

tonne/d and 1 of wheat straw with a capacity of 1500 tonne/d. The required initial investment was 

estimated to be $US 5,636,663,000 with a determined NPV income of $US 3,350,387,969. In order 

to cover the minimum biobutanol demand by 65 TAR of PEMEX, the model specified a minimum 

investment capital of $US 918,712,000 to establish two biobutanol plants processing corn stover 

at a plant capacity of 2400 tonnes/d. 
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1. CHAPTER I: General Introduction 

1.1. Basic theoretical concepts 

1.1.1. Biorefinery 

The main environmental changes arise from human activities transforming materials into products 

and services to meet socio-economic development. To date, the main source of energy is fossil 

fuels (coal, oil, natural gas), the combustion of which causes air pollution and greenhouse gas 

emissions (Perera & Nadeau, 2022). Close to 89% of total CO2 emissions in 2021 came from 

energy combustion and industrial processes (IEA, 2022). In Mexico alone, around 418 million 

tonnes of CO2 were produced in 2021 (Friedlingstein et al., 2022). The increasing use of fossil 

fuels, most of which are derived from oil, has been questioned particularly in terms of long-term 

environmental, energy, and material sustainability. Therefore, it is important to increase and 

develop knowledge related to the sustainable and energy-efficient production of energy and goods. 

The biorefinery concept associated with this area is currently being widely studied. A biorefinery 

is a facility that integrates biomass conversion processes, technology, and equipment for the 

production of a variety of bioproducts, including biochemicals, biofuels, and biomaterials (Figure 

1.1) (Cherubini, 2010). Biorefinery use as an input of renewable organic resources or wastes. The 

aim of a biorefinery is to maximize the value derived from biomass feedstock by producing 

multiple products and minimizing waste while reducing environmental impact and promoting 

sustainability (Barragán-Ocaña et al. 2023).  

 

Figure 1.1. A simple visualization of the idea of a biorefinery processing lignocellulosic biomass (created 

with BioRender.com). 
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The biorefinery concept is considered an essential part and operation strategy for the circular 

bioeconomy, which aims to reduce reliance on fossil fuels and move towards a more sustainable, 

low-carbon economy. Biorefineries can help to create new markets for agricultural and forestry 

residues, generate employment opportunities in rural areas, and reduce greenhouse gas emissions 

(Haribabu et al., 2022). They can be categorized based on feedstock input, applied technology, and 

type of produced bioproducts. 

The traditional biorefinery scheme consists of six main stages: i) feedstock 

condition; ii)  pretreatment of biomass and fraccionation; iii) enzymatic hydrolysis iv) inoculum 

growth; v) fermentation; vi) downstream process; and vii) wastewater treatment. 

i) feedstock condition is a preliminary stage in which the biomass matter is ground to 

reduce particle size and thus increase the contact surface;  

ii) biomass pretreatment stage refers to a chemical process of biomass in the presence of a 

chemicals (i.e. acids) at high temperature or pressure to destroy the raw structure 

making it more susceptible to enzymatic hydrolysis; 

iii) enzymatic hydrolysis is a process that uses enzymes to break down complex molecules, 

such as polysaccharides and proteins, into smaller moleculese; 

iv) inoculum growth stage referes to a small-scale bioreactor used to produce high-quality 

microorganisms such as bacteria or yeast used to start a fermentation process; 

v) fermentation is a metabolic process carried out by microorganisms that convert the 

simple sugars released during enzymatic hydrolysis into various bio-products such as 

VFA, hydrogen, methane, alcohols. 

vi) downstream process is a final stage, where set of methods and techniques is used to 

purify, concentrate and isolate produced bioproducts. 

vii) wastewater treatment is an additional stage required in a biorefinery where organic 

matter must to be removed from wastewater to ensure that the production process is 

sustainable and environmentally friendly. 

1.1.2. Feedstocks 

Biorefinery can process a wide range of organic wastes, including agricultural residues such as 

agave and sugarcane bagasse, corn stover, and wheat straw (Wang et al. 2021). Likewise, energy 
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crops (switchgrass, miscanthus, willow, and poplar) are typically grown specifically for energy 

production (Clifton‐Brown et al. 2019). Algae, commonly related to fourth-generation biofuels, is 

composed of proteins (39 – 61%), carbohydrates (10 – 50%), lipids (2 – 38%), and nucleic acid  

(0 – 6%) (Demirbas and Fatih Demirbas, 2011; Shokravi et al. 2021). Organic Fraction of 

Municipal Solid Waste (OFMSW) is a complex, variable, and heterogeneous waste from 

households, restaurants, small businesses, yards, and garden wastes (López-Gómez et al. 2019). In 

addition, biomass may contain inert materials such as food packaging, plastics, glass, metals, 

textiles, etc., due to inefficient waste sorting. The challenge is to remove inorganic particles to 

improve process efficiency (Ponsá et al. 2010). Industrial wastes are another group of organic 

effluents, such as vinasse, that consists of high chemical oxygen demand (60 – 134 g/L) and 

biochemical oxygen demands (16 – 96 g/L), and average contents of nitrogen (0.55 – 4.2 g/L), 

phosphorus (0.13 – 3.03 g/L), and potassium (2 – 17.5 g/L) (Quintero-Dallos et al., 2019) or cheese 

whey composed by water (93 – 94%), lactose (4.5 – 5%), protein (0.8 – 1%) (Kasapcopur et al. 

2021), which can also be processed in a biorefinery. 

This dissertation focuses on lignocellulosic biomass of agricultural origin, which is an economical 

and highly available renewable source for energy production and value-added bioproducts 

(Rodionova et al., 2022). Its annual global availability is estimated at 181.17 billion tonnes 

(Ashokkumar et al., 2022). Corn, wheat, and sugar cane, as the three most abundant crops in 

Mexico, yield approximately 26 million tonnes of dry lignocellulosic biomass per year at strategic 

locations with the prospect of establishing biorefinery facilities (Dudek et al. 2023mxcad).  

 

Figure 1.2. Lignocellulosic biomass structure (created with BioRender.com). 
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Lignocellulosic biomass comprises three polymers: cellulose, hemicellulose, and lignin (Figure 

1.2). Cellulose is the main component (9% – 80%), and its fibers consist entirely of glucose. Glucan 

cellulose chains are linked by hydrogen bonds and van der Waals forces to form long, thread-like 

crystalline structures called cellulose microfibrils. The shape, size and crystallinity of these 

microfibrils are important structural parameters that determine the efficiency of the polymer 

conversion to bioproducts through the biochemical pathway (Rongpipi et al., 2019). Hemicellulose 

is the second most abundant polymer of lignocellulosic biomass (10% – 50%). Its short, linear, and 

highly branched heteropolymeric structure is composed of various monomers such as arabinose, 

galactose, mannose, xylose, 4-O-methylglucuronic and galacturonic acid residues. Lignin (5 – 

35%) is a cross-linked phenolic polymer consisting mainly of p-hydroxy- phenyl, guaiacyl and 

syringyl monomers (Zhou et al., 2016). Its hyper-branched topology without regular repeats and 

insolubility makes it very difficult to degrade (MekonnenTeto, 2021). This polymer blocks 

enzymatic digestibility of monosaccharides found in cellulose and hemicellulose (Ji et al., 2022). 

The ratio of these three monomeric units varies considerably depending on the nature and origin 

of the biomass (Li et al., 2013). 

1.1.3. Products 

Depending on the raw material and the technology used, a wide range of biobased products can be 

obtained within the biorefinery concept. Outbound products can be divided into two main groups. 

Energy products that include bioethanol, biobutanol, biodiesel, biomethane and other synthetic 

biofuels, biohydrogen, electricity and heat. While, material products are food, animal feed, 

fertilizers, glycerine, biomaterials, chemicals and building blocks, polmers and resins (Cherubini 

et al. 2009). 

Lignocellulosic biomass consists of three main polymers that differ in structure and properties. 

Cellulose and hemicellulose are carbohydrate chains employd for bioenergy production including 

bioethanol, biobutanol, biohydrogen, biomethane and low molecular organic compounds such as 

short- and medium-chain volatile fatty acids. The recalcitrant macromolecular lignin component is 

used in the production of synthetic aromatic polymers such as composite films, polyimides, resins 

and thermoplastics. The cascade utilisation of biomass, which involves the progressive 

decomposition of polymers starting with haemicellulose, then cellulose and lignin, followed by a 
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separation process of the individual components, is the key to effective and highly efficient biomass 

processing (Ashokkumar et al. 2021).  

Biobutanol is an interesting bioproduct due to its properties. It is an organic compound with a four-

carbon linear chain (C4H9OH), a molecular weight of 74.12 g/mol and a density of 0.81 g/cm3 at 

20℃. More details of its physico-chemical properties can be found under CAS number 71-36-3 

(Api et al., 2019). Butanol finds an application in the pharmaceutical and cosmetics industry, is 

used for solvent, eluent, extractant and biofuels production (Talan et al., 2021). Its use as a biofuel 

ingredient has attracted particular interest recently. Biobutanol has higher energy density then 

ethanol (36 vs 26.8 MJ/kg) (Rathour et al., 2018), and its lower vapor pressure (0.9 vs 7.9 kPa at 

25℃) (Butler et al., 1935; Kretschmer & Wiebe, 1949) improve cold-start conditions. Furthermore, 

n-butanol has a lower polarity than ethanol (1.66 vs. 1.7) due to the larger carbon chain and this 

results in a lower importance of the hydroxyl group (-OH), hence, a better stability of n-butanol is 

observed compared to ethanol blends (Lapuerta et al., 2018). Also, butanol can be mixed with 

petrol at any concentration without engine modification (Elsemary et al., 2016). 

1.1.4. Butanol production 

Conventional butanol production takes place in the oil refinery, where oil is processed into a 

number of marketable products such as chemicals, energy, and fuels. Butanol is formed by 

processing crude oil through one of three pathways: crotonaldehyde hydrogenation, Reppe 

synthesis and oxynthesis (hydroformylation) (Abo et al., 2019). The crotonaldehyde hydrogenation 

occurs at ambient temperature and pressure, involves aldo-condensation of acetaldehyde in the 

presence of alkaline catalysts, followed by dehydration resulting from the application of acids 

(acetic or fosforic). Finally, synthesized crotonaldehyde undergoes distillation and hydrogenation 

in the gas or liquid phase in the presence of a Cu catalyst (Panahi et al. 2019). Butanol production 

by Reppe synthesis takes place at 100℃ and 15 atm. It involves the reaction of propene with carbon 

monoxide and water in the presence of Fe(CO)5 catalyst. The process has selectivity of 90% and 

the formed mixture butanol:isobutanol has proportion 85:15 (Liu et al. 2013). Butanol oxosynthesis 

(hydroformylation) usually require propylene which undergoes hydroformylation to form 

aldehydes, followed by hydrogenated which gives n-butanol. Another fossil oil derivatives, such 

as ethylene and triethylthe  aluminum can be use for butanol production by oxosynthesis (Patil et 

al. 2019).  
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At the beginning of the 20th century, Weizmann discovered the production of biobutanol by 

acetone-butanol-ethanol (ABE) fermentation (Moon et al., 2016). It is a biphasic bioprocess 

consisting on acidogenesis where acetic and butyric acids are produced from glucose convertion 

by acidogenic bacteria. Extracellular pH changes and onset of sporulation results in metabolic shift 

to solventogenesis, where two alcohols: ethanol from Acetyl-CoA and butanol from Butyryl-CoA 

together with ketone: acetone from Acetoacetyl-CoA are produced (Buehler and Mesbah, 2016). 

Factors such as temperature (Sidi Ahmad and Abdul Munaim, 2017), pH (Bahl et al. 1982), nutrient 

supplementation (McNeil and Kristiansen, 1987), product inhibition (Li et al. 2020) and redox state 

(Wang et al., 2012) affect ABE fermentation. Species of the Clostridia genus including Clostridium 

saccaroper butylacetonicum, Clostridium acetobutylicum, Clostridium sacharoaceto butylicum 

and Clostridium beijerinckii are the most efficient in converting glucose into biobutanol (Buehler 

and Mesbah, 2016; Riaz et al., 2022).  

Traditional butanol production from lignocellulosic biomass by ABE fermentation employ pure 

culture and involves three main stages carry out as a separated units. The process begins with 

hydrolysis followed by a detoxification step and then fermentation. Due to low yields, genetically 

modified Clostridium sp. are frequently employed yield (Gao et al., 2014; Guo et al., 2022). 

Recently, the consolidated bioprocess (CBP) for biobutanol production from lignocellulosic 

biomass has been developed as an alternative method. The concept of the method focuses on the 

cooperation of microorganisms to simultaneously degrade the cellulose polymer to glucose and its 

parallel conversion to biobutanol (Putro et al. 2016). 

Biobutanol production at yield of 0.15 g butanol/g biomass, from all available amount of 

lignocellulosic biomass in Mexico could produced approximately 3.6 million tonnes of biobutanol, 

which would meet 67% of the total demand for butanol worldwide (Fernández, 2022). 

1.1.5. Butanol purification 

The butanol purification process can be carried out by various methods including distillation, 

extraction, adsorption, membrane filtration and crystallization. In distillation process solvents are 

heated until reached boiling temperature and vaporizate to another stage of distillation column, 

where condens. The impurities are left behind. The method is based on the physico-chemical 

properties of the components being separated, specifically the differences in boiling point between 
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the components. Extraction is another method frequently combined with distillation. It is used as a 

preliminary step to reduce the volume of liquid to be distilled. Extration involves mixing butanol 

with a solvent with high selectivity such as mesitylene, followed by further separation of butanol 

from the solvent. (Sanchez et al., 2017; Valdez‐Vazquez and Sanchez, 2018). Butanol can be 

purified in adsorption process as well. A specific material with a high active surface area and 

adsorption properties, such as activated carbon, silica gel or zeolite, is used to attract and hold 

impurities. Mixture is passing through a bed of absorbing material. Pollutants are captured and 

retained, while butanol passes through (Chiang et al., 2019). Membrane filtration is a process that 

uses a semi-permeable membrane to separate butanol and solvents sucha as ethanol and acetone 

from impurities based on size or molecular weight. This method can be used to purify butanol in a 

continuous process (Knozowska et al., 2021). 

The choice of purification method depend on the specific impurities present, the desired purity 

level, and the economics of the process. So far, distillation is the most commonly used method to 

purify butanol from ABE fermentation. For most alcohols its direct separation from water by single 

distillation is impossible due to azeotrope formation. However, in the case of binary water-n-

butanol mixture exist miscibility gap for butanol mole fraction (0.02 – 0.45) at boiling point and 

pressure of 1.013 bar, which separate mixture into a water-rich phase and butanol-rich phase (Card 

& Farrell, 1982). Therefore, a rotating packed bed (RPB) could be a proper equipment for 

biobutanol separation from fermentation broth.  

The rotating packed bed (RPB) structure consists of a rotating cylindrical bed and a static housing 

(Figure 1.3). The rotating part is driven by a motor, and the axis of rotation of the motor can be 

horizontal or vertical. Liquid phase is introduced through the liquid inlet located in the upper centric 

part of the housing into the rotary packed bed and flows through packing material due to centrifugal 

forces. Gaseous phase is introduced through the gas inlet located on the edge of the top cover and 

flows in the opposite direction to the liquid phase and simultaneously interacts with it at the same 

time (Wang et al., 2019). High gravity (higee) technology by introducing a centrifugal force up to 

1000g bypasses the gravitational constraint that limits separation and reaction process. In that way 

improves heat, momentum transfer, and mass transfer. Therefore, RPB is a promising technology 

for distillation purpose (Neumann et al., 2018).  
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Figure 1.3. Construction of the RPB structure. 

1.1.6. Wastewater treatment 

Various stages of a traditional biorefinery plant such as biomass pretreatment and fermentation 

generate wastewater that is characterized by high levels of organic matter such as VFAs (mainly 

acetic, butyric and propionic acids), as well as nutrients, and suspended solids (Chakhtouna et al., 

2022). Their removal from the wastewater is a critical step to minimize a biorefinery impact on the 

environment and reduce its water consumption. There are several wastewater treatment 

technologies such as membrane filtration, reverse osmosis, coagulation and flocculation, aerobic 

treatment, and anaerobic digestion. The last of these is the most promising for lignocellulosic 

biomass, as biomethane is produced from organic matter, making biorefinery more viable 

(Srivastava et al., 2018). The potential of biomethan production from lignocellulosic biomass 

though metabolic pathways varied depending on pretreatment method and type biomass processed 

(Buitrón et al., 2019). 

1.1.7. Economic assessement of biobutanol biorefinery 

A techno-economic evaluation of a biorefinery facility is a comprehensive assessment of the used 

technology for feedstock processing and economic feasibility of energy and material products 

production from biomass resources. Economic assessment provides a quantitative analysis of the 

investment capital require for facility establishment, operating costs associated with converting the 
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input organic material into various bioproducts and the potential revenue from the sale of the 

products produced by the biorefinery. Techno-economic evaluation involves a detail analysis of 

feedstock availability and composition, methodology and technology design set for appropriate 

biomass convertion into desired bio-based products, economic evaluation of required equipment, 

labor, utilities and operating cost, ending with overall determination of the internal rate of return, 

net present value (NPV), and payback period. A techno-economic assessment can provide valuable 

insights to investors and stakeholders interested in developing a sustainable bio-based economy 

and influence decision-making. 

Various methods and tools exist to perform techno-economic assessments and enrich information 

for decision-making. There are several software program such as SuperPro Designer, BioSTEAM, 

TEA (Techno Economic Analysis) developed by the National Renewable Energy Laboratory 

(NREL) that permit simulate technology design, process analysis and optimization on the industrial 

scale. SimaPro is a life cycle assessment computer program that can be used to evaluate the 

environmental impacts of biorefinery processes. Methematical optimization model together with 

commercially available solvers such as CPLEX is an efficient method for decision-making support. 

More recently, the use of geographic information systems (GIS) software, such as QGIS, has begun 

to gain importance in facility location decisions-making. 

1.1.6.1 SuperPro Designer  

SuperPor Designer is a software program developed by Intelligen, Inc. and is designed for 

development and optimization of batch and continuous bioprocesses. It includes a suits of tools for 

process modeling, cost analysis, and optimization. It is designed to properly support the 

development of sustainable biorefineries. The software can be used for modeling biomass 

condition, biomass pretreatment by physico-chemical or biological methods, enzymatic hydrolysis, 

fermentation, filtration, seed cultivation, purification, cogeneration stage, among others. Users can 

create custom models where processes are simulated using data and equipment properties provided 

by the software developers, as well as properties can be customized to suit specific needs.  

The software can be used to estimate the capital and operating costs of a design facility scheme, 

and to evaluate the economic feasibility of a given process design. The economic analysis can be 

performed at different levels of detail, from a high-level screening analysis to a detailed project-

level analysis. Additionally, the program can be used for sensivity analysis, optimization studies. 
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The simulations carried out are a source of information that can be used to support decision-making 

related to process design, technology selection, and investment. 

1.1.6.2 Mathematical programming 

Mathematical programming refers to mathematical models which manipulating a lot of variables 

and constraints find solutions to problems such as optimization or decision-making problems 

(Naud et al., 2020, p. 4). The Linear Programming (LP) attempt to find the feasible area and 

optimize the solution to obtain the highest (maximization) or the lowest (minimalization) values of 

the objective function which is subjected to the constraints in the form of linear equations or in the 

form of linear inequalities (Sierksma et al., 2015). The mathematical problem described requires a 

solver, i.e. a computer program that interprets the mathematical description as input data and carry 

out calculation using complex algorithms until the optimal solution of the model is found, giving 

the output data (Koch et al., 2022). For instance, a simple example of a mathematical problem can 

be described using linear programming, as shown in the Figure 1.4, while its solution can be 

found/expressed in graphical from, as depicted in the Figure 1.5. 

 

Figure 1.4. Simple mathematical problem description.   
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Figure 1.5. Graphical solution of the LP problems.   

1.1.6.3 Geographical information system 

A geographic information system (GIS) is a useful tool for creates, manages, analyzes, display and 

store many types of data that are represented spatially or geographically (Lü et al., 2019). GIS 

connects a data with longitude and latitude to determinate its location on the Earth. This provides 

a better view on analyzing data and helps users understand patterns, relationships, and geographic 

context. In recent years, it has been widely used in science and almost every industry because of 

benefits such as improved communication and efficiency, as well as better management and 

decision-making (Goodchild, 2018). 

In this study, a GIS was used for the economic evaluation of a biorefinery plant in Mexico. Having 

data related to biomass supplier, road infrastructure, location of industries parks, location of 

populated area, availability of water and electricity visualized in the map permit in better way 

suggest the possible location of lignocellulosic-based biorefinery plants.  
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1.2. Hypothesis 

1.2.1. General hypothesis 

Innovative biorefinery plant for biobutanol production from lignocellulosic biomass that consists 

of two cascading consolidated bioprocesses for biological pretreatment of lignocellulosic biomass 

and acetone-butanol-ethanol (ABE) fermentation from cellulose, is techno-economically viable for 

establishement in Mexico.  

1.2.2. Specific hypothesis 

1. Nutrient supplementation improves hemicellulose polymer solubilization, and volatile fatty 

acids production. 

2. During the fermentation of lignocellulosic biomass by its native microbiota pH value close 

to neutral increases hydrogen production, while its decreases improves the formation of 

volatile fatty acids.  

3. During the fermentation of lignocellulosic biomass by its native microbiota, an increase in 

total solids content improves biogas and VFA production. 

4. Butanol-tolerant mixed culture is an adequate source of microorganisms for efficient 

butanol production from cellulosic polymer of lignocellulosic biomass during a 

consolidated bioprocess. 

5. Vacuum distillation in a rotating packed bed is an adequate method for the efficient 

recovery of butanol from synthetic fermentation broth.  

6. Lignocellulosic biomass processing within the innovative biorefinery scheme that consists 

of consolidated bioprocesses using a mixed culture is economically more viable than in a 

traditional scheme using a pure culture. 

7. Given the costs of biobutanol production from lignocellulosic biomass under the innovative 

biorefinery scheme, the supply chain and distribution of biobutanol to the market allow for 

the economically viable establishment of a biorefinery in Mexico.
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1.3. Objectives 

1.3.1. General objective 

To assess the cost effectiveness of the innovative biorefinery scheme for biobutanol production 

from lignocellulosic biomass based on consolidated bioprocessing employing microbial consortia 

involving biomass supply and biobutanol distribution for its construction in Mexico. 

1.3.2. Specific objectives 

1. To evaluate nutrients supplementation on solubilization of the hemicellulose fraction, 

microbial community and volatile fatty acids production during biological pretreatment 

(acidogenesis) of agave bagasse by its native microbiota with hydraulic retention time and 

solid retention time decoupled. 

2. To assess the effect of pH and total solids on the composition and concentration of volatile 

fatty acids and hydrogen production from agave bagasse by its native microbial consortia.  

3. To assess whether a butanol-tolerant mixed culture is an adequate microorganism source 

for biobutanol production from biologically pretreated corn stover during a consolidated 

bioprocess.  

4. To evaluate butanol recuperation from a synthetic mixture based on a composition of a real 

fermentation broth obtained during consolidated bioprocessing of a biologically pretreated 

corn stover by butanol-tolerant mixed culture using vacuum distillation in a rotating packed 

bed. 

5. To assess the profitability of the innovative biorefinery scheme processing lignocellulosic 

biomass using mixed culture and compare it with a traditional one employing pure culture. 

6. To develop a mathematical model for the optimal location assessment of a lignocellulosic 

biomass-based biobutanol plant in Mexico, considering supply chain, techno-economic 

evaluation of biorefinery plant, biobutanol distribution and a limited investment budget. 
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2. Chapter II: Overall work strategy 

An overview on the research activities described in the present doctoral dissertation were visualized 

on the overall work strategy diagram (Figure 2.1). The work was divided into an experimental and 

a simulation part. In the experimental part (Chapters III, IV, V, VI), the biological pretreatment of 

lignocellulosic biomass, production of volatile fatty acids with hydrogen, and subsequent butanol 

production in consolidated bioprocesses together with its purification were investigated. In the 

simulation part (Chapters VII and VIII) the collected experimental data was used to assess 

processes in economic terms on a commercial scale. 

Chapter III describes how nutrient supplementation affects the acidogenesis of lignocellulosic 

biomass, specifically the solubilisation of hemicellulose and evaluate nutrients impact on the 

microbial environment and the production of volatile fatty acids (Spec. Obj. 1). Chapter IV, on the 

other hand, is an extension of this, where the effects of pH and total solids on the composition and 

concentration of volatile fatty acids and hydrogen production are examined (Spec. Obj. 2). 

Biologically pretreated lignocellulosic biomass as described in Chapter III, was left with an 

untreated cellulosic polymer. Chapter V is devoted to the evaluation of an isolated butanol-tolerant 

mixed culture for production of biobutanol in a consolidated bioprocess from cellulosic fraction of 

the previously biologically pretreated lignocellulosic biomass (Spec. Obj. 3). 

Based on a fermentation broth obtained during biobutanol production from cellulosic fraction of 

corn stover (biologically pretreated) by a butanol-tolerant mixed culture as described in Chapter V, 

a synthetic mixture was prepared. The recovery of biobutanol from the synthetic mixture was then 

investigated in a rotating packed bed under vacuum conditions (Spec. Obj. 4). The experiment and 

results are described in Chapter VI. 

Chapter VII was dedicated to a techno-economic evaluation of the proposed innovative biorefinery 

scheme which process lignocellulosic biomass in consolidated bioprocess employing native mixed 

culture (as reported in Chapter III) and compare it with a traditional biorefinery scheme that use 

pure culture (Spec. Obj. 5).  

Finally, Chapter VIII describes studies related to optimal location of lignocellulosic biorefinery for 

biobutanol production in Mexico. Firstly, economic assessment of technology used in the proposed 
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innovative biorefinery scheme, where lignocellulosic biomass is converted into biobutanol 

involving processes described in Chapter III – V, was carried out. Then, optimalization 

mathematical model was developed to evaluate the optimal plant locations in Mexico, considering 

techno-economic data of simulated biorefinery, biomass supply chain and biobutanol distribution 

(Spec. Obj. 6). 
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Figure 2.1. Overall work strategy diagram. 
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3. Chapter III: Nutrient influence on acidogenesis and native 

microbial community of agave bagasse 

Reference to published work:  

Dudek, K., Buitrón, G., & Valdez-Vazquez, I. (2021). Nutrient influence on acidogenesis and 

native microbial community of Agave bagasse. Ind Crops Prod., 170, 113751. 

https://doi.org/10.1016/j.indcrop.2021.113751 

3.1 Abstract 

This study reports the start-up, acclimation, and performance of an acidogenesis process as a 

biological pretreatment method to solubilize Agave bagasse fibers using the native microbiota. The 

effects of nutrients were evaluated on acidogenesis performance (volatile fatty acid [VFA] 

production; soluble chemical oxygen demand [sCOD], and VFA yield) in a reactor R(+) 

supplemented with urea, phosphate salts, and calcium ions and contrasted with a control reactor 

R(-) containing distilled water. The native microbial lasted ca. 70 days to stabilize the primary 

technological parameters. Under stable conditions, R(+) improved VFA production by 5 times (101 

± 12  mgCOD/g), sCOD by 1.5 times (137  33 mgsCOD/g), and VFA yield by 45 times (634 ± 54 

mgCOD/gremoved) compared with R(-). In R(+) nutrient supplementation promoted an alkaline pH 

due to urea hydrolysis and the major VFA were acetic acid > butyric acid > and propionic acid. In 

contrast, in R(-) the pH acidified rapidly and the major VFA were acetic acid > butyric acid > and 

lactic acid. In R(+) thrived Cellulomonas, Gordonia, and Pseudoclavibacter. In contrast, in R(-) 

pH became rapidly acidic promoting the growth of several bacteria such as Lactobacillus and 

Beijerinckia that correlated positively with acid lactic production. In both reactors, 

Caproiciproduces was linked to the production of VFA acetate, propionate, and butyrate. Findings 

demonstrate that the native microbiota of Agave bagasse fibers contained members that depending 

on the nutrient supplementation solubilized the fibers towards the VFA production with different 

compositions and yield.  

Keywords: biological pretreatment; lactic acid; lignocellulose; urea; volatile fatty acid; 

https://doi.org/10.1016/j.indcrop.2021.113751
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3.2 Introduction 

At the start of the 21st century, lignocellulosic biomass fermentation rose to prominent in the energy 

industry as a promising alternative to conventional energy sources (Sebayang et al. 2017). Many 

types of lignocellulosic biomasses such as Agave, corn, Miscanthus, poplar, sugarcane and 

switchgrass have been investigated, among which Agave plants have shown particular potential as 

a bioenergy crop; they can be cultivated in arid or semi-arid soil that is unsuitable for most common 

energy crops (Escamilla-Treviño 2012). Agave plants accumulate soluble nonstructural 

carbohydrates in plant tissue (Davis et al. 2011), and their processing generates a lignocellulosic 

bagasse (Hernández et al. 2019). Agave may therefore represent a high-quality feedstock for 

biorefineries, which can obtain numerous valuable products from the soluble sugar fraction and 

bioenergy from the lignocellulosic fraction. 

The chemical composition of Agave bagasse ranges from 38 to 53% cellulose, 32-54 % 

hemicellulose, and 4-14% lignin depending on climate, agronomic practices, harvesting time, and 

plant age (Hernández et al. 2019). Agave bagasse requires pretreatment to modify its complex and 

recalcitrant structure, which is difficult to ferment (Sebayang et al. 2017). Biological, enzymatic, 

chemical, and hydrothermal methods have been adopted to solubilize Agave fibers, whereas 

produced hydrolyzates have been used in the subsequent production of hydrogen or methane 

through dark fermentation or anaerobic digestion, respectively (e.g., Arreola-Vargas et al. 2016; 

Breton-Deval et al. 2018; Buitrón et al., 2019; Montiel-Corona et al. 2020; Muñoz-Páez et al. 2020; 

Valdez-Vazquez et al. 2020). A comparison of pretreatment has shown that dilute acid pretreatment 

solubilizes more carbohydrates than other methods, but the obtained hydrolyzates present problems 

in inhibition during the anaerobic digestion step (Valdez-Vazquez et al. 2020). Otherwise, 

biological pretreatments appear to solubilize fewer Agave fibers, but the obtained hydrolyzates 

yield the highest biochemical methane potential. Scholars’ clear interest in pretreatment selection 

is largely due to economic concerns. Chemical pretreatments carry limitations, such as high 

equipment and operational costs; furthermore, depending on pretreatment conditions, emerging 

inhibitors can influence subsequent biological conversions (Antizar-Ladislao and Turrion-Gomez, 

2008). While biological pretreatments avoid these inhibition problems, a major disadvantage is 

their long pretreatment times, which are prohibitive for industrial purposes (Amin et al., 2017; 

Baral and Shah, 2017).  
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Whereas fungal pretreatments have the longest pretreatment times (i.e., from weeks to months), 

bacterial pretreatments can reduce the time to several days (Zabed et al. 2019). Of particular interest 

are microbial consortia, consisting of fungi and bacteria that perform simultaneous tasks to 

solubilize lignocellulose. Microbial consortia operate under relatively shorter pretreatment times, 

are more adaptable to new environments and substrates, and they have demonstrated enhanced 

performance compared with pure cultures (Zabed et al. 2019). The microbial consortia used most 

frequently to solubilize lignocellulose include ruminal fluids, cattle slurry, manures, compost, and 

anaerobic sludge, all of which have been used as external inoculants (Amin et al., 2017; Zabed et 

al. 2019), that is, prior to pretreatment, these microorganisms do not come into contact with the 

substrate. Microbial ecologists have determined that specific substrates stimulate specialized 

microbial consortia that possess the enzymatic machinery necessary for their degradation 

(Reichardt et al., 2018). This phenomenon suggests that not all microbial consortia are appropriate 

for solubilizing all kinds of substrates, at least without an acclimation process. Interestingly, plant 

tissues are valuable reservoirs of microbiota that have evolved together over the long term in 

environments where the plants were cultivated (Compant et al., 2019), as such, these tissues 

represent a source of specialized lignocellulosic degraders. Native microbial consortia have 

shortened the time required to solubilize lignocellulosic fibers to less than 4 days with superior 

fermentation performance over other microbial consortia (Valdez-Vazquez et al., 2017; Valdez-

Vazquez et al., 2020). Industrial exploitation of such native microbiotas requires in-depth 

knowledge to control their behavior in bioreactors, stabilize their activity to ensure a reproducible 

quality, and maximize their solubilization yields and rates. A previous study reported that the direct 

conversion of lignocellulosic substrates by their native microbiotas demands essentials nutrients 

such as urea, CaCl2, KH2PO4 that are crucial for cellular activity, growth and metabolism. The C, 

N and P represent macronutrients and improve synthesis of carbohydrates, lipids, nucleic acids and 

proteins, while, the K, Ca correspond to micronutrients and are part of enzymes and co-factors 

(Pérez-Rangel et al., 2020). Nevertheless, that research was limited to batch tests, what did not 

show a long-term impact of nutrients on acidogenesis and microbial structure. This study reports 

the start-up of a fermentation process (also referred to as acidogenesis) to solubilize Agave bagasse 

by its native microbiota (phyllosphere community) with and without nutrient supplementation 

(urea, CaCl2, KH2PO4), evaluates the microbial communities changes in time depending on 

presence or absence of nutrients and gives details about reactor performance over time until to 
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observe stable technological parameters (e.g., solubilization, rates, pH, total solids removal 

[TSrem], and yields). The presented bioreactor operation strategy involves decoupling soluble 

products from active microorganisms and insoluble fibers (i.e., hydraulic retention time [HRT] < 

solid retention time [SRT]) to improve the solubilization efficiency (Karthikeyan et al. 2016), a 

strategy that mimics the ruminal fermentation (Weimer et al., 2009). This study also evaluates the 

long-term effects of essential nutrients on the technological parameters, as well as the quality and 

quantity of final products. 

3.3 Materials and Methods 

3.3.1 Substrate and inoculum 

Agave bagasse from the processing of Agave tequilana Weber var. azul was delivered from two 

different tequila producers in Mexico during summer and autumn 2019. Two Agave bagasse 

batches were used in this study. The first batch, moist Agave bagasse (moisture content: 30%) was 

taken as the seed inoculum, collected two weeks prior experimentation and stored at 4 ºC. 

Table 3.1. Lignocellulosic mass composition of inoculum, substrate, and after acidogenesis by native 

microbiota in (wt.%). R(+) with nutrient supplementation and R(-) without nutrient supplementation.  

 Extactives Hememicellulose Cellulose Lignin 

Inoculum 28.3 21.9 42.4 7.4 

Substrate 20.1 22.6 49.3 8.0 

Reactor R (+) R (-) 

Cycle Ex  Hem  Cell  Lig  WL Ex  Hem  Cell  Lig  WL 

1 14.0 27.8 48.9 9.7 37.6 17.1 26.8 46.8 9.6 28.5 

2 - - - - 49.5 - - - - 53.4 

3 16.5 27.5 47.3 9.0 13.1 13.8 28.8 49.5 8.3 25.1 

4 11.5 30.7 49.7 8.5 13.5 11.2 30.6 50.6 7.9 13.5 

5 11.8 29.8 50.7 8.0 13.2 22.4 24.5 44.3 9.0 5.3 

6 15.2 28.3 47.5 9.2 24.5 - - - - - 

7 14.3 28.5 44.0 12.2 14.7 - - - - - 

8 18.7 25.3 44.0 12.2 24.9 - - - - - 

9 15.9 27.2 48.0 9.3 23.5 - - - - - 

Notes: wt, weight total. Ex – extractives; Hem – hemicellulose; Cell – cellulose; Lig – Lignin; WL – 

weight loss (g/100g of dry Agave bagasse). 
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The second batch, air-dried Agave bagasse (5.0% moisture) served as the substrate which was 

milled to a particle size of less than 5 cm and stored in plastics bags at a room temperature (25 °C 

on average, 20% humidity) until use. The chemical composition of these two batches was 

determined one week before starting the experimentation using an automated fiber analyzer 

(ANKOM 200 Fiber Analyzer, ANKOM Technologies, Macedon, NY) per van Soest et al.’s 

(1991) recommendation. The chemical compositions were listed in the Table 3.1. 

3.3.2 Experimental set-up 

Two glass reactors of 1 L with a working volume of 0.75 L were assembled. A single-factor 

experiment at two levels was conducted to evaluate the effects of nutrient supplementation on 

Agave bagasse solubilization and acclimation time. To do so, at the start of the experiment (Cycle 

1), 30 g wet matter of seed inoculum was introduced into each reactor (ca. 3 % of total solids, 

Pérez-Rangel et al., 2015). One reactor, thereafter called R(+), was filled up to 0.75 L with a culture 

medium containing essential nutrients for the direct processing of lignocellulosic fibers (1.02 g/L 

of CH₄N₂O; 0.41 g/L of CaCl2; 0.11 g/L of KH2PO4; Pérez-Rangel et al., 2020). The second reactor, 

hereafter called R(-), was filled up to 0.75 L with distillated water only. The initial pH of both 

reactors was manually adjusted to 6.5 using 3 M NaOH or 3 M HCl (Pérez-Rangel et al., 2015), 

after which the reactors were tightly closed with air in the headspace and placed into an incubator 

with manual shaking once a day (WIS-ML; Wisd Laboratory Instruments, Witeg, Germany) at a 

temperature of 37 ºC. The pH was not controlled.  

After 30 days, it was expected that the microbial activity was stable (Gómez-Guerrero et al., 2019). 

At the beginning of the second cycle of acclimatization (Cycle 2), 27.1 g and 37.5 g dry matter of 

substrate were introduced into R(+) and R(-), respectively, with the aim of starting the Cycle 2 with 

the same bagasse mass in both reactors whereas 7.0 ± 0.7 g dry matter of spent solids (digestate) 

remained inside each reactor (Cycle 2 with a length of 30 days). In subsequent cycles with a length 

of 14 days each, both reactors were operated in semi-continuous mode, and the same quantity (19 

g dry matter) of substrate was introduced into each reactor; 9.5 ± 0.7 g dry matter of digestates 

remained inside each reactor, resulting in an average SRT of 20 days. The HRT was adjusted to 6 

days, during which 0.25 L was replaced 3 times per week with either fresh culture medium or 

distillated water with a pH adjusted to 6.5. 
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3.3.3 Analytical methods 

The pH was measured using potentiometer (BACKMAN, 50 pH Meter). Total solids (TS) were 

determined using standard methods (APHA 2540). Soluble chemical oxygen demand was analyzed 

in centrifugated supernatants using Hach vials (Method 8000, 0–1,500 mgCOD/L) (Hach 

Company, Loveland, CO). Carboxylic acids were analyzed using high-performance liquid 

chromatography (HPLC) with 10 µL sample injection (model 1260 infinity, Agilent Technologies, 

CA, USA) equipped with Aminex HPX-87H column and Diode-Array Detection (DAD) with 

detection wavelength of 210 nm. The mobile phase was 0.005 M H2SO4 solution at a flow rate of 

0.6 mL/min. 

3.3.4 Calculations and statistical analysis 

Carboxylic acids were reported as COD using the following stoichiometric factors (Perimenis et 

al., 2018): 1.067 gCOD/g acetic acid, 1.512 gCOD/g propionic acid, 1.813 gCOD/g butyric acid, and 

1.066 gCOD/g lactic acid. VFA yield was calculated as the total VFA production expressed as COD 

per gram of Agave fibers removed for each cycle (mgCOD/gTSrem). Acidogenesis efficiency was 

defined as the total VFA production (in COD) per sCOD × 100 (Kullavanijaya and Chavalparit, 

2019). Analysis of variance (ANOVA) was performed to determine significant differences in 

technology parameters between R(+) and R(-) at a confidence level of 95% using Microsoft Excel 

365 ProPlus (Version 1908). 

3.3.5 Molecular diversity analysis 

Seed inoculum and fermented Agave bagasse solids parts were collected and held in 2 ml plastic 

Eppendorf with 75 % of humidity in temperature - 20 ºC to determine the bacterial composition. 

Wet samples were collected at 0, 67, 81, 95, 106, 131 days for R(+) and R(-) (corresponding to the 

seed inoculum, and end of cycles 2, 3, 4, 5, and the starvation period). Additional, wet samples 

were collected at 144, 158, and 187 days for R(+) (corresponding to the end of cycles 6, 7, and 9). 

Cell pellets were recovered from samples accordingly to Valdez-Vazquez et al. (2019). Genetic 

DNA was extracted from recovered biomass according to the user´s manual, using the DNeasy 

PowerSoil Kit (QIAGEN, Germany). Integrity and DNA quality were figured out in an agarose gel 

dyed with 1 % SYBR Green. The DNA was quantified by spectrophotometry using a NANODrop 

2000c (Thermo Scientific, USA). The DNA was submitted to the Research and Testing Laboratory 
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(RTL, USA) for sequencing using the MiSeq Illumina platform using the primer pair V3-V4 341F 

(5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) 

(Klindworth 2013). Analysis of sequencing was performed according to (Carrillo-Reyes et al., 

2021). To compare similarity of community structure among R(+) and R(-), UPGMA (Unweighted 

Pair Group Method with Arithmetic mean) clustering analysis was performed based on the Bray-

Curtis matrix of operational taxonomic units (OTUs) composition at the 95% sequences identity. 

Associations between bacterial taxa with an abundance >5 %, TS removal, and VFA production 

were explored using non-parametric Spearman’s rank correlation (Spearman’s Rho) in PAST 

software v4.03 (Hammer et al., 2001). 

3.4 Results 

3.4.1 pH behavior 

The pH behavior was the first technological parameter affected by the nutrient supplementation 

(Figure 3.1a,b). Typically, there are an inverse relationship between the pH and the VFA 

production in acidogenesis processes (Agematu et al., 2017). However, R(+) underwent an 

alkalinity process in the course of each cycle, although the average pH tended to decline as the 

acidogenesis proceeded (Figure 3.1a). Conversely, R(-) experienced a drastic acidification process 

in each subsequent cycle (Figure 3.1b). Thus, in cycles 3-5, the average pH in R(+) was 7.04 

whereas in R(-) was 4.02. The phenomenon of alkalinity in R(+) may be attributed to two reasons. 

The first is acetogenesis, where acetate is produced either by the reduction of either CO2 or organic 

acids (Angelidaki et al. 2011). Dissolved CO2 forms carbonic acid, which then dissociates to H+ 

and decreases pH. The CO2 consumption in the acetyl-CoA pathway eliminates H+ in the solution, 

thereby increasing pH. Second, the addition of urea as a nutrient, and its subsequent hydrolysis by 

microorganisms, cause alkalinity to increase (Connolly et al. 2015). This reaction results in two 

ammonium and one bicarbonate ions being formed from each hydrolyzed urea mole. Then, one 

proton is absorbed, and ammonium is formed, whereby pH increases. 

To confirm the effect of nutrients on the alkalization process, after Cycle 5 R(+) was subjected to 

starvation for three weeks to deplete nutrient and during Cycle 6 it was operated without replacing 

the culture medium (i.e., HRT was equal to SRT during this cycle). Under such conditions, R(+) 

experienced the typical acidification process where pH decreased from 7.37 to 4.97 confirming the 

hypothesis that the addition of urea was responsible for the alkalization process in previous cycles. 
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In the following Cycles 7-9 when the nutrients were restored, the alkalization phenomenon was 

again observed. 

 

Figure 3.1. Operational progress of reactors with nutrient supplementation [R(+)] and without nutrient 

supplementation [R(-)]. Green symbols refer to the acclimation period and orange symbols refer to the 

semi-continuous operation. * refer to operation cycle with washout of suspended cells. 

3.4.2 VFA production and soluble chemical oxygen demand 

R(+) and R(-) were operated until stabilizing the activity of native microbiota of Agave bagasse, 

and assessing the effects of nutrients on fiber solubilization, measured as VFA production and 

soluble chemical oxygen demand (sCOD). In Cycle 1, VFA production was 80 and 61 mgCOD/gTS 

for R(+) and R(-), respectively. In Cycle 2, VFA production fell in both reactors due to the addition 

of air-dried Agave bagasse substrate (Figure 3.1c,d). In the following Cycles 3-5, VFA production 

stabilized with coefficients of variations lower than 10% at 101 ± 12 mgCOD/gTS for R(+) and 20 ± 

2 mgCOD/gTS for R(-). Analysis of variance confirmed a statistical difference in VFA production 
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between the reactors (p < 0.001). Throughout these five operation cycles, the VFA production rate 

in both reactors increased as follows: from a minimum of 0.95 mgCOD/gTS·d for R(+) in Cycle 2 

(when the dried Agave bagasse was added) to a maximum of 10.03 mgCOD/gTS·d in Cycle 5; and 

from 0.57 mgCOD/gTS·d for R(-) in Cycle 2 to 1.85 mgCOD/gTS·d in Cycle 5 (Table 3.2). 

Table 3.2. Technological parameters during acidogenesis of Agave bagasse by native microbiota. R(+) 

with nutrient supplementation and R(-) without nutrient supplementation. 

Reactor R (+) R (-) 

Cycle 

VFA production rate 

[mgCOD/gTS·d] 

VFA yield 

[mgCOD/gTSrem] 

VFA production rate 

[mgCOD/gTS·d] 

VFA yield 

[mgCOD/gTSrem] 

1 2.43 212 2.09 10.3 

2 0.95 49 0.57 0.8 

3 6.48 585 1.37 2.6 

4 6.89 625 1.59 5.8 

5 10.03 691 1.85 13.1 

6 11.94 356 - - 

7 8.05 622 - - 

8 2.88 113 - - 

9 714 271 - - 

Notes: VFA, volatile fatty acid; COD, chemical oxygen demand; TS, total solids; TSrem, total solids 

removed. 

When measured in terms of sCODn Agave bagasse solubilization displayed the same behavior as 

did VFA production. In Cycles 3-5, sCOD averaged 137  33 mgsCOD/gTS for R(+) with an 

acidogenesis efficiency () of 75% and 93  30 mgsCOD/gTS for R(-) with an  value of 24%; both 

parameters were 30% higher for R(+) than for R(-) (p < 0.05; Figure 3.1e,f). However, for both 

reactors,  value showed a decreasing tendency with each subsequent cycle, likely due to the 

decoupling of HRT from SRT which resulted in greater oligosaccharide accumulation in the later 

cycles. 

The addition of nutrients during the Agave bagasse fermentation over five operation cycles 

enhanced the solubilization parameters compared with control where these nutrients were omitted. 

During Cycles 3-5, R(+) overcame R(-) in terms of VFA production and rate, hence why the R(-) 

reactor’s operation completed in the fifth cycle while R(+) continued to operate. 



 

 10 

During Cycle 6, when R(+) was operated with SRT equal to HRT, VFA production peaked due to 

its accumulation in the supernatant. In Cycle 7, the semi-continuous operation with HRT < SRT 

was restored. Then, in Cycle 8, R(+) suffered a disturbance with the loss of suspended cells (i.e., 

cell washout), which negatively affected VFA production and VFA yield (p < 0.05). Interestingly, 

sCOD had a concentration of 168 mgsCOD/gTS, similar to Cycles 3-5. An unforeseen disturbance in 

R(+) revealed information about the roles of attached and suspended cells in the fermentation 

process of Agave bagasse. At each feeding, digestates were maintained at a constant amount inside 

the reactor to provide active microorganisms. The similar sCOD value during the cell washout in 

Cycle 8, compared with previous cycles, suggested that the solubilization activity was unaffected. 

Conversely, the cell washout of suspended cells negatively affected the fermentation step (low 

VFA production) and thus led to the lowest  value of 0.28. Based on the results observed during 

Cycle 8, Agave bagasse fermentation also promoted two distinct fiber niches: insoluble fibers, 

whose attached bacteria contributed to the solubilization of Agave bagasse fibers; and suspended 

cells, which served to convert sugars to VFAs. These two niches could also harbor specific 

members, for example, fungi and bacteria such as Clostridium attach to the insoluble fibers 

visualized by confocal laser scanning microscopy (Pérez-Rangel et al., 2015; Valdez-Vazquez et 

al., 2016a), a possibility that calls for further research. In Cycle 9, the disturbance was eliminated, 

and VFA production recovered. 

3.4.3 Total solid removal 

TS removal was three-fold higher in the first two cycles than in the following cycles because of the 

bacteria’s contact time with the substrate (Table 3.1). The first two cycles lasted 30 days each one, 

and each subsequent cycle lasted 14 days. In Cycles 3-5, the TS removal stabilized at 13 ± 0.25% 

for R(+); by contrast, TS removal for R(-) declined with each subsequent cycle. The VFA yield, 

expressed as the total VFA production (in COD) per TS removed, increased for R(+) from 49 

mgCOD/gTSrem in Cycle 2 to a stable value of 634 ± 54 mgCOD/gTSrem in Cycles 3-5. The VFA yield 

for R(-) remained below 14 mgCOD/gTSrem in all cycles (Table 3.2). An analysis of components after 

acidogenesis shows that the extractive fraction was mainly consumed by microorganisms followed 

hemicellulose and cellulose (Table 3.1). 
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3.4.4 VFA composition 

VFA composition differed somewhat between reactors. Acetic acid was the most abundant end-

product in both, comprising between ca. 50% and 70-80% followed by butyric acid (Figure 3.2). 

In both reactors, acetic acid peaked when the operation mode was changed from batch mode (the 

acclimation period) to semi-continuous mode (Cycle 3). These high percentages of acetic acid only 

were observed in Cycle 3 and could be attributed to stimulation of acetogenic activity, which needs 

further studies. The third type of VFA differed between reactors: propionic acid was detected in all 

cycles in R(+), whereas lactic acid progressively increased in R(-). The distinct pH behaviors 

observed between reactors could explain the selective presence of propionic or lactic acids. 

Decreasing pH causes acid stress that is unavoidable for bacteria development during fermentation. 

Low pH promotes the growth of lactic acid bacteria who are acid resistant resulting in the 

production of lactic acid production (Guan and Liu, 2020). Likewise, propionic acid bacteria keep 

pH homeostasis under acid stress and change their metabolic to improve propionic acid production 

(Guan et al., 2016). 

 

Figure 3.2. VFA composition in reactors with nutrient supplementation [R(+)] and without nutrient 

supplementation [R(-)]. Legend:  acetic acid;  butyric acid;  propionic acid; and  lactic acid. 

After the starvation period (Cycle 6), acetic acid recorded its lowest percentage over time while 

butyric acid increased which could be the result of a change in the microbial community as 
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discussed below (Figure 3.2). For Cycles 7-9, VFA composition was restored similar to  

Cycles 3-5.  

3.4.5 Microbial diversity over time 

The sequencing of 16S rRNA gene amplicons was conducted to describe the bacterial communities 

change in time, in both reactors, as well as evaluate microbial structure depending on nutrient 

supplementation. The seed inoculum consisted mainly of Enterobacter 36%, Stenotrophomonas 

16%, Pantoea 14%, Pseudomonas 5%, Novosphingobium 5%, Sphingobium 3%, and the rest of 

other bacteria such as Kluyvera, Sphingomonas, Gluconobacter, Acetobacter, Weissella, 

Komagataeibacter, Burkholderia, and Leuconostoc. Many of these genera were previously 

reported as major genera in phyllosphere of Arabidopsis thaliana, soybean, clover and rice 

(Vorholt 2012). Whereas Enterobacter, Pantoea, Kluyvera, and Leuconostoc were common genera 

found in phyllosphere of wheat (Pérez-Rangel et al. 2021). After the acclimatization period, the 

microbial structure changed and sixteen OTUs represented the major taxa with microorganism 

abundances > 5% (Figure 3.3). The microbiota structure after Cycle 2 was principally composed 

of Proteiniphilum (21 %) Cellulomonas (17 %), Gordonia (13 %) and Pseudoclavibacter (7 %) in 

R(+), while R(-) was consisted of a higher number of microorganisms, among them, the most 

abundant were: Bifidobacter, Lactobacillus, Beijerinckia, Clostridium, Acetobacter and Inertae 

Sedis from Ethanoligenenaceae family. The microbial stability with each subsequent cycle was 

not observed in the reactor R(-), neither, similarity over 80 % between any cycle. In the reactor 

R(+) the notable changes in microbial structure were observed after starvation period. The Cycles 

3 and 4 were similarity in 83 % between itself (Figure 3.3), and their analysis showed decrease in 

Cellulomonas and Proteiniphilum and increased in Gordonia and Pseudoclavibacter genera 

compared with acclimatization period, with which the similarity was at the level of 65 %. 

Subsequent analysis of Cycles 5 and a period of 3 weeks of nutrients starvations showed 

resemblance in 82 % between each other, and in 70 % to Cycles 3 and 4. The most abundant genera 

were Gordonia and Pseudoclavibacter. After the Cycle 6, the significant change in microbial 

community was observed. Therefore, the microbial structure in the reactor R(+) was divided in two 

subgroups: before and after the starvation period. The first subgroup includes Cycles 1 to 5, and 

the second subgroup consist of Cycles 6 to 8. In the Cycle 6 the Caproiciproducens constituted 49 

% of all microorganisms. Then, Caproiciproducens bacteria decreased with each subsequent cycle 

down to 19 % in the Cycle 8. In the Cycles 7 and 8 Pseudoclavibacter, Gordonia and Cellulomonas 
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disappeared, while Caproiciproducens and Prevotella were the most abundant. In the Cycles 8 the 

Bacteroides were detected the first time in the reactor R(+) in abundance of 26 %. 

 

Figure 3.3. UPGMA cluster tree based on the Bray-Curtis matrix obtained at the 95% cutoff value, and bar 

graph showing relative abundances of bacterial operational taxonomic units of R(+) and R(-) in each 

operation time. 

To better understand the relationships between microbial structure and VFA composition, a heat-

plot correlation map was constructed at the genus level (Figure 3.4). Several genera demonstrated 

a significantly positive correlation (p < 0.05) with some acids, among them the Caproiciproducens 

genus with acetate, propionate and butyrate production, whereas, Acetobacter, Acidisphaera, 

Beijerinckia, Bifidobacterium, Ethanoligenens, Lactobacillus and Novosphingobium genera with 
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lactate formation. The diagram also depicted interesting phenomena of negative correlation 

between TS removal and Acetobacter, Bifidobacterium, Ethanoligenens and Lactobacillus 

bacteria. 

 

Figure 3.4. Heat-plot of correlation (Pearson's r) between bacterial relative abundance collapsed at the 

genus level (>5% of community) with total solid removal and volatile fatty acid productions. Values of 

correlation coefficients are color coded: negative correlation in red and positive correlation in blue. p < 

0.05 boxed. 

3.5 Discussion  

In this research, two batches of Agave bagasse fibers were used for the reactor operations. Moisture 

level was a critical parameter that should be considered during the start-up of bioreactors, since 

when the dried fibers were fed, microbial activity fell. This pattern is relevant to the industrial 
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application of native microbiota as degraders of organic material (Fraga et al. 2014); the substrate 

used as the seed inoculum must contain viable microorganisms (Abraham et al. 2013). 

Lignocellulosic biomass degradation requires a moisture level above 20% at least, as microbial 

activity disappears below this threshold (Towey et al. 2019). However, to avoid an uncontrolled 

fermentation, batches of dried substrate must be prepared for long-term storage. The timespan 

required to increase and stabilize the microbial activity of native microbiota was longer than the 

reported timespan of 42 to 51 days for processes of pulp, paper sludge, and food waste fermentation 

(Lin et al. 2012), and for the anaerobic digestion of food wastes (Zhang et al. 2019). Although these 

times could still be considered too long for industrial purposes, microorganisms need this time to 

acclimatize to their new environment. Nevertheless, this acclimation process improved Agave 

bagasse solubilization substantially compared with the first cycle during which the dried Agave 

bagasse was fed. The advantage of using native microbiotas is that each substrate feeding 

introduces at least a small number of viable microorganisms than can contribute to the stability of 

the process and render it more economical by eliminating the need for external inoculants. 

This study investigated the long-term influence of nutrients on the Agave bagasse solubilization by 

native microbiota in reactors where HRT was decoupled from SRT. In Cycle 1, VFA production 

was comparable between reactors (Figure 3.1a,b). The fresh raw substrate used as seed inoculum 

appeared to contain enough nutrients to maintain a similar performance in both reactors, a 

phenomenon observed in raw food materials in which nutrients are not limited (Wolfe and Dutton 

2015). However, VFA production between both reactors in Cycles 3-5 confirmed that nutrients 

contributed significantly to the process. These nutrients were previously identified as essentials for 

the direct fermentation of different raw lignocellulosic substrates in batch reactors (Pérez-Rangel 

et al. 2020). The authors specifically reported improvements in the response variable (hydrogen 

production) in the order of 1.2- to 3.5-fold times compared to controls with no nutrient addition. 

However, these authors did not observe the long-term effects of nutrients on the fermentation 

process. For example, after a 70-days acclimation process, technological parameters were 

improved in a greater order than those observed in batch reactors. Also, in our study, the nutrient 

addition promoted a phenomenon of alkalinity that modified VFA production and its composition. 

According to few published works, nutrients supplementation have a positive impact on 

acidogenesis by life-sustaining chemical reactions in microorganisms, likewise acting as buffering 

agents and enzyme components (Pérez-Rangel et al. 2020; Zhang et al., 2020), nevertheless, a 
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negative impacts were observed for VFA production in some cases, due to foster efficiency of the 

methanogenesis or syntrophic acetate oxidizing microorganisms what results on VFA reduction at 

a high rates (Nordell et al. 2016; Zieliński et al., 2019). According to the literature, for raw 

lignocellulosic substrates, the adequate ratio of C/N ranges between 20 and 30 (Wang et al. 2014; 

Valdez-Vazquez et al. 2016b), the optimum C/P ratio is 700–1000 (Argun et al. 2008; Carosia et 

al. 2017), and Ca should occur in concentrations between 36 and 400 mg/L (Adhyaru et al. 2014; 

Cardeña et al. 2018). Decoupling HRT from SRT allows for greater VFA production (Karthikeyan 

et al. 2016), but low HRTs increase supernatant exchange, and demand more nutrients than those 

present in the raw substrate. 

By decoupling HRT from SRT, it was possible to observe two relevant phenomena. First, TS 

removal reached up to 50% in Cycle 2 where the substrate remained inside the reactor for longer 

compared with subsequent cycles. Therefore, future studies should explore the effect of SRT 

beyond 20 days to improve TS removal. Second, the loss of suspended bacteria in the effluent 

strongly suggests their particular roles in converting soluble carbohydrates to VFA (as evidenced 

by data from Cycles 6 and 8). Adequate bioreactor configurations can help preserve all suspended 

microorganisms together with unfermented fibers as previously pointed out by Karthikeyan et al. 

(2016).  

Compared with previous fermentation studies, VFA production and sCOD for Agave bagasse were 

lower than values reported for other lignocellulosic biomasses (Table 3.3). Kullavanijaya and 

Chavalparit (2019) performed a fermentation assay under 28-day incubation, resulting in TS 

removal exceeding 60% and improved VFA production. As discussed earlier, SRT higher than 

those used in this study could enhance bioreactor performance. Conversely, Murali et al. (2017) 

reached a VFA production close to the theoretical value considering that the COD of lignocellulosic 

substrates is near 0.92 gCOD/gTS (Kullavanijaya and Chavalparit (2019). However, the investment 

and operation costs to pretreat the substrate via wet explosion (190 °C/30 min) compared with 

biological methods warrant further investigation. Agave bagasse fibers are more recalcitrant to 

pretreatment than other biomasses such as corn stover, wheat straw and sugarcane bagasse (Buitrón 

et al., 2019). This study demonstrated a useful strategy to promote the solubilization of Agave 

bagasse fibers through acclimation of their native microbiota and via supplementation with 

essential nutrients; both strategies significantly improved the solubilization parameters. However, 
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other independent variables must be studied to solubilize most present carbohydrates, such as 

longer SRT, higher organic loading rates, and greater cell retention, among others. 

Table 3.3. Fermentation studies of lignocellulosic biomasses by different microbiotas. 

Substrate Inoculum 
Type of 

pretreatment 

Bioreactor 

operation 

VFA 

production 

(mgCOD/gTS) 

sCOD 

(mgsCOD/gTS) 

 

(%) 
References 

Rice straw Rumen 

fluid 

Physical: 

pulverizing 

Sequencing 

batch 

310 NR NR Agematu et 

al., (2017) 

Pretreated 

corn 

stover 

Rumen 

fluid 
Wet explosion Semi-

continuous 
900 NR NR Murali et al., 

(2017) 

Napier 

grass 

Cow 

manure 
None Batch 182* 392* 62 Kullavanijaya 

and 

Chavalparit, 

(2019) 

Crop 

residues 

Rumen 

fluid 

Physical: 

pulverizing 

Continuous 507 1362 37 Nguyen et al., 

(2020) 

Rice straw Rumen 

fluid 

None Batch 172** 258 60 Liang et al, 

(2021) 

Agave 

bagasse 

Native 

microbiota 

None Semi-

continuous 

101 ± 12 137± 33 73 This study 

Notes: VFA, volatile fatty acid; sCOD, soluble chemical oxygen demand; TS, total solids; NR, not 

reported;  - efficiency; * considering 0.7 gVS/gTS as reported by authors; ** equivalent to acetic acid 

mgCOD/gTS.  

This study confirmed the long-term influence of nutrients on microbial structure changes in both 

reactors, furthermore, a relationship between microbial communities, acids and TS removal was 

observed. A positive correlation between Caproiciproducens and acetate, propionate and butyrate 

production, occurs due to ability of this genus to convert acetate or butyrate from the fermentation 

broth into acetyl-CoA or butyryl-CoA to avoid acidosis. Moreover, these coenzymes are used by 

the same species to acetate and butyrate formation (Flaiz et al., 2020). Likewise, 

Caproiciproducens strains use lactate as a substrate to produce n-caproate (Contreras-Dávila et al., 

2020). A positive significant correlation between some microorganisms and lactate production 

result from their metabolic pathway. Lactobacillus produce lactate as a major product via EMP 

pathway (Quatravaux et al., 2006). In turn, some species of Ethanoligenens, like e.g. E. harbinense 

has genes associated to the lactate dehydrogenase, therefore, can synthesized lactic acid from 

pyruvate in the presence of NADH (Castro et al., 2013). In the case of Novosphingobium genus, 

its positive correlation is probably related to lactate assimilation by some of their species (Glaeser 
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et al., 2013; Kämpfer et al., 2015). Bifidobacteria bacteria perform fermentation of glucose, xylose, 

lactose, mannose and galactose, where acetic and lactic acids are the principal bioproducts 

(Takeuchi et al., 2022; Robinson and Batt, 2014). Is assumed that few species of Beijerinckia genus 

has indirect positive correlation with lactic acid production, e.g. Beijerinckia indica subsp. indica 

contain Bind_3604 gene, that permit secrete malate dehydrogenase, which is source of NAD+ to 

lactate dehydrogenase, that convert pyruvate into lactate (Mansouri et al., 2017; COMBREX-DB). 

It was found that Acidisphaera bacteria grow well using lactate as a carbon source (Hiraishi et al., 

2000), while Acetobacter used lactate as an important source for acetoin and biomass building 

blocks (Adler et al., 2014).  

Pseudoclavibacter, Prevotella and Bacteroides presented positive correlation with TS removal, it 

is a result of Pseudoclavibacter enzymes activity against α- and β-glucosidase that permit degrade 

cellulosic polymer (Manaia et al., 2004; Kim and Jung, 2009; Cho et al., 2010;). Similarly, 

Bacteroides are able to degrade cellulose, hemicellulose polymers, pectin, starch and inulin by 

involved variety of glucosidase activities (Salyers et al., 1977; Dabek et al., 2008). The Prevotella 

has a common ancestor with Bacteroides (Ley, 2016). Moreover, when a long-term diet is rich in 

carbohydrates, especially fiber, predominate Prevotella, while grass and proteins are the principal 

source of diet, Bacteroides species dominate. Some species of Prevotella genus are able to degrade 

hemicellulose (Emerson and Weimer, 2017). A negative correlation takes place between TS 

removal and Acetobacter, Bifidobacterium, Ethanoligenens and Lactobacillus genera, however, 

there was no information found in the literature that confirm that phenomenon. In the case of 

Acetobacter genus can be assumed, that its negative correlation could be an effect of consumption 

only ethanol and in the case of some their strains sucrose for its growth. Moreover, this genus is 

not capable of monosaccharides metabolisms (Robinson and Batt, 2014).  

3.6 Conclusions 

This study demonstrated that Agave bagasse fibers were an adequate source of microorganisms for 

self-fermentation. This native microbiota required two months of acclimation to significantly 

increase their activity. Nutrient supplementation improved VFA production and VFA yield by 85% 

and 92%, respectively, compared to control without such supplementation. Moreover, the presence 

of nutrients, especially urea, promoted the reactor alkalization what affects VFA composition by 

propionate production, whereas, the lack of nutrients triggered the pH acidification with the 
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subsequent lactic acid formation. Nutrients selected a specific microbial community, enabling the 

growth of Cellulomonas, Gordonia, and Pseudoclavibacter genera that were not detected in R(-). 

The Caproiciproducens growth was detected in both reactors. 
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4. Chapter IV: Effects of pH and TS on volatile fatty acids production 

from agave bagasse by mixed culture 

Reference to submitted work:  

Dudek, K., Alvarez-Guzmán, C.L., Valdez-Vazquez, I. (2023). Influence of initial pH and total 

solids on hydrogen production via the lactate/acetate pathway through consolidated 

bioprocessing of agave bagasse. International Journal of Hydrogen Energy. 

4.1 Abstract 

The objective of the study was to evaluate the effects of pH and total solids (TS) on hydrogen 

production from agave bagasse by mixed culture. The experimental design was based on a central 

composite design which consisted of two numeric factors initial pH at 5.7 (low level) and 6.7 (high 

level) and TS 10% (low level) and 20% (high level) resulting in 13 runs. The pH was maintained 

using a buffer of two different capacities. The response variable was the accumulation of volatile 

fatty acids (VFA), where production of butyric acid was considerated as an indicator of hydrogen 

production. The highest concentration of total VFAs (12.1 g COD/L) where butyric acid was 

produced at the highest ratio was obtained for initial pH 6.2 and TS 22.1%. The VFAs reached 

maximum titers at different times beginning with lactic, propionic, butyric, and acetic acid at 24, 

72, 120 and 120 h, respectively. Statistical analysis showed a significant effect of TS% on butyric 

acid. At incrasing TS% increasing butyric acid concentration. The changes of the initial pH did not 

effect its production. In contrary, both studied factors have significan effect on lactic acid 

production. With an increase in TS%, the production of lactic acid and thus butyric acid and 

hydrogen increases. The contrary tendency was observed for pH, an its decrease, lactic acid 

production increases because of its accumulation. The VFAs composition changes over time 

confirmed hydrogen and butyric acid production via lactate/acetate pathway when pH was about 

6.0 or higher. 

Keywords: biogas; dark fermentation; lignocellulosic biomass; volatile fatty acids;
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4.2 Introduction 

Utilization of organic wastes for biofuels and biochemicals production has become one of the most 

important lines of research in the global transition from fossil fuels to renewable resources. 

Lignocellulosic biomass being plant waste is an adequate source for the production of energy and 

value-added bioproducts. Moreover, it is a particularly attractive carbon source because it does not 

compete with the food industry, and its annual production is estimated at 181.5 billion tons per 

year (Dahmen et al., 2019). Among many types of lignocellulosic biomass, Agave bagasse from 

the Tequila and Mezcal industries, is one of the most abundant in Mexican territory and its annual 

dry weight is estimated at 149,777 tons (Honorato-Salazar et al., 2021). The biomass composition 

ranges from 38 to 53% cellulose, 32–54% hemicellulose, 4–14% lignin and up to 20% extractives. 

This wide variability is conditioned by climate cultivation, agronomic practices, harvesting time 

and plant age (Dudek et al., 2021). Its biodegradability is low and is affected by several factors 

such as recalcitrant character of the lignocellulosic biomass, polymeric and crystalline degree of 

cellulose and branching nature of hemicelluloses and lignin polymers (Banu et al., 2021). 

Therefore, physicochemical or biological pretreatment is required to broke down the complex 

structure of hemicellulose and cellulose into pentoses (mainly xylose) and glucose, respectively 

(Jacobsen and Wyman, 2000; Yankov, 2022). Recently, consolidated bioprocessing (CBP) has 

been widely studied as a biological pretreatment of lignocellulosic biomass due to its advantage of 

combining three processes occurring at the same site: production of saccharolytic enzymes, 

hydrolysis of the polysaccharides, and pentose and hexose fermentation (Dudek et al., 2021). 

Process parameters such as temperature, pH, total solids (TS), solid and hydraulic retention time, 

nutrients availability, agitation, type of substrate and inoculum, affect final products and process 

yields (García-Depraect et al., 2021; Motte et al., 2013; Pérez-Rangel et al., 2020; Sarkar et al., 

2021; Sun et al., 2021). 

Dark fermentation is a suitable intermediate technology, in which several types of bacteria, usually 

Clostridium and Enterobacter, can use carbohydrates and other carbon source to produce 

biohydrogen and organic acids via acidogenic pathways (Cheonh et al., 2022). Theoretically, from 

1 g of cellulose can be produced up to 567 ml of hydrogen (Liu et al., 2003). Nevertheless, the 

experimental yields of direct fermentation of cellulosic materials are very low due to the complex 

structure of lignocellulose. The CBP carrying out by mixed culture produce volatile fatty acids 
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(VFA), which being byproducts can be used as precursors to produce liquid biofuels such as 

butanol, as well as to enhance hydrogen production (Mockaitis et al., 2020). The 2-

hydroxypropanoic acid with a molecular formula CH3CH(OH)COOH, better known as a lactic acid 

(LA) is a potential building block for hydrogen and value-added bioproducts production through 

metabolic pathways performed by diverse bacteria, mainly Clostridium spp. (García-Depraect 

et al., 2021). Moreover, the organic acids like acetic, butyric, and propionic are utilized by different 

metabolic pathways during hydrogen generation. The acetic acid is usually the main electron donor 

(Chen et al., 2011).  

In this study the impact of initial pH and TS parameters on VFA production from Agave bagasse 

var. Azul during CBP by mixed culture was evaluated. Moreover, the impact of pH stability 

maintained by two different MES buffer capacities on bioproducts, and biogas production were 

evaluated.  

4.3 Materials and methods 

4.3.1 Substrate and inoculum 

The agave bagasse used for the experiments was collected in mid-February 2022 and delivered 

from Tequilera Real de Penjamo in Penjamo, Guanajuato, Mexico. The biomass was then sun-

dried and stored in a closed plastic container at room temperature. Before its use, the lignocellulosic 

biomass was milled using an industrial mixer (LI-3A, VECA INTERNATIONAL) and particles 

between 2 mm and 4 mm size were selected using sieves (Endecotts, London). 

The inoculum used was obtained from a reactor that was inoculated with the native microbiota of 

non-sterile agave bagasse at 80% moisture content and was operated for eight weeks under the 

following conditions: TS 15%, initial pH of 6.5 which was adjusted at each feeding, 37 ℃, and 

agitation of 150 rpm. The culture medium contained (g/L): 1.02 of CH4N2O, 0.41 CaCl2, and 0.11 

KH2PO4 according to Pérez-Rangel et al., 2020. 

4.3.2 Experimental design 

The aim of this study was to investigate the effect of pH and TS on the production of VFA from 

lignocellulosic biomass. To buffer the pH, the 2-(N-morpholino)ethane-sulfonic acid (MES) was 

chosen due to its advantages such as: high solubility in water, minimal salts impact, and chemical 
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and enzymatic stability among others (Good et al., 1966). In consequence, the pH range of the 

experimental design ranged from 5.5 to 6.9. The levels of TS content to be studied were selected 

based on a literature review (Sun et al., 2021; Yang et al., 2015). The central composite design 

(CCD) which consisted of two numeric factors at two levels: initial pH at 5.7 (low level) and 6.7 

(high level) and TS at 10% (low level) and 20% (high level) was used. In this way, 13 runs were 

obtained, where eight runs represented the non-center points and five runs the center points (or 

replicates). The experimental runs were depicted in the Table 4.1.  

A quadratic model (equation 1) was used to assess the relationship between the response variable 

(VFA concentration) and the factors (X1 - pH, X2 - TS) based on experimental data. 

𝑌𝑖 =  𝛽0 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖
2 + ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗  (1) 

Where 𝑌𝑖  is the response variable (VFA concentration expressed in g/L or VFA production in 

mgCOD/gTS), 𝛽0 is the constant, 𝛽𝑖 is the linear coefficient, 𝛽𝑖𝑖 is the squared coefficient, and 𝛽𝑖𝑗 

is the interaction coefficient. The experimental design, statistical analysis, and construction of 3D 

response surface plots were prepared using Design Expert v10 (Stat-Ease, Inc., MN, USA). 

The experiments were conducted in 250 mL glass flask bottles (Bellco Glass, Shrewsbury, UK), 

with a working volume of 100 mL. Into each reactor, 10 g of inoculum (85% of moisture) was 

introduced. The culture medium, TS%, and initial pH varied according to the experimental design. 

The culture medium contained 100 mM MES buffer and the following nutrients (g/L): 1.02 of 

CH₄N₂O, 0.41 CaCl2, and 0.11 KH2PO4 (Pérez-Rangel et al., 2020). The reactors were sealed 

tightly and incubated at 37 °C, with agitation of 150 rpm for 5 days. Every 24 h a sample of the 

fermentation broth was taken while the gases were released to the atmosphere.  

4.3.3 Validation experiment 

The experimental condition that led to the highest concentration of VFAs and the highest butyric 

acid ratio to the total VFAs was chosen as optimal condition and validated in an additional set of 

experiments. The run was as follows: initial pH 6.5, TS 15%, with the above-mentioned 

composition of the culture medium. Additionally, two different MES buffer capacities of 100 and 

400 mM were applied to evaluate their effects on pH stability, hence, VFA concentration. For the 

MES buffer capacity of 100 mM, 15 identical reactors with pH 6.5 and TS 22.1% were prepared. 
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For all reactors, every 12 h the gases were measured and then released to the atmosphere. Also, at 

times 0, 24, 36, 48, and 72 h, three reactors were discarded from the experiment to take liquid and 

solid samples for further analytical and molecular analyses. Then, the experiment was repeated 

with 400 mM MES buffer capacity.  

4.3.4 Analytical methods 

The pH was measured using a potentiometer (BACKMAN, 50 pH Meter). Concentrations of VFAs 

were analyzed using high-performance liquid chromatography (HPLC) with 10 µL sample 

injection (model 1260 infinity, Agilent Technologies, CA, USA) equipped with an Aminex HPX-

87H column and two detectors: Refractive Index Detector (RID) and Diode-Array Detector (DAD) 

with detection wavelength of 210 nm. The mobile phase was a 5 mM H2SO4 solution at a flow rate 

of 0.6 mL/min. Biogas composition was analyzed with a gas chromatography (GC) (SRI 

Instruments Model 8610C, Champaign, IL, USA) equipped with a thermal conductivity detector 

(TCD) and two steel columns (2 m in length; 0.79 mm in diameter). The injector, column and 

detector temperatures were 90, 110 and 150 °C, respectively. Nitrogen was used as a carrier gas at 

a flow rate of 20 mL/min. Gas volume was reported at standard temperature and pressure (0 °C 

and 1013.25 hPa). 

4.3.5 Calculation and statistical análisis 

The VFAs productivity was calculated as a VFA concentration expressed as a chemical oxygen 

demand (COD) per gram of TS of Agave bagasse fibers introduced into reactor (mgCOD/gTS).  

To convert concentration of VFAs to COD, the following stoichiometric factors were used: 1.067 

gCOD/g acetic acid, 1.512 gCOD/g propionic acid, 1.813 gCOD/g butyric acid, and 1.066 gCOD/g 

lactic acid (Perimenis et al., 2016). Analysis of variance (ANOVA) was performed to determine 

significant differences between the MES buffer capacity and VFAs, and butyric acid production. 

Microsoft Excel 365 ProPlus (Version 1908) was used to carried out calculations, and the 

confidence level was 95%. 

4.4 Results and discussion 

4.4.1 Effect of pH and TS on VFA production 

Both, initial pH and TS affected the total VFA concentration from Agave bagasse during 

acidogenesis by the mixed culture. The highest VFA concentration of 13.8 g COD/L was achieved 
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for the reactor with initial pH 6.7 and TS 20%. The lowest VFA concentration at level of 5.8 g 

COD/L was detected for the reactor operated with initial pH 5.7 and TS 10% (Table 4.1). The most 

abundant fermentation products formed during consolidated bioprocessing of Agave bagasse were 

acetic, propionic, and butyric acid, which correspond to the dominant VFA obtained from 

lignocellulosic biomass by native microbiota reported in the literature (Ayala-Campos et al., 2022; 

Dudek et al., 2021). The concentration and total production of VFAs showed independent 

tendencies (Figure 4.1 a, b). Moreover, the production of individual VFA was presented in four 

graphics since each of the key acids reached its highest concentration at different times (Figure 4.1 

c, d, e, f).  

Table 4.1. Effect of initial pH and TS on VFA production from Agave bagasse. Reported concentrations 

correspond to 120h of fermentation. 

Run 

Initial 

pH 

(X1) 

Total 

solids 

(%), (X2) 

Total VFA 

production 

(mgCOD/gTS) 

Total VFA 

concentration 

(mg COD/L) 

Acetic Acid 
Propionic 

Acid 

Butyric 

Acid 

Lactic 

Acid 

Concentration (mg/L) 

1 5.49 15 633.3 6712.7 3049.0 1432.2 2231.5 0.0 

2 5.70 10 750.0 5756.6 3355.8 1200.4 1131.4 0.0 

3 5.70 20 760.0 10504.5 4351.3 2248.6 3904.7 0.0 

4 6.20 8 996.4 6168.9 3719.3 1297.0 1050.0 0.0 

5 6.20 15 946.7 10857.9 6666.6 1941.0 2250.3 0.0 

6 6.20 15 826.7 9378.6 5520.6 1713.6 2144.5 0.0 

7 6.20 15 840.0 9660.2 5875.1 1732.4 2052.7 0.0 

8 6.20 15 840.0 9563.2 5677.7 1718.1 2167.5 0.0 

9 6.20 15 800.0 9330.8 5883.2 1676.4 1771.2 0.0 

10 6.20 22 792.9 12130.6 5177.3 2151.8 4801.5 0.0 

11 6.70 10 1040.0 7947.5 4835.8 1506.4 1605.3 0.0 

12 6.70 20 960.0 13780.2 6880.5 2323.3 4576.3 0.0 

13 6.91 15 726.7 6139.9 2331.1 1443.6 1998.3 0.0 

 

The highest experimental total VFA concentration of 19200 mgCOD/L was reached at the initial 

pH 6.7 and TS 10%. The ANOVA of mathematical model of total VFA concentration for the 120 

h of fermentation resulted significant (𝜌 = 0.0010). The quadratic model with the corresponding 
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power law transformation (𝞴 = -2.77; k = 0) predicted the highest value of 32000 mgCOD/L at 

initial pH 5.78 and TS 19.9% with a desirability value of 1.00. The kinetics parameters were 

calculated using the equation 2, where 𝐶𝑇𝐶 refers to the total VFA concentration of all produced 

acids (mgCOD/L). The determination coefficient of (𝑅2) of 0.92 and 𝑅2 adjusted of 0.86 were 

close which indicate that the model is a good fit of the data. The growing tendency of total VFA 

concentration was observed when decreasing initial pH till 5.9 and increasing TS % (Figure 1a). 

The ANOVA of the model of total VFA concentration indicated that pH and TS % affect 

significantly total VFA concentration (pH: 𝜌 = 0.0203; TS%: 𝜌 =0.0015).  

(𝐶𝑇𝐶)−2.77 = 4.023𝐸−12 − 2.06𝐸−12𝑋1 − 3.482𝐸−12𝑋2 + 5.485𝐸−12𝑋1𝑋2 + 1.683𝐸−12𝑋1
2 

+ 2.424𝐸−12𝑋2
2 (2) 

The 𝐶𝑇𝑃 corresponds to the total acids production expressed in mgCOD/gTS and was calculated 

according to equation 3, to project mathematical model of kinetics parameters. The ANOVA 

confirmed the significance of the quadratic model (𝜌 = 0.0110) with a value of 𝑅2 of 0.84 and 𝑅2 

adjusted of 0.72.  

𝐶𝑇𝑃 = 820.08 + 77.50𝑋1 + 2.42𝑋2 + 17.50𝑋1𝑋2 − 56.63𝑋1
2 + 87.94𝑋2

2  (3) 

The highest total VFA production was predicted for the TS content of 22% and the initial pH 

between 6.5 and 6.9, while a point with slightly lower value of total VFA production was observed 

for the TS content of 7.9% and at initial pH of 6.44. In general, an increasing trend of total VFA 

production appeared when the TS content increases or decreases from a value of 13% (Figure 4.1 

b). Regarding to pH, its increase up to 6.2 was related with accelerated increase of total VFA 

production, then the VFA production stabilization was observed. Numerical optimization of the 

response variable predicted the maximal total VFA production of 950.28 mgCOD/gTS at initial 

pH 6.62 and TS 20%. 

Lactic acid was produced at the beginning of the fermentation and the highest experimental 

concentration was 1.72 g/L after 24 h (Figure 4.1 c).  
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Figure 4.1. Effect of TS and pH on the production of the carboxylic acids: a) lactic acid; b) butyric acid; c) 

propionic acid; d) acetic acid; obtained during acidogenesis of Agave bagasse by mixed culture. 
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Its production was probably due to the consumption of xylose, whose concentration at the start was 

between 1.7 and 3.8 g/L depending on TS content (from 8 to 22%). Lactic acid production increases 

when pH decreases, and TS increases. As long as the pH was higher than 5.7, the production of 

lactic acid was completely inhibited, regardless of the TS content. The 𝐶𝐻𝐿𝑎  refers to the 

concentration of lactic acid (g/L) calculated according to quadratic equation 4 transformed with 

natural log (k=0.00176019) to predict the mathematical model of its formation depending on pH 

and TS. The value of 𝑅2 of 0.91 indicates that the model was an accurate representation of the data. 

The ANOVA indicated that, both, pH (𝜌 = 0.0003) and TS content (𝜌 = 0.0200) have significance 

impact on lactic acid production.  

The numerical optimization predicted the maximum lactic acid concentration of 1.05 g/L at the 

initial pH 5.86 and TS content of 20%. The experimental lactic acid production had a 𝑅2 adjusted 

in 83.5% to its predicted production by the model. 

𝐿𝑛 (𝐶𝐻𝐿𝑎 + 0.0017) = −6.09 − 2.71𝑋1 + 1.26 𝑋2 − 0.3158𝑋1𝑋2 + 1.48𝑋1
2 + 1.42𝑋2

2 (4) 

ANOVA of the transformed quadratic regression model showed to be significant (𝜌 = 0.0016). The 

highest butyric acid concentration of 4.8 g/L was found at the initial pH 6.2 and TS 22% after 72 

h of fermentation (Figure 4.1 d). Its production has a growing tendency, when the TS content 

increased from 13.52 to 22.1%, butyric acid concentration reached 4 g/L. The optimum initial pH 

was 6.2, so a lower or a higher pH value was associated with a negative effect on the concentration 

of butyric acid. A quadratic model for the butyric acid production (𝐶𝐻𝐵𝑐) (equation 5) has a high 

value of 𝑅2 of 0.96 which is close to the value of 𝑅2 adjusted of 0.94. It is an interesting fact, that 

only TS affects butyric acid production significantly (𝜌 = 0.0001) while pH was not statistically 

different (𝜌 = 0.8501). The numerical optimization gave the highest butyric acid concentration of 

3.94 g/L for the initial pH 6.19 and TS 20%. The ANOVA also showed that the model was 

significant (𝜌 = 0.0001).  

𝐶𝐻𝐵𝑐 = 2.24 + 0.0187𝑋1 + 1.20𝑋2 − 0.1423𝑋1𝑋2 − 0.3170𝑋1
2 + 0.3344𝑋2

2 (5) 

After 120 h the most abundant acids detected in the reactor were acetic acid at the highest 

concentration of 6.9 g/L at initial pH 6.7 and TS 20%, followed by propionic acid with its the 



 

 10 

highest concentration of 2.3 g/L at two different initial pH 6.7 and 5.7 and the same TS content of 

20% (Figure 4.1 e, f). 

For acetic acid, the area in which optimum acetic acid production is expected include the initial pH 

value between 6.0 and 6.3 and a TS from 15 to 22%. Decreasing or increasing initial pH results in 

decrease of acetic acid production. A quadratic model, where 𝐶𝐻𝐴𝑐  corresponds to acetic acid 

production is shown in equation 6. The value of 𝑅2 was 0.70 and the adjusted 𝑅2 was 0.48 which 

is not as close as expected. The numerical optimization of the acetic acid concentration found the 

highest value of 6.2 g/L at the initial pH 6.32 and TS content of 19.9%. 

𝐶𝐻𝐴𝑐 = 16.15 + 1.11𝑋1 + 2.2𝑋2 + 0.28𝑋1𝑋2 + 12.46𝑋1
2 + 0.63𝑋2

2  (6) 

The calculated model was not significant (𝜌 = 0.0761). Neither initial pH (𝜌 = 0.3225), nor TS (𝜌 

= 0.1781) were significant. In the case of propionic acid, a wide range of pH could be observed at 

which the production is high. The propionic acid concentration increases when TS increases or 

decreases from 10%, reaching its maximum value for TS 22% (Figure 4.1 e). For propionic acid, 

the mathematical model was prepared. The 𝐶𝐻𝑃𝑟  refers to propionic concentration and was 

calculated using quadratic equation 7. The ANOVA of the model used showed the value of 𝑅2 of 

0.65 and 𝑅2 adjusted of 0.38. The maximal concentration of propionic acid calculated by numerical 

optimization function was 2.2 g/L for the initial pH 6.19 and TS 20%. 

𝐶𝐻𝑃𝑟 = 1.76 + 0.0494𝑋1 + 0.2161𝑋2 − 0.0578𝑋1𝑋2 − 0.1578𝑋1
2 + 0.2218𝑋2

2  (7) 

According to ANOVA the proposed model resulted to be insignificant (𝜌 = 0.1330). Moreover, the 

initial pH (𝜌  = 0.6362) and TS content (𝜌  = 0.0679) have no significance on propionic acid 

production. Nevertheless, the lack of fit was significant to the pure error (𝜌 < 0.0114). The negative 

predicted 𝑅2 (-1.3921) implies that the overall mean may be a better predictor of the response than 

the current model. The insignificant model, pH and TS contact evaluated by ANOVA, could 

indicate that for production of acetic and propionic acid, there are other factors that impact their 

production, however, were not studied in this study, hance, were not considering for mathematical 

model build. The ANOVA indicated that factors such as the initial pH and TS content are important 

when lactic acid is a desirable product. On the other hand, when butyric acid is the bioproduct of 

interest in the fermentation, the key factor is a TS content, while pH value is of minor importance 
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(statistically irrelevant). For propionic and acetic acids production, it is meaningless what initial 

pH or TS content is chosen. As mentioned before, possibly there are other factors, not studied in 

this work that could favor the production of acetic and propionic acids during lignocellulosic 

biomass fermentation.  

The VFA production from lignocellulosic biomass reported in the literature was presented in the 

Table 4.2. Butyric acid production from different solid substrates by mixed cultures.. The highest 

concentration of total VFA of 24.3 g/L was obtained by Ai et al. (2016). In their study, the 

fermentation was carried out in a batch reactor at pH 6.0 stabilized with buffer and TS 10%. Butyric 

acid was the most abundant acid and accounted for 66% of the total VFA. Acetic acid was found 

at a concentration of 6.4 g/L. The authors reported that between second and sixth day of 

fermentation a large amount of hydrogen was generated in the reactor, and at the same time the 

highest production of butyric acid was registered. Similarly, in this study the highest hydrogen and 

butyric acid production took place at pH close to 6.0 (Figure 2). Therefore, it can be assumed that 

in both cases at the mentioned pH the consumption of lactic acid and acetic acid occurred giving 

biogas and butyric acid. Such a large difference in total VFA concentration compared to the results 

of the present study was due to the applied NaOH pretreatment of rice straw, which made 

hemicellulose and cellulose polymers accessible for microbial processing. Ayala-Campos et al. 

(2022) obtained the concentration total of VFAs of 13 g/L during Agave bagasse fermentation in 

semi-continuous reactor, operated with initial pH 6.5 buffered with phosphate 40 mM and TS 10%. 

The principal bioproduct was lactic acid at the concentration of 11.6 g/L followed by acetic acid 

(3.6 g/L). Butyric and propionic acids were not detected in the fermentation broth at that time. 

However, the decrease of lactic acid and formation of butyric acid was observed in time. It was 

related with pH decrease when buffer capacity was not enough to maintain stable pH. After 96 h 

of fermentation, butyric acid was the most abundant acid (53%), followed by acetic acid (35%). 

The same authors also processed sugarcane bagasse under the same conditions and obtained total 

VFA concentration of 13.2 g/L. However, the VFA composition was different. The lactic acid was 

found at a concentration of 6.3 g/L followed by 3.4 g/L of acetic acid and 0.8 g/L of butyric acid 

at 24 h. After 96 h, butyric acid formed 57% of total VFA, while acetic acid 27%. In this study the 

butyric acid concentration at its maximum concentration after 72 h represented 54% of total 

concentration of VFA. It can therefore be assumed that an interesting phenomenon is occurring. 

Regardless of the type of biomass, butyric acid at its maximum concentration represents between 
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50 and 60% of the total amount of acids. While the total VFA concentration depends on the 

characteristics of the lignocellulosic biomass structure and the number of microorganisms capable 

of degrading hemicellulose. 

Table 4.2. Butyric acid production from different solid substrates by mixed cultures. 

Microorganism Substrate Mode pH 
TS 

(%) 

T  

°C 

Concentration (g/L) 

Reference Total 

VFA 

Acetic 

Acid 

Propionic 

Acid 

Butyric 

Acid 

Lactic 

Acid 

Undefined Mixed 

Culture 
Rice straw p Batch 6.0 b 10 35 24.2 6.4 0.83 15.9 0.0 

Ai el al. 

2016 

C. thermocellum 

ATCC 27405 and 

C. 

thermobutyricum 

ATCC 49875 

Delignified 

rice straw 
Batch 6.5 c 2 55 2.45 0.08 0.0 2.37 0.0 

Chi et al. 

2018 

Native mixed 

culture 

Agave 

bagasse 
Batch 6.5 10 37 4.54 2.18 1.0 1.36 0.0 

Dudek et al. 

2021 

Native mixed 

culture 
Wheat straw 

Semi-

cont. 
6.5 10 37 12.2 3.9 1.5 4.3 0.0 

Pérez-

Rangel et al. 

2021 

Native mixed 

culture 

Agave 

bagasse 

Sugarcane 

bagasse 

Semi-

cont. 
6.5 10 37 

13.0 

13.2 

1.4 

3.7 

0.0 

< 0.2 

0.0 

0.8 

11.6 

6.3 

Ayala-

Campos et 

al. 2022 

Mixed culture 
Agave 

bagasse 
Batch 6.5 22 37 12.7 3.7 1.6 5.1 0.6 This work 

 

Pérez-Rangel et al. (2021) carried out raw wheat straw fermentation with initial pH 6.5 (without 

control) and TS 10%. The authors obtained 12.2 g/L of total VFA after 96 h, where butyric acid 

was found at the highest concentration of 4.3 g/L, then acetic acid and propionic acid at 3.9 and 

1.5 g/L, respectively. The lactic acid was not detected. Similarly, to the present study, in the first 

four days the highest hydrogen production was detected. Additionally, high butyric acid 

concentration and absence of lactic acid, could indicate that lactic acid was consumed to produce 

hydrogen and butyric acid. The lower proportion of butyric acid in the total VFA (35%) compared 

with this work and previously mentioned studies, may indicate that the sample analyzed was not 

taken at a time when butyric acid concentration was the highest (the authors have been taken 

samples every 96 h). In addition, the formation of propionic acid is evidenced by pH reduction to 
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5.2 or lower, as in the present study, at which pH the production of propionic acid began. Moreover, 

Pérez-Rangel et al. (2021) reported that pH during fermentation varied between 4.58 and 5.16.  

4.4.2 Validation experiment 

The reactors with MES buffer capacity of 100 and 400 mM produced 11.5 and 12.7 g/L of VFAs, 

respectively. Analysis of variance disproved a statistical difference in VFAs production between 

those reactors. Lactic acid reached the highest concentration of 1.7 g/L in the reactor with 100 mM 

buffer capacity after 24 h, then decreased immediately to 0.4 g/L, producing 3191 cm3/L of biogas 

and increasing butyric acid concentration from 0.6 to 2.9 g/L within next 12 h. After 38 h, biogas 

production decreased over time. Meanwhile, butyric acid achieved a stable production of 4.5 g/L 

by 72 h (Figure 4.2). In the case of the reactors with 400 mM buffer capacity, lactic acid reached 

its maximum concentration of 3.4 g/L after 36 h. Thereafter, its amount dropped to 0.1 g/L, 

producing a maximum volume of 2780 cm3/L of biogas and increasing butyric acid concentration 

from 0.2 to 3.1 g/L within next 12 h. Butyric acid production was increasing in time, till reach the 

highest concentration of 5.1 g/L after 72 h. 

Biogas production increasing in time, having a constant level of hydrogen of 15%. In the key 

moment, when pH dropped below 6.0 and occurred lactic acid to hydrogen conversion, the 

hydrogen reached its maximum concentration of 35%. In both type of reactors, the volume of gases 

remained constant after 72 h of fermentation. The v/v hydrogen amount was close to 38% obtained 

from rice straw waste (Cheng et al., 2016). Meanwhile, Lu et al. (2021) obtained 44% hydrogen 

content during corn stalk processing.  

Analyzing reactors could be concluded that buffer capacity permits for lactic acid production till 

pH does not drop below 6.0. Therefore, for the lower buffer capacity reactors, culmination biogas 

production was carried out between 24 and 36 h, while for the stronger buffer capacity reactors its 

formation was postponed in time and occurred between 36 and 48 h. Also, the acetic acid 

concentration in time frames mentioned above, was the same. Therefore, it is evidence of hydrogen 

and butyric acid production from lactic acid.  

As for the experiment evaluating the effect of initial pH and TS on VFA production, it is likely that 

lactic acid was also produced in significant quantities, but due to the CBP its conversion into other 

bioproducts occurred in parallel. This can be confirmed by the analysis of VFAs profile production  
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Figure 4.2. Influence of the MES buffer capacity on pH stability, the VFAs and biogas production from 

Agave bagasse during acidogenesis by mixed culture. 
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(see Figure 4.1) and a subsequent experiment with different buffer capacity. Noteworthy is the 

order of VFAs production. Starting fermentation, lactic acid was produced reaching its the highest 

concentration (1.76 g/L) in the first 24 h. Then, its amount drastically decreases, due to lactic acid 

decomposition to hydrogen and butyric acid through two major pathways of biochemical 

metabolism: the acrylate pathway and the pyruvate-ferredoxin oxidoreductase pathway carried out 

by Clostridium beijerinckii and Clostridium tyrobutryicum (Bhat and Barker, 1947; Tholozan et al., 

1992; Woolford and Sawczyc, 1984). According to García-Depraect et al. (2021), mentioned 

pathways take place when pH is between 5.5 and 6.0. Therefore, probably at decreasing pH in time, 

hydrogen together with butyric acid were produced from lactate after 24 h, and the four-carbon 

acid achieved its maximum concentration (4.8 g/L) after 72 h. Also, the increase of butyric acid 

concentration and its ratio to acetic acid were observed with the increase of TS content. For the pH 

levels 6.7, 6.2 and 5.7, increasing TS from 10 to 20% increased butyric acid concentration by 2.9, 

2.3 and 3.5 times, respectively. Likewise, the ratio of butyric acid to acetic acid at TS 10 and 20 % 

was 0.3 and 0.9, respectively. Similarly,  Motte et al. (2013) obtained the ratio of butyric to acetic 

acid of 0.4 for TS of 10%, and from 0.4 to 1 for fermentations with TS content ranges between 19 

and 28%.  

The literature report lactic acid conversion into propionic and acetic acids in the absence of glucose 

when NADH is available thought the acrylate pathway by Propionibacterium (Rafieenia et al., 

2018). Additionally, the optimal pH for propionic acid production by mentioned pathway occurs 

when pH is between 6.0 to 6.5 (Ranaei et al., 2020). Moreover, the pH ranges from 5.0 to 6.0 led 

to decrease of butyric acid by its conversion to propionate (Sinha & Kundu, 1998; Sun et al., 2021), 

which confirms the highest concentration of propionic acid in the reactors with initial pH 6.7, 6.2, 

and 5.7 after 120 h of acidogenesis.  

Acetic acid was produced in all reactors as the most abundant VFA. Its highest concentration was 

achieved after 120 h of fermentation in the reactor with initial pH 6.7 and TS 20%. The accelerated 

formation of acetic acid started after 72 h, which may indicate that its production is due to the 

consumption of hydrogen. It may be assumed, that syntrophic acetate-oxidizing microbes were 

presented in the reactors. They are able to produce hydrogen but also grow axenically on hydrogen 

and carbon dioxide to produce acetate (Hattori, 2008). This simple acid is obtained via acetogenesis 
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though CO2 and hydrogen reduction by autotrophic acetogens via Wood-Ljungdahl pathway 

(Valdez-Vazquez and Poggi-Varaldo, 2009). 

4.5 Conclusions 

The effects of initial pH in the rage between 5.5 to 6.9 and TS between 7.8 to 22.1% on hydrogen 

production during CBP of agave bagasse were studied using a response surface methodology. 

Results showed that initial pH and TS content affected two biological processes that occurred in 

parallel during the solubilization of  the biomass. The CBP consisted of lactic acid production by 

lactic acid bacteria and hydrogen production. The analysis of VFA production at different initial 

pH of set-up reactors, showed that lactic acid bacteria have wider pH tolerance range (5.5 – 6.9), 

then hydrogen-producing bacteria (6.0 – 6.9). The experiments confirmed lactic acid conversion 

though lactate/acetate pathway to hydrogen and butyric acid. Studied factors were only significant 

for lactic acid production at the beginning of fermentation (first 24 h). The significative impact of 

TS% (ρ = 0.0001) on butyric acid production at 72h was observed. With an increase in TS%, 

butyric acid concentration increases. This can be related to xylan dissolving bacteria, as well as 

various hydrogen-producing bacteria that carry out their metabolic pathways, producing hydrogen 

together with butyric acid, under different conditions.  

The highest butyric acid production at the level of 4.8 g/L and hydrogen production of 3.2 mL 

H2/gTS were found at initial pH 6.2 and 22.1% of TS after 72 h. The highest biogas volume was 

obtained after 48 h (3191 cm3/L, measured at 0℃ and 1013.25 hPa), where hydrogen formed 35%. 

The use of a stronger buffer, buffering the pH at 6.0, prolonged the lactic acid production step (its 

accumulation was observed) and delayed its conversion to hydrogen and butyric acid. Although 

similar concentration of butyric acid was obtained in experiments with two different buffer 

capacities, differences were observed in the volume of biogas produced. This may suggest that 

lowering the pH < 6.0 improved microbial activity and thus biogas production at reactors with 

lower buffer capacity. The knowledge and relevant information on bacterial growth conditions can 

help control fermentation to synthesize hydrogen together with butyric acid. Future research should 

focus on hydrogen production without the presence of the buffer to assess whether production 

without a buffer is feasible, thus reducing production costs. 
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The liquid stream obtained during acidogenesis can be channelled to anaerobic digestion to produce 

methane, which will then be used to produce energy and thus reduce the operating costs of the 

biorefinery. The biogas produced can be directly sent to support the cogeneration stage.
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5. Chapter V: High-efficiency production of biobutanol from 

lignocellulosic biomass using a butanol-tolerant mixed culture 

Reference to submitted work:  

Dudek, K., Valdez-Vazquez, I. (2023). High-efficiency production of biobutanol from 

lignocellulosic biomass using a butanol-resistant tolerant mixed culture. Journal of 

Biotechnology. 

5.1 Abstract 

An alternative for traditional and commonly known biobutanol production from lignocellulosic 

biomass during acetone-butanol-ethanol (ABE) fermentation is consolidated bioprocessing (CBP). 

In which, a group of microorganisms with different specialties convert a cellulose polymer into 

glucose and then produce organic solvents from it. In this work, a butanol-tolerant mixed culture 

obtained during adaptative evolution was applied for biobutanol production from pretreated corn 

stover and a cellulosic filter paper (the control reactor) during CBP. Both reactors were loaded with 

a total solids percentage corresponding to a similar cellulose content and an initial pH was adjusted 

to 7.5. The highest butanol concentration at a level of 23.06 g/L was found after 120 hours by using 

pretreated corn stover. In this reactor, valeric and caproic acids were detected also after 168 h of 

incubation reaching concentrations of 11.02 and 7.07 g/L, respectively. In the control reactor, the 

highest butanol concentration was 18.54 g/L after 168, with valeric and caproic acids after 144 h 

of incubation reaching concentrations of 8.83 and 3.54 g/L, respectively.   

Keywords: ABE fermentation; consolidated bioprocessing; corn stover; solventogenesis;
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5.2 Introduction 

Energy is an important factor in the strength of the economy and social development. In an era of 

climate change, caused by high emissions of greenhouse gases, especially carbon dioxide because 

of the consumption of fossil fuels such as coal, gasoline and natural gas, energy policy has been 

tightened in recent years to promote and develop renewable energy sources (Azarpour et al., 2022). 

As a highly available and economical renewable material, lignocellulosic biomass has been 

recognized as an attractive feedstock for bioenergy production (Fatma et al., 2018). Its annual 

global supply, from agricultural and food processing industries, is estimated at 181.5 billion tonnes 

(Dudek et al., 2022). Therefore, conversion of lignocellulosic materials into biofuel would help 

mitigate the effects of global warming (Adewuyi, 2022). Biobutanol is a promising compound of 

renewable fuels due to its superior energy properties such as high energy density (29.2 MJ/L) (Xue 

& Cheng, 2019), low vapor pressure (0.9 kPa at 25℃) (Butler et al., 1935), total compatibility with 

vehicles engines (Elsemary et al., 2016), and its production is possibly throughout acetone-butanol-

ethanol (ABE) fermentation process of lignocellulosic waste (Gottumukkala et al., 2017). 

Since 2010, approximately 2570 papers have been published on ABE fermentation research of 

lignocellulosic biomass (Google Academy, 2023). There are various substrates used for biobutanol 

production including agave bagasse (Morales-Martínez et al., 2020), corn stover (Lin et al., 2021; 

Wu et al., 2021), barley straw (Qi et al., 2019), wheat straw, rice straw, rice bran, cassava bagasse, 

corncob (Huzir et al., 2018). The highest yields of biobutanol production are obtained during 

glucose processing. The amount of the monosaccharide varies from 340 to 407 g glucose/kg 

biomass, depending on the type and origin of the biomass, and is encapsulated in cellulose polymer 

fibers (Riaz et al., 2022). The majority of studies have carried out traditional biobutanol production 

from lignocellulosic biomass by ABE fermentation, which requires prior hydrolysis, detoxification 

and very often the use of genetically modified Clostridium sp. bacteria to increase the biobutanol 

yield (Gao et al., 2014; Guo et al., 2022; Ranjan et al., 2013). An alternative is cellulosic biobutanol 

produced by a consolidated bioprocess (CBP), in which a group of microorganisms break down 

the cellulose polymer into glucose and simultaneously convert it into biobutanol (Putro et al., 

2016). To date, two publications have been published on the high performance of cellulosic 

biobutanol. Wen et al. (2017) produced 11.5 g/L biobutanol using alkaline extraction as a 

pretreatment of deshelled corn cob and employing genetically modified Clostridium cellulovorans 

and Clostridium beijerinckii. Meanwhile, Valdez-Vazquez et al. (2015) carried out a biological 
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pretreatment of corn stover using epiphytic strains of Enterococcus, followed by CBP using 

synthetic mixture of Clostridium beijerinckii 10132 and Clostridium cellulovorans 35296, yielding 

14.2 g/L. The aim of the present study was to evaluate cellulosic biobutanol production from two 

sources of cellulose employing a butanol-tolerant mixed culture obtained previously by laboratory 

adaptive.  

5.3 Methodology 

5.3.1 Material and methods 

Spent solids from an acidogenesis process (a biological pretreatment step), consisting mainly of 

cellulose and lignin, were rinsed with tap water until the transparent color of the water was 

observed, in order to eliminate washing substances and remaining microorganisms. Then, the solids 

were dried to a moisture content of < 5 % and stored in a plastic bag until use. A cellulose filter 

paper (99.8 % cellulose) was used as substrate in the control reactor. The culture medium had the 

following composition: 2 g of CO(NH2)2, 0.5 g of KH2PO4, 2.1 g of NaH2PO4, 0.2 g of NiSO4, 0.2 

g of Na2SO4, 0.2 g of FeCl3·4H2O, 0.2 g of MnCl2·4H2O, 0.1 g of CaCl2·6H2O, 0.1 g of ZnCl2, 0.02 

g of CoCl2 and 0.01g NaMo4·2H2O. A butanol-tolerant mixed culture obtained by González-

Tenorio et al. (2023) was used as the inoculum. This microbial mixed culture is mainly integrated 

by Clostridium sensu stricto 7 as butanol producers and Caproiciproducens as n-caproate producer.  

5.3.2 Experiment set-up and procedure 

Two glass bottles of 0.25 L with working volume of 0.15 L were assembled. The substrate masses 

were 10 g of the pretreated corn stover and 5 g of the filter paper for the experimental reactor (ER) 

and control reactor (CR), respectively. Subsequently, 1 g of the inoculum and 135 ml of the 

medium culture were introduced into both reactors. The initial pH was adjusted manually to 7.5 

using 3 M NaOH and 3 M HCl. Finally, both reactors were sealed and placed in an incubator at 35 

ºC with a 150 rpm stirrer (WIS-ML; Wisd Laboratory Instruments, Witeg, Germany). The 

experiment was prepared in an anaerobic atmosphere generation bag with a atmosphere with CO2. 

Due to the limited amount of inoculum, no replicates were prepared. 

5.3.3 Analytical methods 

Collected samples were analyzed using high-performance liquid chromatography (1260 infinity, 

Agilent Technologies, CA, USA) equipped with Aminex HPX-87H column, and Diode-Array 
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Detection with detection wavelength of 210 nm. A solution of 0.005 M H2SO4 at a flow rate of 0.6 

mL/min was used as the mobile phase. 

5.4 Results and discussion 

The CR and ER reactors were operated to confirm activity of butanol-tolerant mixed culture 

previously reported. Produced metabolites and their concentrations were depicted in the Figure 1a, 

b. No samples were taken from both reactors during the first 72 h, as this was the time for 

acclimatization and bacterial proliferation. After 120 h, biobutanol was found at 1.76 g/L in the CR 

and its concentration increased, reaching 18.54 g/L after 168 hours, at the end of the experiment. 

The first ER taken sample after 96 hours had 7.5 g/L biobutanol. The maximum concentration of 

23.03 g/L was reached after 120 hours. Then, a downward trend in biobutanol production was 

observed until the end of the experiment, and biobutanol concentration was 15 g/L after 168 h. 

In the CR, a slow increase in acetic acid was observed from 0.08 at 96 h to 1.97 g/L at 168 h. In 

contrast, in the ER, acetic acid was detected only in the sample taken after 144 hours at 2.01 g/L. 

In the CR, in all samples butyric acid was below 0.5 g/L. Meanwhile, 0.83 and 1.63 g/L of butyric 

acid was observed in the ER in the samples taken after 120 and 168 hours, respectively. 

Additionally, in both reactors, valeric and caproic acids were found as the most abundant 

unexpected products (Figure 1b,d). In the CR, valeric acid was presented at 3.5 g/L after 96 and 

120 hours, then reached its maximum of 8.83 g/L at 144 hours, and finally decreased to zero at 168 

h. Meanwhile, in the ER, a stable concentration of valeric acid at 10 g/L was detected after 96 and 

120 hours. Its concentration reached zero after 144 hours, and suddenly increased to 11.02 g/L at 

168 h. Caproic acid trended upwards from 0.22 to 3.16 g/L, between 96 and 144 hours in the CR. 

It disappeared after 168 hours. While, in the ER its concentration of 5.5 g/L was observed after 96 

and 120 hours. Then, after 144 hours it decreased to 1.36 g/L and reached a maximum of 7.5 g/L 

after 168 hours at the end of the experiment. 

5.5 Conclusions 

The present study confirmed the activity of a butanol-tolerant mixed culture for the production of 

biobutanol during CBP from two sources de cellulose after a long period of conservation of 

inoculum. The highest cellulosic biobutanol of 23.06 g/L was produced after 120 hours from 
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pretreated corn stover. For filter paper, the highest cellulosic biobutanol of 18.54 g/L was found, 

but it is very feasible that a longer time is required to observe the higher value. Also, these 

experiments confirm the production of n-caproate from the elongation of short-chain fatty acids at 

the end of the fermentation time. Next, continuous reactors should be operated for a long time to 

verify the stability of the process of butanol production. 

 

Figure 5.1. Produced biobutanol (a,b) and other metabolites (c,d) during CBP of biologically pretreated 

corn stover. * results that were detected outside the calibration curve.
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6. Chapter VI: Butanol recovery from synthetic fermentation broth by 

vacuum distillation in a rotating packed bed 

Reference to published work:  

Dudek, K., Valdez-Vazquez, I., & Koop, J. (2022). Butanol recovery from synthetic fermentation 

broth by vacuum distillation in a rotating packed bed. Sep. Purif. Technol., 297, 121551. 

https://doi.org/10.1016/j.seppur.2022.121551 

6.1 Abstract 

The present study was performed to investigate feasibility of butanol recuperation from a synthetic 

fermentation broth via vacuum distillation in a rotating packed bed (RPB). Unlike in stationary 

columns, the packing element rotates generating a centrifugal field which exceeds gravity by orders 

of magnitude. Thereby, the RPB improves the gas-liquid mass transfer by factors of 10 up to 1000, 

resulting in more efficient compounds separation. The process was performed under reduced 

pressure to allow temperatures getting closer to the typical fermentation temperature, which is 

usually between 35 to 37 °C. Therefore, the butanol recuperation can be carried out in-line without 

bacteria deactivation. The complex mixture used in this study was based on a real fermentation 

broth obtained during fermentation of cellulosic fraction of lignocellulosic biomass by butanol-

tolerant mixed culture. Consequently, the composition of the synthetic fermentation broth as liquid 

feed stream was as following (g/L): 20 of butanol, 7 of ethanol, 2.5 of acetic acid, 3 of propionic 

acid, 5.5 of valeric acid, 2.0 of caproic acid, and 3.5 of furfural. Experiments under total reflux and 

stripping experiments using 5% of steam relative to the fermentation broth feed were performed. 

In the first case, butanol recuperation in the light phase of the top product reached concentration of 

521.6 g/L. For stripping experiments, butanol concentration achieved the concentration at the level 

of 126.9 g/L in the top product. Ethanol and furfural were also recuperated at high concentrations 

at 39 and 13 g/L, respectively during stripping experiments. The experiments demonstrated that 

vacuum distillation in an RPB allows not only for separation of butanol from complex mixture but 

also for ethanol and furfural recuperation. Nevertheless, a further purification step is needed to 

achieve a pure product which can be used as an alternative fuel or feedstock substitute for the fossil 

components.  

Keywords: biobutanol; fermentation broth; distillation; rotating packed bed; 
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6.2 Introduction 

6.2.1 Butanol production from lignocellulosic biomass 

Biofuel production plays a crucial role in developing a sustainable economy, considering current 

and future economic and social needs (Panwar et al., 2011). Butanol was found as a high potential 

biofuel due to its properties, such as having a higher heating value than ethanol, less water content 

and lower volatility, which causes fewer ignition problems (Jin et al., 2011).  

Butanol can be formed during fermentation of lignocellulosic biomass (Qureshi, 2009). Usually, 

its production is conducted via acetone-butanol-ethanol (ABE) fermentation, where mentioned 

compounds are produced in a ratio of 3:6:1, respectively via solventogenesis. Traditional butanol 

formation during ABE fermentation consists of separate pretreatment, saccharification and 

fermentation. However, the pretreatment and saccharification stages contributes 50% to the fixed 

capital investment (Jang and Choi, 2018). The consolidated bioprocess (CBP) using microbial 

consortia integrates into a single unit the production of hydrolytic enzymes, saccharification and 

fermentation. That considerably reduces the fixed capital investment and operating costs (Valdez‐

Vazquez and Sanchez, 2018). Butanol titers in literature related to butanol production directly from 

cellulose through CBP do not exceed 11.5 g/L using a co-culture of Clostridium cellulovorans with 

Clostridium beijerinckii (Bao et al., 2022). Recently, our Research Group performed the adaptive 

evolution of an acidogenic mixed culture to the stepwise enrichment of butanol from 2 to 5 g/L for 

84 days. After the long-term exposure to butanol, the mixed culture was represented by several 

fibrolytic bacteria such as Bacteroides, Dysgonomonas, Ruminococcus, and Prevotella, while the 

fermentative bacteria were represented by Caproiciproducens, Clostridium, Oscillibacter, and 

Proteiniphilum. The adaptive evolution increased the butanol production from 1.5 g/L to 13.8 g/L 

from steam-exploded corn stover. This butanol-tolerant mixed culture was then used to perform a 

CBP using steam-exploded corn stover as the substrate at 8% of total solids, initial pH 7.5, and 

incubated for seven days at 35 ºC. The fermentation broth contained as major products butanol (23 

g/L), valeric acid (11 g/L), and caproic acid (7 g/L) (Supplementary material: Table A.1). 

6.2.2 Butanol separation in RPB 

In general, butanol separation from multi-component mixtures can be performed by numerous 

methods such as membrane adsorption, liquid-liquid extraction, reverse osmosis, gas stripping, or 
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vacuum pervaporation (Diltz et al., 2007; Grobben et al., 1993; Qureshi and Blaschek, 2001; 

Stoffers and Górak, 2013). However, the most common technique is distillation due to its 

advantages, such as: ability to handle a wide range of feed flow rates, separate feed components 

independently of their concentrations and ability to produce highly purified products (Smith and 

Jobson, 2000). Moreover, comparing distillation to membrane adsorption, the effect of temperature 

on separation selectivity is greater for distillation than for membranes, especially in the case of the 

complex mixture. The main disadvantages of liquid-liquid extraction, especially when used with 

fermentation broths, are the possibility of emulsion formation and contamination of the extractant. 

While reverse osmosis requires routine filter changes and maintenance which is related to higher 

costs compared to the other methods. Gas stripping results in formation of excessive amounts of 

ammonia in the reactor. Furthermore, it is often required to add an anti-foaming reagent, which can 

be toxic to bacteria (Kujawska et al., 2015). The main disadvantage of distillation is the high energy 

demand required in the reboiler. However, the temperature level at which the heat is needed can be 

reduced by lowering the pressure. 

Many alcohol-water mixtures form azeotropes making the separation into pure components 

impossible by single distillation. However, in the case of the binary water-n-butanol system, the 

vapor-liquid-liquid-equilibrium (VLLE) exhibits a miscibility gap for butanol mole fractions 

between 0.02 and 0.45 at boiling temperature and atmospheric pressure (1.013 bar) (Card and 

Farrell, 1982). That means any water-n-butanol mixture with a butanol mole fraction in the 

mentioned range spontaneously separates into a water-rich phase and butanol-rich phase (McCabe 

et al., 2001) (Supplementary material: Figure A.A.1). 

Each part of the distillation process, i.e., the column 1 or the column 2 depicted in the Figure 6.1, 

can be performed in a rotating packed bed (RPB) that is referred to high gravity (Higee) technology 

(Lin et al., 2010). The rotation of the packing element generates a centrifugal acceleration 

exceeding gravity by orders of magnitude thereby improving the gas-liquid mass transfer by factors 

of 10 up to 1000 (Lin et al., 2009). This phenomenon occurs due to thinner liquid films or formation 

of smaller droplets resulting in an increased contact surface area between gas and liquid (Hilpert 

et al., 2021). In consequence, process intensification machines like RPBs offer a high effective 

interfacial area while exhibiting a low footprint. That property makes them a promising alternative 

for conventional columns in retrofit applications or any circumstance with limited space. 
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Furthermore, they are capable of handling highly viscous media which makes them perfect for 

processing fermentation broths. Moreover, Lukin et al. (2021) showed that microorganisms are 

able to survive the treatment in the RPB, due to the short residence time of the bacteria in the hot 

zones of the system, in contrast to the traditional distillation. 

 

Figure 6.1. Heteroazeotropic distillation of butanol in water-rich (R-1) and butanol-rich (R-2) columns. 

6.2.3 Aim of this study 

The present study was performed to evaluate butanol recuperation from a complex mixture based 

on the real fermentation broth via distillation under reduced pressure (where the boiling point of 

the mixture is close to the fermentation temperature) in an RPB and the subsequent separation 

phase into an aqueous and an organic phase. The further purification of the organic phase into 

almost pure butanol was not part of this study since it is not a crucial step for the fermentation. 

6.3 Materials and methods 

6.3.1 Materials 

Butanol, ethanol, acetic acid, propionic acid, valeric acid, caproic acid and furfural were supplied 

by Merck. The purities of all chemicals exceeded 99 % and were used without further purification. 



 

 5 

The water was purified by a Merck MILLI-Q® system equipped with a Millipak® Express 40 filter 

having a pore size of 0.22 μm resulting in water with a total organic carbon content of less than 5 

ppb and an electrical resistance of 18.2MΩcm.  

In order to investigate butanol recuperation from a complex mixture, a synthetic fermentation broth 

was prepared, which closely matched the real fermentation broth of lignocellulosic biomass 

obtained by the butanol-tolerant mixed culture. The synthetic fermentation broth used in this study 

had the following composition: 20 g/L of butanol, 7 g/L of ethanol, 2.5 g/L of acetic acid,3 g/L of 

propionic acid, 5.5 g/L of valeric acid, 2.0 g/L of caproic acid, and 3.5 g/L of furfural. 

6.3.1 Experimental set-up 

6.3.6.1 Distillation under total reflux 

The system used for butanol distillation from binary, ternary and more complex mixtures was 

assembled from the reboiler, condenser, reflux tank, reflux heater, reflux pump, cold trap, liquid 

flow meter, vacuum pump, and the RPB itself (Figure 6.2). 

 

Figure 6.2. System setup for butanol recuperation from binary and ternary mixture as well as synthetic 

fermentation broth under total reflux. 
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The reboiler was operated with thermal oil heated by a thermostat (Teco tt, gwk, Germany) and the 

temperature of the oil was set to 75 °C. In preliminary experiments, it was found that this 

temperature is sufficient to evaporate the bottom product, but not at a too high temperature to 

overheat it. The pressure in the eye of the RPB was set to 89 mbar and was regulated with a vacuum 

controller (Vacuum Controller Vaccu-Select, Vaccubrand) connected to the vacuum pump 

(TRIVAC D4A, Leybold GmbH). For that pressure, the maximum temperature in the plant was 

45°C, which would not kill the bacteria during an in-situ butanol separation (Nguyen et al., 2009). 

The RPB had a vapor inlet located in the upper section of the casing, the vapor outlet was also in 

the top, close to the center. The liquid inlet in the RPB’s eye consisted of a full jet nozzle directing 

the liquid flow directly onto the packing material. The liquid outlet was placed in the bottom plate 

of the casing in the most outer position possible (Figure 6.2). The metal foam (NCX1116, Recemat 

BV) was used as packing material (Table 6.1). The condenser (AlfaNova 27-18H, Alfa Laval) was 

operated with tap water and the cold trap was filled with liquid nitrogen, which was protecting the 

vacuum pump from any vapors that were not condensed in the condenser. From the reflux tank, 

the liquid was recirculated into the RPB by a gear pump (PUMPdrive PD5230, Heidolph) through 

a reflux heater bringing the reflux 2 K below its boiling temperature. The reflux flow rate was set 

to 0.08 kg/min which corresponds to an F-factor of 1.15 Pa^0.5.  

Table 6.1. Design specifications of the applied RPB and packing (NCX1116). 

Specification Dimension 

RPB casing inner diameter (mm) 355 

Rotor outer diameter (mm) 260 

Packing inner diameter (mm) 146 

Packing outer diameter (mm) 260 

Axial height of packing (mm) 10 

Number of pores / inches 11 - 16 

Average pore Ø (mm) 1.4 

Porosity (%) 8 

 

6.3.6.2 Stripping experiments 

Another experimental design, being closer to industrial application, referred to stripping 

experiments with pure water vapor. Based on the liquid feed mass flow, 5% vapor was fed to the 
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RPB. The system used for butanol distillation from binary and complex mixtures was assembled 

from the water tank, water pump, reboiler, condenser, reflux tank, product pump, product tank, 

liquid nitrogen trap, vacuum pump, feed tank, feed pump, flowmeter, feed heater, residue pump, 

residue tank, and RPB itself (Figure 6.3). 

 

Figure 6.3. Setup for butanol stripping from binary mixture and synthetic fermentation broth with 5 wt.% 

of steam as a stripping gas. 

The condenser, vacuum controller, vacuum pump, feed heater (corresponds to reflux heater from 

total reflux experiments) have the same settings as for the total reflux experiments. The reboiler 

was operated with thermal oil heated by a thermostat (Teco tt, gwk, Germany) and the temperature 

of the oil was set to 65 °C. This temperature was found to be sufficient to evaporate the water at 

the 89 mbar but did not result in superheated steam. The liquid feed pump (ISM405A, Ismatec) 

had a flow rate of 200 g/min and was computer controlled. The liquid outlet was conducted to the 

residues tank by the residues pump (Pumpdrive 5230, Heidolph) with the volume flow controlled 

manually. The distillated water from the water tank was pumped to the reboiler by a peristaltic 

water pump (505S, Watson Marlow) at a flow rate of 10 g/min. The collected liquid in the reflux 

tank was transported to the product tank by the product pump (PUMPdrive PD5230, Heidolph). 
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6.3.2 Experimental procedure 

6.3.6.1 Distillation under total reflux 

The design of a distillation column, it is distinguished between the rectifying section and the 

stripping section which are usually combined in a single conventional distillation column. 

However, as can be seen in the Figure 6.1, the heavy, i.e., aqueous phase, is returned to the top of 

the 1st column. As long as there are two phases present in the reflux tank and the process is operated 

with a butanol-water system, the butanol concentration is dependent on temperature only. The 

temperature, on the other hand is defined by the pressure (89 mbar). According to literature, the 

butanol concentration for those conditions is around 65 g/L. In accordance with the VLE data the 

feed stream from the fermenter would be at stage 1, i.e., top stage, making it unnecessary to 

distinguish distillation between the rectification and the stripping sections. 

To simulate the 1st column of the process depicted in the Figure 6.1 as RPB, the butanol 

concentration in the synthetic fermentation broth was increased to 60 g/L. Two things were thus 

ensured: i) the plant solution consists of only one phase, ii) with that composition it was established 

a two-phase system being present in the reflux tank during the operation.  

For initial testing, experiments were performed with the binary water-butanol system under total 

reflux. For the same reason as stated above, the plant was filled with a 60 g/L butanol solution.  

The rpm levels investigated were 300, 600, 1200, and 2400 rpm. For each rpm setting the process 

was given 20 min to achieve steady state, then the product samples were taken for analysis. The 

experiment for each rpm setting was performed twice, the error bars depicted the standard deviation 

between the experiments.  

6.3.6.2 Stripping experiments 

For the stripping experiments, the binary water-butanol system mixture and the synthetic 

fermentation broth as liquid feeds were used together with the stream made from an external source 

of distilled water. Furthermore, an additional experiment was performed with the addition of 

polyethylene glycol 10000 (PEG) to the water-butanol binary mixture, to investigate the influence 

of viscosity on butanol recuperation.  
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The rpm levels investigated were 600, and 2400 rpm. For each rpm setting, the plant was run for 

20 minutes, thereafter product samples were taken for analysis. 

6.3.3 Analytical method 

Alcohols and carboxylic acids were analyzed using gas chromatography (GC) (model GC-14A, 

Shimadzu) equipped with the INNOPEG-FFAP capillary column (diameter of 0.32 mm, a length 

of 25 m and a film thickness of 0.5 μm) and Flame Ionization Detector (FID). The sample injection 

volume was 5 μL. Helium was used as a carrier gas at a gas velocity of 30 cm/s. The temperature 

ramp applied was the following: the initial temperature of 135 °C was maintained for 0.3 min, then 

it ramped up to 210 °C at a rate of 75 °C/min, then it was held for 2.3 min resulting in a total time 

of around 7.5 minutes. 

The viscosity of the real fermentation broth samples was measured in a compact modular rheometer 

MCR-102 (ANTON PAAR) on a CC27 concentric cylinder system at a strain rate of 12s-1. The 

measurement temperature range was from 25 to 90 °C. The viscosity of the binary mixtures and 

synthetic fermentation broth was measured with a capillary viscosimeter (Schott, K = 0.003163) 

6.4 Results and discussion 

6.4.1 Distillation under total reflux 

The rpm was the first technical parameter to evaluate butanol removal from binary water-butanol 

system using RPB. Independent on the rotor speed the butanol concentration in top product was 

similar in all cases (around 63 g/L), while its amount in the bottom product was decreasing, at rpm 

was increasing (Figure 6.4). The liquid reflux for each rpm was the same as expected, because the 

composition of 2-phase water-butanol mixture depends on temperature only and in accordance with 

literature data is 65 g/L for 45 °C (Barton, 1984). Low concentration in the bottom product indicates 

the high efficiency of butanol recovery from the synthetic fermentation broth using RPB.  

High fluctuations at 300 rpm were probably due to the unstable operation of the RPB at that setting. 

Additionally, the highest butanol concentrations in the bottom product excluded that rpm setting 

from further experiments. Given that butanol concentrations in the top and bottom products at 

rotational speeds of 600 and 1200 rpm were quite similar, it was decided to exclude also the 1200 

rpm speed from the study. Further experiments were conducted only at 600 and 2400 rpm. 
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Figure 6.4. Butanol distribution between the liquid reflux and bottom product obtained during distillation 

under total reflux in the RPB under reduced pressure at different rotational speeds. 

For the butanol-water system there are two “specialties” worth mentioning. First, considering the 

pure component boiling temperatures, water would be the top product, i.e., the distillate, if there 

was no azeotrope. That means, for a separation of those two components, the water fraction would 

have to be evaporated which would require a vast amount of energy for highly diluted butanol 

solutions. However, due to the presence of a boiling point minimum azeotrope and the low amount 

of butanol in the feed, the top product has a composition closer to the azeotrope. Thus, according 

to the conditions described, butanol is enriched in the distillate. Second, as mentioned above, it is 

impossible to cross the azeotropic point with a single distillation process. Fortunately, 

physicochemical laws create a feature that is built into the butanol-water system that allows 

azeotrope separation without the additional component of a miscibility gap. For this reason, 

separation into pure components is possible by performing a heteroazeotropic distillation depicted 

in the Figure 6.1. The results discussed in this section belong to column R1 and the decanter. The 

liquid-liquid separation in that plant takes place in the reflux tank acting as a decanter since the 

reflux is withdrawn at the very bottom. Column R2 is not part of this study as it is not crucial for 

the fermentation process. 
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The rpm for butanol recovery from the multicomponent mixture by vacuum distillation in RPB has 

almost no impact on butanol separation. However, the lowest butanol concentration in the bottom 

product was observed at 2400 rpm. Comparing the butanol concentration at 600 rpm in liquid reflux 

to those of the binary system, it slightly decreased (from 63 to 61 g/L). That could be explained by 

the impact of additional components on the phase system. Nevertheless, butanol remained enriched 

in the top product (Figure 6.5). Similarly, ethanol was also enriched in the top product as expected, 

due to its low boiling temperature. Ethanol in-situ removal from fermentation broth by vacuum 

distillation is an effective method and was already described in literature (Zhang et al., 2017). The 

interesting phenomena not yet reported, were observed regarding furfural and carboxylic acids. 

According to the physical properties of volatile fatty acids, their boiling point increases with carbon 

atoms in the chain. Therefore, it was expected that as the chain increased, a given acid should 

remain in the bottom product. Nevertheless, the opposite trend has been observed. Short-chain fatty 

acids, such as acetic (two carbon atoms) and propionic acids (three carbon atoms), were enriched 

in the bottom product, while longer-chain fatty acids, like valeric (five carbon atoms) and caproic 

(six carbon atoms) acids, were enriched in the top product. Likewise, furfural, whose pure 

component data define it as a heavy boiler compound, showed unexpected behavior and was 

enriched in the top product instead of the bottom product. The reason for the described behavior 

could be as follows: pure component data are misleading in the present case since every component 

investigated – except acetic acid – forms a temperature minimum azeotrope with water not only at 

ambient pressure but also at the conditions of this study. Furthermore, the azeotropes are located 

at a component concentration higher as in the fermentation broth which leads to the enrichment of 

those components in the distillate. For the stripping section, the binary data between the respective 

component and water clearly provide a reasonable explanation for the behavior of the 

multicomponent mixture. However, interactions between those components might occur with 

increasing concentration of those components in subsequent separation processes, for example the 

liquid-liquid separation and the column 2 in the Figure 6.1. 

The removal of both, butanol and other bioproducts from the synthetic fermentation broth has two 

advantages: i) VFAs have an inhibitory effect on cell growth (Wambugu et al., 2020), and furfural 

is highly toxic to bacteria (Becerra et al., 2022), hence, the treated fermentation broth possibly can 

be recycled to the bioreactor, saving freshwater consumption (this part requires experimental 

verification); ii) other bioproducts may provide additional revenue after separating them. However, 
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all components present in the top product must be considered in the subsequent purification 

processes. 

 

Figure 6.5. Concentration of the synthetic fermentation broth components in the top product and bottom 

product obtained under total reflux experiments in the RPB under reduced pressure at rotational speed of 

600 and 2400 rpm. 

The samples of the condensed top product showed butanol concentration in a butanol-rich phase at 

the level of 521.6 g/L. The composition of the bottom product as well as the top product divided 

into the light and the heavy phases are presented in the Table 6.2. Transferring those results to 

operation under finite reflux with the heavy aqueous phase is recycled to the RPB that would result 

in 3.8 % of the inlet stream leaving the decanter as butanol rich light phase for further purification. 

Certainly, the separation performance of the RPB needs to be higher to achieve similar 

concentrations under finite reflux but with some optimizations in the packing size or specific 

surface area that should be possible. 

The literature extensively describes in-situ butanol elimination directly from the bioreactor under 

reduced pressure (Stoffers et al., 2013; Chen et al., 2018; Grisales Díaz et al., 2019). The reduced 

pressure is required for in situ separation to reduce the boiling point of butanol or, more precisely, 

the water-butanol azeotrope. At ambient pressure, the minimum boiling point of the azeotrope is 

92.4 °C (Zong et al., 1983), while typical temperature for butanol production during fermentation 

process usually ranges between 35 and 37 °C (He et al., 2017; Tsai et al., 2020; González-Tenorio 
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et al., 2020; Bao et al., 2022). When fermentation is performed under reduced pressure, the boiling 

point of the mixture decreases, enabling in-situ butanol recovery.  

Table 6.2. Bottom and top product (heavy and light phase) of rectifying section under total reflux. 

Rotational speed 

2400 rpm 

Bottom product 
Top product 

Heavy phase Light phase 

g/L 

Butanol 0.3 60.8 521.6 

Ethanol 0.7 8.0 21.7 

Furfural 0.2 3.4 13.8 

Acetic acid 3.0 1.1 4.5 

Propionic acid 2.5 1.5 5.3 

Valeric acid 1.6 2.4 47.9 

Caproic acid 0.3 0.6 36.8 

 

So far, there is a few publications considering direct butanol removal via vacuum distillation at a 

close temperature to the fermentation temperature. Nguyen et al. (2018) carried out glucose 

fermentation employing Clostridium acetobutylicum CAB1060 (genetically modified strain) that 

was able to produce up to 10.5 g/L of butanol, as well as ethanol (10 g/L) and acetic acid (1 g/L). 

The authors applied in-situ extraction by distillation under low pressure (making boiling 

temperature close to fermentative temperature) and were able to recuperate butanol, ethanol, and 

acetic acid at concentrations of 550, 60 and 3.3 g/L, respectively. The reported concentrations of 

butanol and ethanol were higher than in this work, which may be explained by the fact that the 

mixture was less complex (four-compounds mixture vs seven-compounds mixture). In this study 

butanol concentration from binary water-butanol mixture achieved concentration of 545 ± 7.1 g/L, 

while its concentration decreased to 521.6 g/L (Table 6.2) during butanol recuperation from the 

complex mixture. That stream must be purified further for use as alternative fuel or feedstock. For 

a process as depicted in the Figure 6.1, the interaction of the components presented in the complex 

mixture must be investigated to demonstrate the feasibility of in-line butanol recuperation. The 

VLLE data are available in the literature for binary and, in some cases, ternary mixtures only. For 

that reason, the impact of the additional components on the relative butanol volatility is as 

important as the impact on the miscibility gap since this is the key for the feasibility of the 
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heteroazeotropic distillation. Du et al. (2021) were able to produce up to 20 g/L of butanol though 

glucose fermentation by genetically modified Clostridium acetobutylicum. Then, by carrying out 

in situ product recovery via vapor stripping-vapor permeation achieved butanol concentration at 

the level of 441.9 g/L. The method used applied carbon nanotube (based hybrid materials) in high-

performance membrane preparation. As indicated Yang et al. (2018), the metallic impurities and 

structural defects in the hollow core or at the tips of the carbon nanotubes may block the penetrant 

molecules through their channels. Moreover, the membrane has high selectivity for alcohols, 

therefore, VFA or furfural removal probably is not possible or very limited. In contrast, the RPB 

carries out not only effective alcohol recuperation (butanol and ethanol), but also removed high 

concentration of furfural and VFA. This possibly allows the aqueous phase to be returned to the 

fermenter. Moreover, both studies mentioned produced butanol from glucose using genetically 

modified species. That is more related to scientific developments in genetic modification and the 

possibilities of bacteria, rather than to the scale-up of the process for commercial application, due 

to the conflict of interest with the alimentary industry. In this work, the high butanol concentration 

was obtained from cellulosic fraction of lignocellulosic biomass, a sustainable feedstock. 

Moreover, the mixed culture does not require sterile conditions and its cultivation is much cheaper 

than the pure culture. Therefore, further research could lead to the commercialization of this 

process as a new method of obtaining butanol from renewable energy sources.  

Some authors applied vacuum pressure to increase the ABE fermentation component 

concentrations in the gas phase above the liquid phase inside the reactor (Mariano et al., 2011; 

Qureshi et al., 2014), which is not a distillation but an evaporation process. However, there are 

some studies on in situ ethanol recovery by vacuum distillation. For example, Ghose et al. (1984) 

reached 1.4-fold higher ethanol concentration compared with traditional fermentation by 

performing in-situ ethanol removal from fermentation broth using vacuum distillation combined 

with cell recycling.  

6.4.1 Stripping experiments 

Stripping experiments were performed with 5 wt. % of steam as stripping gas at 600 and 2400 rpm. 

The butanol in the top-product reached 118 g/L for 2400 rpm (Figure 6.6). That means, according 

to butanol component balance, after condensation 12.7 % of the inlet stream leaves the column as 

top product which then separates into a light butanol rich phase and a heavy water rich phase. It 



 

 15 

must be considered at this point, the concentration in the liquid reflux is not given, but the 

composition of the condensed vapor after leaving the top of the column. Since two phases were 

formed after the condensation, the samples were diluted with water until a single phase for analysis 

was obtained. The error bars for the top product indicates large fluctuations. This may be due to 

the sampling method, which required a sufficiently large volume of samples to be taken after 

condensation to ensure representative amount of the aqueous and the organic phase.  However, the 

concept of the process with the simplified two-phase system is proven. The light organic phase 

formed after condensation is withdrawn for further purification, and the heavy aqueous phase is 

mixed with the feed from the fermenter and recycled to the RPB. The bottom product is recycled 

to fermenter with butanol concentration lower than 10 g/L. Consequently, the stripping synthetic 

fermentation broth experiments assert that single RPB can be used to operate in the column R-1 in 

the Figure 6.1.  

 

Figure 6.6. Stripping experiments of the water-butanol binary mixture with 5 wt.% of steam as a stripping 

gas at 600 and 2400 rpm in RPB under reduced pressure; a) butanol concentration in the top product; b) 

butanol concentration in the bottom product. 

The same stripping binary water-butanol mixture experiments with additional 2% of polyethylene 

glycol 10000 (PEG) were performed. The viscosity of synthetic fermentation broth increased from 

ƞ = 0.66 mPa*s to ƞ = 0.99 mPa*s at 45 °C. For the real fermentation broth supernatant ƞ = 0.56 

mPa*s at 45 °C was determined. However, when the real fermentation broth is processed in the 
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RPB without any pretreatment, the apparent viscosity might increase. Nonetheless, no impact on 

mass transfer was detected, the composition of the organic and the aqueous phases were like those 

depicted in the Figure 6.6. Possibly, it was because the viscosity was not high enough to impact 

the mass transfer. On the other hand, further increase of viscosity by adding more polymer may 

affect the VLE, which must be verified beforehand. Future investigation should evaluate the 

viscosity influence on both butanol and bioproducts separation from fermentation broth. 

 

Figure 6.7. Concentrations of the synthetic fermentation broth components in the bottom and the top 

product obtained during stripping experiments in the RPB under reduced pressure at rotational speed of 

600 and 2400 rpm. 

During stripping experiments of the synthetic fermentation broth, two liquid phases were observed 

after condensation, hence, the top product samples were diluted analysis. Butanol removal with 5% 

of stripping steam resulted in a butanol concentration in the top product up to 126.9 g/L. Thus, 

when processing the real Fermentation broth, after condensation 9.1% of the inlet stream leaves 

the column as top product which then separates into a light butanol rich phase and a heavy aqueous 

phase (data from the Figure 6.7, 2400 rpm). Similarly, ethanol was stripped from the synthetic 

fermentation broth independent of the rpm (Figure 6.7). Moreover, furfural had a four-times higher 

concentration in the top product during stripping experiments than under total reflux. An interesting 

observation was that acetic and propionic acids were not detected in the top product. They were 
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found in concentrations close to their amounts in the feed stream in the bottom product. Valeric 

and caproic acids were found in both, top and bottom products. Unlike distillation experiments 

under total reflux the concentration of VFAs at an increasing carbon chain were slightly lower in 

the top product. These observations indicate that changes in the reflux ratio in stripping 

experiments affect the partitioning of individual components. 

6.5 Conclusions 

Vacuum distillation in the RPB is an adequate method for butanol recuperation from the synthetic 

fermentation broth. Distillation allows the removal of ethanol, furfural, and carboxylic acids. The 

liquid-liquid separation of the top product yields two phases: a butanol-rich organic phase, which 

needs subsequent purification into pure components, and an aqueous phase that can be recycled to 

the fermenter. Recycling of the depleted bottom product to the fermenter seems reasonable. 

Nevertheless, its general feasibility regarding by-product accumulation in the fermenter was not 

demonstrated in this study. What has been demonstrated is the possibility of in-line butanol 

stripping from the mixture that represents fermentation broth obtained from lignocellulosic waste 

by mixed culture. Replacing the reboiler with a source of 'open steam' has the advantage of avoiding 

hotspots or dead zones in the reboiler that may harm or kill the bacteria. Furthermore, it was shown 

that the liquid-liquid separation, a crucial step towards pure butanol, is possible under presence of 

numerous side components from fermentation.  

Due to the low viscosity of the systems investigated, the impact of rotational speed on the 

separation was detectible, but not enough to make it excessively important. That raises the question 

whether an RPB or a conventional column is the machine/apparatus of choice for this specific 

separation task. The advantage of feeding the RPB with non-pretreated fermentation broth 

supernatant stands against the simplicity and robustness of a static column. Furthermore, the 

susceptibility to fouling together with the final composition of the fermentation broth will play a 

major role in the final decision.  

Future investigations should focus on the impact of in-line butanol recovery from the fermentation 

process and the butanol production rate. Furthermore, the feasibility of recycling the bottom 

product to the fermenter needs to be verified with special focus on accumulation of side products 

like acetic or propionic acid. Those are of special interest since they were not separated with the 
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butanol and might influence the fermentation. Additionally, the impact of the components 

separated with the butanol on the subsequent butanol purification (Figure 6.1, R-2) needs to be 

investigated to verify the feasibility of the entire downstream process.
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7. Chapter VII: Profitability of single- and mixed-culture fermentations 

for the butyric acid production from a lignocellulosic substrate 

Reference to published work:  

Dudek, K., Molina-Guerrero, C. E., & Valdez-Vazquez, I. (2022). Profitability of single- and 

mixed-culture fermentations for the butyric acid production from a lignocellulosic substrate. 

Chem Eng Res Des., 182, 558–570. https://doi.org/10.1016/j.cherd.2022.04.018 

7.1 Abstract 

Butyric acid (BA) is one of the most promising precursors for pharmaceutical and plastic 

manufacturers, as well as for fuel butanol production. Lignocellulosic biomass can be used as an 

adequate source for BA production due to its low prices and widespread abundance. The 

conversion of lignocellulosic biomass into BA requires different steps depending on the type of 

inoculum. Pure cultures, which produce high amounts of BA, demand sequential processing of 

lignocellulosic substrates. In contrast, mixed cultures, which produce a lower amount of BA, work 

as a consolidated bioprocess, therefore, some processing steps occur simultaneously. It is unknown 

which of these two schemes for BA production is more profitable yet. The following study presents 

a review about the most recent advances about BA production from lignocellulose by pure and 

mixed cultures. In addition, a techno-economic analysis for BA production is considered for each 

type of inoculum and different plant capacities. The pure strain scheme involves seven stages, while 

the mixed culture scheme involves only four. Both schemes include the final product purification 

through membranes where the purity of BA was 99.8%. The mixed culture scheme is more 

profitable than the pure strain one, with Total Production Costs of 3.2, 1.3, and 0.9 US$/kg for 

plant capacities of 100, 500, and 1000 tons/day, respectively. With respect to the pure strain 

scheme, the Total Production Costs are 15.1, 7.3, and 6.5 US$/kg for plant capacities of 100, 500, 

and 1000 tons/day, respectively. The operating costs in the pure culture plants are 30.4, 81.7, and 

145.2 million US$/year for the plant capacities of 100, 500, and 1000 tons/day, respectively. These 

operating costs are between 1.2 to 1.5 times higher compared with the mixed culture plants. Also, 

the Total Capital Investment is three times higher with the pure strain scheme. 

Keywords: consolidated bioprocess; process simulation; techno-economic analysis; total 

production cost;
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7.2 Introduction 

Butyric acid (BA), a four-carbon short-chain fatty acid is commercially obtained from petroleum 

through the oxidation of butyraldehyde, either derived from the oxosynthesis or hydroformylation 

of propylene (Dwidar et al., 2012; Baroi et al., 2017). BA is used for food and pharmaceutical 

industries (Merklein et al., 2014), the manufacture of biodegradable plastics, and also for the 

treatment for hemoglobinopathies, cancer, and gastrointestinal diseases (Canani et al., 2011). 

Recent analyses indicate that BA production will be increased at an annual growth rate of 8.5% 

between 2020-2027. In addition to this, it is expected that its market value will reach USD 944,785 

million by 2027 (Data Bridge Market Research, 2020). Considering environmental pollution and 

the negative impacts of petroleum-derived products for human health, BA formation during 

fermentation has become an attractive alternative (Wainaina et al., 2019).  

What it is known at present is that BA production through fermentation is still much more 

expensive than through chemical synthesis due to the low yields and productivities (Luo et al., 

2018). Therefore, past investigations were focused on improving the economic feasibility of BA 

production through engineering strategies (Fu et al., 2017; Suo et al., 2018; He et al., 2020), 

consolidated bioprocessing (Ai et al., 2016; Chi et al., 2018; Pérez-Rangel et al., 2021; Ayala-

Campos et al., 2022) and the optimization of the fermentation processes (Huang et al., 2016; Xiao 

et al., 2018). 

Lignocellulosic biomass is one of the most promising carbon sources for BA production due to its 

abundance and low cost (Anwar et al., 2014). Every year, 181.5 billion tons of lignocellulosic 

biomass are produced worldwide, but only 8.2 billion tons are further processed (Dahmen et al., 

2019). In Mexico, the availability of the lignocellulosic biomass generated only from four types of 

agricultural activities reaches more than 22.9 million tons, concentrated in 34 centroids equivalent 

to plant capacities between 100,000 to 660,000 ton/year (Hernández et al. 2019). In South America, 

harvesting and processing of agricultural goods generate up to 500 million tons of lignocellulosic 

biomass annually. The two largest manufactures are Brazil, where corn, sugarcane and soybean are 

the most abundant crops, and Argentina with corn, soybean, and wheat which accounts for more 

than 87 % of the total amount of lignocellulosic biomass (Magalhães et al., 2019). Most of this 

biomass is burning in boilers and used for electricity generation. Nevertheless, this purpose is not 
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always economically favorable, especially when biomass has a high moisture content and a low 

heating value. 

Lignocellulosic biomass processing to produce BA can use pure strains, genetically modified 

strains, or mixed cultures. Each type of inoculum affects the biorefinery design due to the different 

steps that it requires to process the biomass. As it is claimed that, until now there are no studies 

that evaluate the impacts of the type of inoculum on the profitably of BA production from 

lignocellulosic biomass. In this context, the present study was divided into two main objectives: 

firstly, to analyze the key factors that influence single- and mixed-culture fermentations, discuss 

the advantages and disadvantages from a technical point of view, and identify significant steps 

forward in this field. Secondly, to present a techno-economic analysis for comparing the 

profitability of BA production from single- and mixed-culture fermentation using a model of 

lignocellulosic biomass. 

7.3 BA production by single-culture fermentation 

Clostridium spp. including Clostridium tyrobutyricum, Clostridium butyricum, and Clostridium 

thermobutyricum are the main bacteria employed for BA production.  

Table 7.1. Butyric acid production from lignocellulosic hydrolysates by pure cultures. 

Microorganism 
Type of 

hydrolysate 

Operating 

mode 
pH T °C 

Butyric acid 

References Productivity 

(g/L*h) 

Concentration 

(g/L) 

Yield 

(g/g) 

Selectivity 

(%) 

C. SP1 Softwood Batch 6.0 37 0.66 21.2 0.47 100 
Kim et al. 

(2016) 

C. tyrobutyricum 
Oilseed rape 

straw 

Batch, 

FBB 
6.0 37 0.85 21.5 0.45 86 

Huang et 

al. (2016) 

C. tyrobutyricum 

Ct-pTBA 

Soybean 

hull 
Batch 6.0 37 0.15 15.3 0.43 48 

Fu et al. 

(2017) 

C. tyrobutyricum Corn husk 
Batch, 

FBB 
6.0 37 0.39 21.8 0.39 83 

Xiao et al. 

(2018) 

C. tyrobutyricum 

ATCC 

25755/sdr+groESL 
Corncob Batch 6.0 37 0.29 32.8 0.36 94 

Suo et al. 

(2019) 

C. tyrobutyricum 

ATCC 25755/kept 

Spent coffee 

grounds 

Batch, 

FBB 
6.0 37 0.36 34.3 0.37 85 

He et al. 

(2020) 

 Note: FBB –Fibrous bed bioreactor for cell immobilization. 
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These bacteria display high yields and selectivity for BA production, resistance to high 

concentrations of BA and acetic acid (Jiang et al., 2011), and some of them metabolize 

simultaneously hexose and pentose sugars released from lignocellulosic biomass (Zhang et al., 

2009; Dwidar et al., 2012). For example, C. tyrobutyricum produced 13.6 g/L of BA from an 

oilseed rape straw hydrolysate (Huang et al., 2016) and 21.8 g/L from a corn husk acid hydrolysate 

(Xiao et al., 2018). When the simultaneous conversion of glucose and mannose occurred, 

Clostridium sp. S1 produced 21.2 g/L of BA (Kim et al., 2016). Through genetic engineering, He 

et al. (2020) reported the simultaneous consuming of glucose and galactose by the engineered C. 

tyrobutyricum ATCC 25755/kept resulting in 34.3 g/L of BA. Also, the engineered C. 

tyrobutyricum Ct-pTBA simultaneously consumed glucose and xylose reaching 42.6 g/L (Fu et al., 

2017) and 32.8 g/L of BA (Suo et al., 2019). The data of production, productivity, yield, and 

selectivity of BA production by pure strains from lignocellulosic biomass were presented in the 

Table 7.1. 

7.3.1 Type of substrate and pretreatment 

Lignocellulosic biomass mainly composed by cellulose, hemicellulose, and lignin (Tayyab, 2018), 

requires a pretreatment to modify its complex and recalcitrant structure, which is difficult to be 

fermented directly by pure cultures. Since lignocellulosic composition, especially the lignin content 

which reduces the enzyme accessibility of polysaccharides, varies depending on type of biomass 

(Table 7.2), the nature of pretreatment and selection of parameters will depend on the specific type 

of lignocellulosic biomass (Aftab et al., 2018). 

Diluted acids and bases are mainly used as pretreatments according to the published literature. For 

example, Kim et al. (2016) applied 75 wt% of H2SO4 at 30C for 30 min to hydrolyze Japanese 

larch and produced 21.2 g/L of BA. Similarly, Fu et al. (2017) hydrolyzed separately various 

lignocellulosic biomasses, soybean hull, corn fiber, wheat straw, rice straw, and sugarcane bagasse 

with diluted acid at 121C for 30 min. The engineered Clostridium tyrobutyricum Ct-pTB produced 

the highest amount of BA (42.6 g/L) from sugarcane bagasse hydrolysate. Additionally, He et al. 

(2020) hydrolyzed spent coffee grounds by using 0.04 M H2SO4 at a solid-liquid ratio of 10% (w/v), 

121C for 40 min and produced 34.3 g/L of BA. Whereas Huang et al. (2016) removed lignin, 

acetyl, and uronic substitutes by applying a NaOH pretreatment at 121 C for 40 min and produced 

21.5 g/L of BA in the further fermentation. 
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Table 7.2. Composition of lignocellulosic biomass commonly used for butyric acid production. 

Lignocellulosic 

biomass 

Hemicellulose 

(%) 

Cellulose 

(%) 

Lignin  

(%) 

Ash 

(%) 
Reference 

Corn stover 26 36 21 17 
Ayala-Campos 

et al., (2022) 

Corn husk 45 40 7 3 
Xiao et al., 

(2018) 

Agave 21 - 23  42 - 49 7 - 8 20 - 28 
Dudek et al., 

(2021) 

Rice straw 24.8 39.7 15.3 20.2 Ai et al., (2016) 

Softwood 13.0 58.6 20.1 8.3 
Kim et al., 

(2016) 

Wheat straw 28 38 22 12 Ayala-Campos 

et al., (2022) Sugarcane bagasse 27 44 18 11 

 

7.3.2 Toxicity and detoxification 

When pure cultures carried out the BA production from lignocellulosic biomass, the pretreatment 

stage is mandatory to release soluble sugars which are then fermented. However, chemical and 

physicochemical pretreatments of lignocellulosic biomass form inhibitors most of the time such as 

weak acids, furan derivatives, phenolics, and aromatic compounds during the degradation of 

biopolymers into soluble sugars. These undesirable products have an impact on cell membranes, 

enzyme activity, gene expression, cell growth, and metabolite production (Chandel et al., 2013; 

Jonsson et al., 2013; Monnappa et al., 2013). Since pure cultures require equipment sterilization, 

detoxification after treatment, and exogenous enzymes for biopolymer solubilization, the overall 

process tends to be more expensive (Tajarudin et al., 2018; Xiao et al. 2018). 

The type and quantity of formed inhibitors depend on the composition of feedstock and type of 

pretreatment (Kim, 2018). Literature reports some efficient removal methods of inhibitors. For 

example, Lee et al. (2015) applied the electrochemical detoxification and removed 71% of the total 

phenolic compounds from rice straw hydrolysate without any sugar loss. Xiao et al. (2018) utilized 

the microporous activated carbon detoxification according with Cantarella et al. (2004) to detoxify 

corn husk hydrolysate resulting in 51% removal of HMF and losing only 8% of total sugars. On 

the other hand, each microorganism has different toxin resistance. For example, HMF caused 

prolongation of the lag phase, a decrease in xylose consumption, and BA production by C. 
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tyrobutyricum; nevertheless, these negative effects did not happen when the concentration of HMF 

was below 0.6 g/L (Liu et al., 2017). There are also some modified chemical pretreatments that 

decrease the formation of inhibitors compared with conventional methods. Huang et al. (2016) 

performed a novel stepwise pretreatment relying on alkali deacetylation combined with liquid hot 

water pretreatment to hydrolyze oilseed rape straw. Glucose yields as high as 53 % and low 

concentrations of furfural and HMF at the levels of 0.011 g/L and 0.003 g/L were achieved, 

respectively. In other studies, the detoxification stage was not required when adapted or engineered 

bacteria were used. The one-year adaptation of C. tyrobutyricum to increasing concentrations of 

wheat straw hydrolysate (from 40% to 80% v/v) resulted in an increase in the BA yield ranging 

from 0.06 g/g to 0.48 g/g sugar (Baroi et al., 2015). Meanwhile, Suo et al. (2019) carried out co-

expression of furfural and phenolic tolerance-related genes, obtaining the engineered C. 

tyrobutyricum ATCC 25755/sdr+groESL that produced 28 % more BA from undetoxified corncob 

acid hydrolysate, compared with the wild strain. Some authors described genetic overexpression 

of oxidoreductases as a factor to enhance the tolerance to furfural derivatives (Wang et al., 2013; 

Chung et al., 2015; Kim et al., 2017).  

7.3.3 Cultivation pH 

Most investigations related to BA production by pure strain performed the fermentation processes 

at pH 6.0. It is possible to assume that there is a very narrow pH range that permits obtaining 

optimal efficiency. Zhu and Yang (2004) assessed different pH values (5.0, 5.3, 5.7, 6.0, 6.3) for 

BA production by C. tyrobutyricum, the highest concentration of 57.9 g/L was obtained at pH 6.3. 

However, lactic and acetic acids were the most abundant byproducts at pH values below 6.0. 

Similar results were reported by Chong et al. (2009), who evaluated the influence of three pH levels 

(5.0, 5.5, 6.0) on BA production from glucose by C. butyricum EB6. The highest BA concentration 

(12.51 g/L) and selectivity were observed at pH 6.0. Only acetic acid was detected together with 

BA. Drahokoupil and Patáková (2020) assessed BA production from glucose by C. beijerinckii 

NRRL B-598 at five pH values (6.0, 6.5, 7.0, 7.5, 8.0). Results showed that the highest BA 

concentration of 11.49 g/L was obtained at pH 7.0, in the presence of low concentrations of acetic 

and lactic acids (below 4 g/L). The highest BA to acetic acid ratio occurred at pH 6.5. To 

summarize, C. tyrobutyricum and C. butyricum presented a higher BA selectivity than C. 

beijerinckii. 
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7.3.4 Cultivation temperature 

Mesophilic and thermophilic fermentative bacteria have optimal growth temperatures ranging 

between 20 to 45 °C and 50 to 80 °C, respectively (Willey et al., 2017). Most of the reviewed 

studies carried out single-culture fermentation processes under mesophilic temperatures, 

particularly at 37 °C. This mesophilic temperature is considered optimal for the growth of C. 

butyricum and C. tyrobutyrium to produce BA (Zigova et al., 1999; Ruusunen et al., 2012). On the 

other hand, thermophilic microorganisms, e.g., the co-culture Clostridium thermocellum ATCC 

27405 and C. thermobutyricum ATCC 49875 produced the highest BA concentration of 33.9 g/L 

at 55 °C (Chi et al., 2018). 

7.3.5 Reactor configuration 

BA production has been usually performed by using different batch reactor configurations. Until 

now, the traditional vessel configuration is the most used for single-culture fermentations (Kim et 

al. 2016; Fu et al. 2017; Suo et al. 2019). Traditional suspended cell fermentation is associated with 

a low cell density per reactor volume, which extends the lag phase resulting in a low product 

concentration and a decrease in productivity (Duarte et al., 2013). Notwithstanding, the process 

was improved by applying a fibrous bed bioreactor (FFB). This type of reactor immobilizes cells 

with low cell growth rates, reduces the reaction time, and increases the substrate conversion, which 

allows the process to achieve a higher productivity and product yield (Kim et al., 2016; Zhu and 

Yang, 2003; Duarte et al., 2013; Wang et al., 2016). For instance, Huang et al. (2016) reported 

16%, 165% and 17% increase in BA yield, productivity, and final concentration, respectively when 

using an FFB compared with the suspended cell fermentation. In addition to this, Xiao et al. (2018) 

evaluated BA formation from glucose in two different reactors and achieved 53% more BA in an 

FBB compared to the suspended cell fermentation. 

7.4 BA production by mixed-culture fermentation 

Besides pure strains, mixed cultures also produce BA. Herein, more than one type of 

microorganism collaborates with each other and shares the available sources (Brenner et al., 2008). 

Mixed cultures include co-cultures of at least two different microorganisms and microbial 

communities where the identity of their members may or may not be fully characterized. In both 

cases, their members simultaneously perform the production of hydrolytic enzymes, 
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saccharification, and fermentation (Lynd et al., 2005), an integrated process called consolidated 

bioprocess (CBP). In mixed cultures, one type of microorganism (or group of them) produces 

enzymes responsible for the saccharification of lignocellulosic biomass to monosaccharides, while 

other microorganism (or group of them) transforms these monosaccharides (hexose or/and pentose 

sugars) into different bioproducts. What is a fact that when the mixed cultures produce the 

hydrolytic enzymes, it could decrease the total production costs. Nevertheless, it is important to 

note that CBP could present some of the following disadvantages: low cell density, bacterial 

competition for resources, and mainly a low product yield because of the concurrent formation of 

several byproducts (Chen and Blaschek, 1999; Michel-Savin et al., 1990a; Michel-Savin et al., 

1990b). Maiti et al. (2016) reported that small changes in pH and temperature in a CBP favor the 

establishment of undesired microorganisms that could produce unwanted byproducts. 

Ai et al. (2016) used an undefined mixed culture derived from cattle manure, pig manure compost, 

corn field soil, and rotten wood. This undefined mixed culture produced 15.6 g/L of BA from rice 

straw in a semi-continuous fermentation. Other volatile fatty acids (VFAs) were also produced, 6.6 

g/L of acetic acid, and propionic, valeric, caproic acids at concentrations below 0.9 g/L. Chi et al. 

(2018) utilized a co-culture of C. thermocellum ATCC 27405 (the hydrolytic bacterium) and C. 

thermobutyricum ATCC 49875 (the fermentative bacterium) to produce 2.4 g/L of BA from 

delignified rice straw. More recently, Perez-Rangel et al. (2021) produced 4.5 g/L of BA and 7.6 

g/L of other VFAs directly from wheat straw. The native microbiota of substrate was used as 

inoculum, which was composed mainly by Lactobacillus and Clostridium. Dudek et al. (2021) 

produced 1.4 g/L of BA and 2.7 g/L of acetic and propionic acids directly from Agave bagasse. 

The inoculum consisted of the native microbiota of substrate where Caproiciproducens was linked 

to the BA production while Bacteroides and Prevotella were associated to the substrate hydrolysis. 

Ayala-Campos et al. (2022) succeeded in producing 4.3 g/L of BA and 4 g/L of other VFAs directly 

from Agave bagasse by changing the operation mode from batch to semicontinuous and by using 

an organic loading rate of 5.7 g/L-d. Lactobacillus and Clostridium together with other 

microorganisms integrated the native microbiota that was used as inoculum. These previous studies 

demonstrated that native microbiotas of lignocellulosic substrates are successful in performing a 

CBP and producing similar concentration of VFAs to those reported by pure cultures. However, 

future studies should focus on controlling the operating conditions to favor the BA ratio over the 
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other VFAs. Studies where mixed cultures produce BA production from lignocellulosic biomass 

were resumed in the Table 7.3.  

Table 7.3. Butyric acid production from different lignocellulosic biomasses by mixed cultures. 

Microorganism Substrate Mode pH T °C 

Butyric acid 

References Productivity 

(g/L/h) 

Concentration 

(g/L) 

Yielda 

(g/g) 

Selectivity 

(%) 

Undefined Mixed 

Culture 
Rice straw Batch 6.0b 35 0.09 16.2 0.17 61 

Ai el al., 

(2016) 

C. thermocellum 

ATCC 27405 and  

C. thermobutyricum 

ATCC 49875 

Delignified 

rice straw 
Batch 6.5b 55 0.04 2.4 0.14 59 

Chi et al., 

(2018) 

Native mixed 

culture 

Agave 

bagasse 
Batch 6.5 37 0.01 1.4 0.07 30 

Dudek et 

al., (2021) 

Native mixed 

culture 
Wheat straw Batch  6.5 37 0.03 4.5 - 40 

Pérez-

Rangel et 

al., (2021) 

Native mixed 

culture 

Agave bagasse 

Sugarcane 

bagasse 

Semi-

cont. 
6.5 37 0.03 4.3 - 

25 

30 

Ayala-

Campos et 

al., (2022) 

a – Yield (g/g biomass fed). b – with pH control. 

7.4.1 Type of substrate 

So far, there are few publications that employed mixed cultures to produce BA from lignocellulosic 

biomass through CBP (Table 7.3). From them, Ai et al. (2014, 2016) used a delignified rice straw 

obtained by soaking the substrate in 1% NaOH, at 50°C for 72 h, which removed 66% of lignin, 

and retained 84% of cellulose and 71% of hemicellulose. The delignified rice straw allows the 

undefined mixed culture to produce 10 times more BA compared with the untreated rice straw. 

Lately, native microbiotas of lignocellulosic substrates have proved to produce high amounts of 

VFAs directly from untreated substrates (Dudek et al. 2020; Pérez-Rangel 2021; Ayala-Campos et 

al., 2022). These native microbiotas have hydrolyzed and fermented almost 50% of the 

hemicellulosic fraction of Agave bagasse (Dudek et al. 2020), and up to 60% of the hemicellulosic 

fraction of wheat straw, corn stover, Agave bagasse and sugarcane bagasse (Pérez-Rangel 2021; 

Ayala-Campos et al., 2022). These native microbiotas are specialists in consuming the 

hemicellulosic fraction leaving relatively unfermented the cellulosic fraction for further processing. 
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7.4.2 Cultivation pH 

Reviewed literature shows that pH range between 6.0 and 7.2 is suitable for the optimal BA 

production from lignocellulose during mixed-culture fermentation (Table 7.3). Ai et al. (2014) 

evaluated the BA production from alkali pretreated rice straw by an undefined mixed culture at 

different pH values (5.0, 5.5, 6.0, 6.5, and 7.0). The highest BA concentration of 6.7 g/L was 

achieved at pH values between 6.0 to 6.5. Also, Chi et al. (2018) investigated the effects of four 

different pH values (5.5, 6.0, 6.5, and 7.0) on BA production by the thermophilic co-culture of C. 

thermocellum ATCC 27405 and C. thermobutyricum ATCC 49875. The pH 6.5 was found as the 

most suitable pH for BA production by this thermophilic co-culture. Ai et al. (2014) and Blanco et 

al. (2019) reported that the initial pH in the mixed-culture fermentations determines the metabolic 

pathways and the bacterial communities present in the system; therefore, its control is decisive to 

obtain the desired fermentation products. 

7.4.3 Cultivation temperature 

Most studies about BA production by mixed cultures reported mesophilic temperatures, 

particularly between 35 and 37 °C. Only Chi et al. (2018) reported a thermophilic co-culture 

incubated 55 °C for BA production (Table 7.3). So far, there are not enough information to 

conclude if the temperature affects the BA production. However, thermophilic temperatures 

increase the enzymatic hydrolytic of lignocellulosic substrates, therefore, it could be expected that 

BA production increase (Kozuchowska and Evison, 1995; Jiang et al., 2016). 

7.5 Summary of single- and mixed-culture fermentations for BA production 

Up to now, there are only a few research focused on BA production as the main product from 

lignocellulosic biomass (Thanakoses et al., 2003; Merklein et al., 2014; Ai et al., 2014; Dudek et 

al., 2021). Pure cultures achieve the highest concentrations at the level of 34.3 g/L (He et al., 2020) 

and 32.8 g/L (Suo et al., 2019), nonetheless only from hydrolysates. This implies the necessity of 

pretreatments which most of them release inhibitors (Xiao et al., 2018), having as a consequence 

the requirement of an additional stage, the detoxification stage.  

These two steps require additional equipment made of durable and highly resistant to aggressive 

compounds materials, which may turn the process to be more expensive. In contrast, mixed cultures 

have been used to ferment lignocellulosic biomass directly, but the achieved concentrations have 
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not exceeded 7.6 g/L (Ai et al., 2014). However, mixed cultures have the advantage of performing 

a CBP, which, according to Lynd et al. (2005), could reduce the cost of production. 

The first part of this paper presents a literature overview on BA production from lignocellulosic 

biomass during fermentation carried out by pure and mixed cultures. Against this background, the 

next part of this work presents a techno-economic evaluation of BA production using: (a) a pure 

culture where the substrate is pretreated with diluted acid; and (b) a mixed culture, where the 

substrate is directly fermented during CBP.   

7.6 Techno-economic evaluation of BA production 

The BA production from lignocellulosic biomass was modeled and evaluated by using SuperPro 

Designer v11.2 (SPD) (Intelligen, Inc., Scotch Plains, NJ, USA) in the two different configurations 

of plants (Figure 7.1): (a) a plant design based on a single-culture fermentation where the 

engineered Clostridium tyrobutyricum produced BA from an undetoxified lignocellulosic acid 

hydrolysate (Suo et al. 2019); and (b) a plant configuration based on a mixed-culture fermentation 

where a mixed culture produced BA from an untreated lignocellulosic substrate (Ai et al. 2016; 

Pérez-Rangel et al., 2021; Ayala-Campos et al., 2022).  

7.6.1 Feedstock 

The simulation of both types of plants considered a lignocellulosic feedstock model with 70 % of 

polysaccharides and the following composition: 40 % of cellulose, 30 % of hemicellulose, 20 % of 

lignin, and 10 % of ash in dry basis. This lignocellulosic feedstock model was based on the 

composition of corn residues whose worldwide production was about 360.25 million metric tons 

in 2020/2021 (Shahbandeh, 2021). 

7.6.2 Description of plant configurations 

7.6.6.1 BA plant based on single-culture fermentation 

The BA plant based on a single-culture fermentation considered six main stages: i) feedstock 

conditioning; ii) acid pretreatment; iii) inoculum preparation; iv) fermentation; v) product 

purification; and vi) cogeneration of steam and power.  
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Figure 7.1.  Mass balance for the a) pure and b) mixed culture plants.
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7.6.2.1.1 Feedstock conditioning 

The lignocellulosic feedstock entered to a grinding system to reduce the particle size to 4 mm.  

7.6.2.1.2 Pretreatment  

The lignocellulosic feedstock was introduced into a blending storage system at a solid/liquid ratio 

of 1:11. Subsequently, the material was treated with 0.1 M H2SO4 at 121 °C for 30 min to convert 

52.0 % of hemicellulose and 12.3 % of cellulose giving a concentration of 15.0 g/L and 5.1 g/L of 

xylose and glucose, respectively (Chen et al., 2017; Suo et al., 2019). Then, the slurry was 

conducted to a stirred reactor, cooled down and neutralized to pH 7.0 with 2M NaOH. 

Subsequently, the supernatant was obtained after the centrifugation stage and then concentrated to 

90 g/L of total sugars using a Flash Drum (Suo et al., 2019). Finally, the concentrated hydrolysate 

was directed to the fermentation process. The solid part, which was composed mainly of lignin and 

unconverted cellulose and hemicellulose, was transferred to the cogeneration stage. 

7.6.2.1.3 Inoculum preparation 

The engineered C. tyrobutyricum ATCC 25755/sdr+groESL was employed as inoculum due to its 

resistance to furan derivatives and phenolic compounds (Suo et al., 2019). The microorganism was 

anaerobically cultivated at 37 °C in Clostridial Growth Medium (CGM) that contained (g/L): 50 

glucose, 2 yeast extract, 4 tryptone, 2 (NH4)2SO4, 1 K2HPO4·3H2O, 0.5 KH2PO4, 0.1 MgSO4, 0.1 

MgSO4·7H2O, trace elements, and 30 µg/mL of thiamphenicol (Suo et al., 2017). 

7.6.2.1.4 Fermentation 

A CSTR fermentation reactor, which is made of sterilizable stainless steel, was inoculated with 5 

% v/v and operated at 37 °C, 150 rpm, and a hydraulic retention time of 112 h. The hydrolysate 

was used without detoxification. The chemical reactions, stoichiometry and the conversion 

efficiencies were presented in the Table 7.4. Glucose and xylose were consumed simultaneously 

with an efficiency of 100 and 89 %, respectively resulting in a BA production of 32.8 g/L (Suo et 

al., 2019). Two streams left out from the reactor: i) fermentation gases, mainly CO2 and H2, and ii) 

the fermentation broth that was subjected to reverse electro enhanced dialysis (REED) with anion-

exchange membrane and electrodialysis with bipolar membrane (EDBM), where the separation 

process occurred into two new streams: iii) the BA flow with a concentration of 110 g/L, which 

was sent to the purification stage; and iv) the effluent that contained byproducts and small quantities 

of unfermented monosaccharides. 
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Table 7.4. Stoichiometry and conversion efficiency assumed for the different plant models. 

Reactions 
Fraction (%) converted to products 

Pure culture Mixed culture 

Pretreatment 

Cellulose + Water → 1.1 Glucose 

Hemicellulose + Water → 1.32 Xylose 

 

Fermentation 

Glucose → Butyric acid + 2 CO2 + 2 H2 

1.2 Glucose → 2 Acetic acid + 2 CO2 + 4 H2 

3 Xylose → 2.5 Butyric acid + 5 CO2 + 5 H2 

3 Xylose → 5 Acetic acid + 3 CO2 + 9 H2 

 

12.3 

52.0 

 

 

20.6 

79.4 

89 

- 

 

27.8 

60.0 

 

 

95 

5 

80.8 

15.2 

a – values represent the conversion of each compound set in the simulation program to obtain the products 

concentrations given by the authors. 

7.6.2.1.5 Downstream process 

The stream containing BA was introduced into mixer-settler extraction, where BA was extracted 

from water by 1-octanol. That organic solvent was used due to the high difference of partition co-

efficient between BA and acetic acid, 6.17 and 0.68, respectively. Moreover, the solubility of 1-

octanol in water and vice versa was 0.01 g/L (Baroi et al., 2017). Extracted BA was transferred to 

a distillation column containing 45 theoretical stages. The 1-octanol was recuperated and recycled 

for further liquid-liquid extraction. The lost part of organic solvent was supplemented according to 

a concentration sensor. The BA was purified to 99.8 %. 

7.6.2.1.6 Co-generation stage 

Steam and power were generated in the cogeneration stage by burning cellulose and lignin, which 

were introduced as a solid waste stream. The mass balance of the 500 ton/day plant capacity for 

the pure and mixed cultures was illustrated in the Figure 7.1. Generated steam had a temperature 

and pressure of 255 °C and 45 bar, respectively, and was partly used for the heat-exchange system. 

When the final temperature and pressure were 224 °C and 45 bar, respectively, the steam was 

conducted to a straight-flow steam turbine-generator to produce electricity. 

7.6.6.2 BA plant based on mixed-culture fermentation 

The BA plant based on mixed-culture fermentation involved four main stages: i) feedstock 

conditioning; ii) CBP; iii) downstream process; and iv) cogeneration stage.  
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7.6.2.2.1 Feedstock conditioning 

This stage was performed by using the same process described in the Section 3.6.2.1.1. 

7.6.2.2.2 Pretreatment 

Mixed culture performed as a CBP, therefore the pretreatment stage as a separate unit was omitted 

in the simulation.  

7.6.2.2.3 Inoculum preparation 

The BA-producing mixed culture was derived from cattle manure, pig manure compost, corn field 

soil and rotten wood, and prepared according to Ai et al. (2016). The acclimation stage was skipped 

in the simulation.  

7.6.2.2.4 CBP reactor 

The CBP reactor was fed with untreated lignocellulosic feedstock with a total solid content of 10% 

w/v (Pérez-Rangel et al., 2021). The CBP reactor was an anaerobic digester made of concrete and 

operated at 37 °C with mechanical agitation with a hydraulic retention time of 168 h (Ayala-

Campos et al., 2022). The mixed culture carried out the hemicellulose solubilization (60 % of 

conversion; Ayala-Campos et al., 2022) and the sugar fermentation to produce BA and acetic acid 

at the concentrations of 15.6 and 3.3 g/L, respectively (Table 7.4; Ai et al., 2016). Other VFAs 

were omitted in the simulation due to their low concentration. Two streams came out from the CBP 

reactor: iii) fermentation gases, mainly CO2 and H2, iv) the slurry fraction composed of 

fermentation broth, as well as a solid part, which was mainly consisted of cellulose, lignin, and 

hemicellulose residues. The stream iv) was centrifuged. The solid phase was sent to the 

cogeneration stage, while the liquid phase was directed to the membrane separation system with 

in-situ removal according to Baroi et al. (2017). Effluent was reacted with aqueous NaOH to 

remove organic acids from the broth, followed by REED with EDBM. The process separated the 

fermentation broth into two streams: vi) recovered BA and acetic acid with the efficiency of 90 and 

91%, respectively, and vii) water with remaining compounds. The stream vi) was sent to the 

purification stage, while vii) being recycled into the CBP reactor. 

7.6.2.2.5 Downstream process 

This stage was performed as described in the Section 3.6.2.1.5. 
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7.6.2.2.6 Co-generation stage 

This stage was performed as described in the Section 3.6.2.1.6. 

7.6.3 Financial investment and assumptions 

The Total Production Cost (TPC) of BA refers to the cost of raw materials, the purchase and the 

maintenance of the equipment needed for its processing, utilities, and the costs of human labor 

necessary to produce 1 kg of the final product. This variable is based on Dynamic Cash Flow 

Analysis (DCFA) which determines a working capital. In other words, the amount of money 

available to start-up a plant and complete its transactions. The DCFA evaluates if the enterprise 

will be able to pay its bills and generate enough cash to continue operating with profit. The DCFA 

uses calculations which based on the Net Present Value (NPV) method. The NPV determinates the 

current value of all future cash flows generated by the plants, including the initial capital 

investment. This methodology of economic evaluation was used by SuperPro Designer v11 and 

was extensively described by Sanchez et al. (2017).  

Each plant configuration was operated for 330 days over a year considering three plant capacities: 

100, 500, and 1000 ton/day. The construction of the plant and plant-life period were fixed at 2.5 

and 15 years, respectively, with an interest rate of 7 % and equity of 70 % with the investor’s back-

payment starting in year 3, these economics parameters have been used typically in previous 

lignocellulosic plant (Sanchez et al., 2013). The interest rate indicates the costs of loans and should 

be carefully selected considering the financial security of the plant. An interest rate between 3 and 

9 % is suggested according to previous studies related with biomass processing to make a plant 

profitable (González-Arias et al., 2022). Considering license for the patented strain application, the 

patents royalties were established as 5 % of the Gross Operating Cost (GOC) for the BA plant to 

employ the engineered strain. The federal taxes were fixed at 40 % of profit (Sanchez et al., 2013). 

The lignocellulosic feedstock price was fixed at US$ 65 per ton according to local agricultural 

selling prices. The reagent costs used for the formulation of the culture medium were considered 

for both BA plants as well (Alibaba.com, 2021a). The utility prices for electricity, low-pressure 

stream, high-pressure steam, and cooling water were US$ 0.1 per 0.1 kW-h, US$ 12 per 1 ton, US$ 

20 per 1 ton, and US$ 0.05 per 1 ton, respectively, and their values were based on the rates of the 

Federal Electricity Commission of Mexico (Comisión Federal de Electricidad, 2020).  
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7.7 Results and discussion 

7.7.1 Economic summary of plant with pure and mixed cultures 

The economic analysis for BA production from lignocellulosic biomass using pure and mixed 

cultures at plant capacities of 100, 500, and 1000 tons/d was investigated. The resulting BA yields 

in the pure and mixed culture plants were 0.06 and 0.15 ton per ton of feedstock, respectively 

(Figure 7.1). In both simulations, the BA purity was 99.8 %. The Total Capital Investment (TCI) 

was 3.5 times lower for the mixed culture plant than for the pure culture one independently of the 

plant capacity (Table 7.5). The Operating Costs in the mixed culture plant decreased by 50, 57, and 

62 % for plant capacities of 100, 500, and 1000 ton/day respectively, compared with the pure 

culture plant.  

Moreover, the savings were two times higher for the pure culture plant compared to the mixed 

culture plant due to the power production in the cogeneration stage. The quantity of solids burned 

in both BA plants was similar (385 ton/d and 335 ton/d for the pure and mixed culture plants, 

respectively), however, the pure culture plant had a higher energy consumption. Consequently, the 

savings were higher.   

 

Figure 7.2. TPC of BA depending on the inoculum type and the plant capacity. 
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Table 7.5. Summary of the economic analysis and energy requirements for butyric acid production depending on inoculum type and plant capacity 

under the proposed plant models. 

 Pure culture Mixed culture  

Plant capacity (ton/day): 100 500 1000 100 500 1000 Unit 

Total Capital Investment 61.6 188.7 340.2 17.8 61.9 98.6 million $ 

Operating Costs 30.4 81.7 145.2 15.4 35.0 55.5 million $/yr 

Credits 1.7 8.7 17.3 0.8 4.0 7.9 million $/yr 

Savings (due to Power Recycled) 1.2 6.5 12 0.4 2.5 5.4 million $/yr 

Net Operating Cost 27.4 66.5 115.9 14.2 28.5 42.2 million $/yr 

Cost Basis Annual Rate 1820 9077 17890 4423 22059 44108 tons MP/yr 

Total Production Cost 16.7 9.0 8.1 3.5 1.6 1.3 $/kg MP 

        

Efficiency (MP / feedstock) 5.4 13.4  

Power (electricity demand) 22,075 81,699 163,149 12,108 39,295 64,523 MW-h/yr 

Net stream (high P) demand 253717 1268582 2537163 1943 9687 19360 tons/yr 

Cooling Water 2176 9988 19118 170320 848754 1696492 tons/yr 

Chilled Water 622502 3030968 5979087 666159 3327902 6654995 tons/yr 

                                        Data for revenue of 2.9 US$ 

Revenues 5.3 26.3 51.8 12.8   million $/yr 

Gross Margin -420 -153 -124 -11 55 67 % 

Return On Investment -27 -12 -10 1 43 61 % 

Payback Time N/A N/A N/A 160.92 2.32 1.64 years 

IRR (After Taxes) N/A N/A N/A N/A 25.27 37.6 % 

NPV (at 7.0% Interest) -202.7 -452.2 -762.8 -27.6 72.9 213 million $/yr 

MP - butyric acid as the main product; IRR - Internal Rate of Return; NPV - Net Present Value; N/A – not applicable. 
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The pure culture plant resulted in Total Production Costs of 15.1, 7.3, and 6.5 US$/kg for the plant 

capacities of 100, 500 and 1000 ton/day, respectively (Figure 7.2). In the case of the mixed culture 

plant, the Total Production Costs were 3.2, 1.3, and 0.9 US$/kg for the plant capacities of 100, 500 

and 1000 ton/day, respectively. Current selling market price of BA varies between 1.8 and 2.9 US$ 

for industrial grade, and 3.2 US$ for food grade (Alibaba.com, 2021b). Considering these market 

prices, the mixed culture plants with capacities of 500 and 1000 ton/day were profitable. On the 

other hand, because of its purity > 99 %, the produced BA could be sold at the highest market price 

of 3.2 US$ per kg. Opposite, the pure culture plants resulted unprofitable. 

 

Figure 7.3. Distribution costs in the butyric acid production. 

7.7.2 Distribution of operating costs  

The distribution of total production costs (TPC) that includes operators, services, patents royalties, 

operating cost utilities, and raw material varied depending on the type of inoculum type and the 

plant capacity (Figure 7.3). The costs of raw materials were 16.8, 30.0, and 36.2 % for the mixed 

culture plant with capacities of 100, 500, and 1000 ton/day, respectively. In contrast, the same 

quantity of feedstock in the pure strain plant contributed to the total costs being two times less 
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expensive, due to an increase in the contribution of utilities. This happened because the 

pretreatment and inoculum preparation stages in the pure culture plant required five-times more 

energy input. For the largest plant capacity of 1000 ton/d, the differences in the operating cost 

parameters between both plants almost disappear. The operating costs in the pure culture plant 

were 1.5, 1.2, and 1.2 times higher for the plant capacities of 100, 500, and 1000 ton/day, 

respectively, compared with the mixed culture plants. These higher costs were due to a more 

expensive equipment, associated maintenance, and the need for more qualified personnel. 

  

Figure 7.4. Effect of selling price of butyric acid on Net Present Value for different plant capacities. . (a) 

mixed culture and (b) pure culture. 
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In the case of the mixed culture plants, the lowest plant capacity of 100 ton/day resulted in debt 

regardless the selling price. For the middle capacity of 500 ton/day, the mixed culture plant was 

profitable for selling prices of 2.9 and 3.2 US$/kg. Whereas for the highest plant capacity of 1000 

ton/day, NPV turned into a more positive result for selling prices ranging from 1.8, 2.9, to 3.2 

US$/kg with values of 40, 213, and 260 million US$, respectively. Furthermore, the NPV increased 

by 81 % when the plant capacity increased from 100 to 500 ton/day, and by 18 % when the plant 

capacity increased from 500 to 1000 ton/day. In contrast, for the pure culture plant, the NPV 

presented a negative result for all the plant capacities and selling prices. In addition, its value 

became more unfavorable as the plant capacity increased. This phenomenon occurred because of 

the higher plant capacities which involved increments in the equipment costs that were much higher 

than the revenues. 

7.7.3 Analysis of Total Production Cost using the Net Present Value (NPV) 

The Net Present Value (NPV) was used to evaluate the profitability of both BA plants. NPV 

describes annual cash flow considering initial investment based on an interest rate and repayment 

period. A plant design is considered profitable when NPV > 0. On the contrary, when its value is 

< 0, the plant is not cost-effective. The NPV for both type of BA plants varied depending on the 

BA revenue (Error! Reference source not found.). 

7.8 Discussion 

In comparison with the mixed culture plant, the pure culture plant was unprofitable despite of 

obtaining a higher BA concentration in the fermentation stage. Higher TPCs resulted from the 

pretreatment and inoculum preparation stages that required more expensive equipment and higher 

energy inputs. These two stages demanded higher capital investments, for example, the pure culture 

plant of 1000 ton/day was 3.5 more expensive than the mixed culture plant. In contrast, the mixed 

culture plant resulted to be cost-effective, being able to compete with actual market prices of oil-

derived BA. The TPCs of BA for the mixed culture plant were more than six times lower as 

compared with the pure culture plant. These results were possible because the CBP omitted the 

energy-demanding, expensive pretreatment stage, the pH neutralization stage that requires high 

amounts of bases, the inoculum preparation that requires very costly reagents, as well as the 

maintenance of sterile conditions. Moreover, the CBP reactor could be 7.5 times larger than the 

CSTR used for the pure culture fermentation. Additionally, it is worth noting that the CBP reactor 
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was made of concrete, which had a price 8 times lower than that of the stainless steel required that 

it required for the pure culture fermentation. 

Baroi et al. (2017) carried out a techno-economic evaluation of BA production from wheat straw 

by a pure culture and a plant capacity of 30 ton/day. The Total Production Cost of BA was 2.75 

$US/kg and 3.31 $US/kg for purities of 89 and 99 %, respectively. Baroi et al. (2017) reduced unit 

production cost by 16 % due to electricity and steam generation. Meanwhile in this study, 

cogeneration stage and heat exchange system, achieved to reduce unit production cost up to 60 %. 

Moreover, the lignocellulosic biomass cost per ton was 5-fold more expensive as compared to feed 

stock in the simulation performed by Baroi et al. (2017), what should be considerate as a significant 

impact on TPC. Likewise, Sanchez et al. (2013) performed simulation of ethanol production from 

lignocellulosic waste at different plant capacities and types of feedstocks. In that study, the 

enzymatic hydrolysis stage was the most expensive. The separation stage was much cheaper 

compared to the BA purification, because of the lower boiling point of ethanol than BA. That 

involves lower energy input in the purification step. Also, the authors indicated that the type of 

feedstock significantly impact TPC, because lignocellulosic biomass composition may increase 

TPC by up to 20%. According to Sanchez et al. (2013), the plant capacity of 300 and 600 ton/day 

were found as the most suitable plant size, owing to final unit production costs and a raw material 

demand. Similarly, Molina-Guerrero et al. (2021) carried out the economic analysis of butanol 

production from apple pomace by a mixed culture at different plant capacities. The results showed 

that CBP causes slowly TPC change for different plant configuration (between 140 to 153 

Million$US) compared to standard fermentation by pure strain in CSTR (range from 193 to 1200 

Million$US) for processing capacities of 2000 ton/day. That small costs differences were attributed 

to the less inversion to the reactor technology. Moreover, the CBP reduced the TPCs and operating 

costs since the hydrolysis and fermentation stages occurred simultaneously. 

Nevertheless, the published literature on which this paper was based on provided fermentation 

results at the laboratory scale only. It is mandatory to investigate and collect data about the 

performance and stability of mixed cultures in larger CBP reactors. In addition, the BA plants 

described in this study did not consider the influence of the plant location and biomass supply on 

the TPCs. Providing biomass to the BA plant is certainly significant that since high amounts of 

lignocellulosic biomass are required for daily processing (between 500 and 1000 ton/day), the 
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pathway to build a biorefinery could be long and requires a significant amount of complementary 

simulation and experimental research.   

7.9 Conclusions 

The impact of inoculum type on the profitability of BA production from lignocellulose was 

evaluated at three plant capacities (100, 500 and 1000 ton/day). Results showed that only the mixed 

culture plant was profitable at plant capacities higher than 500 ton/day and a BA spelling price not 

lower than $US 2/kg. Despite of having a better performance in fermentation, the pure culture plant 

was unprofitable due to expensive construction materials, the fact that high number of reactors 

were required in the fermentation stage and high operating costs and energy consumption in the 

pretreatment and sugar concentration stages. Increasing the plant capacity had a positive effect on 

revenues and profits only for the mixed culture plant. 

In the present study, the simulation of the mixed culture plant considered a high BA selectivity of 

80%. However, past studies indicate that the BA selectivity in mixed cultures is easily affected by 

the operating conditions, for instance, pH and the total solid content. Therefore, future simulation 

studies could conduct a sensitivity analysis to estimate how BA selectivity affects the TPC. For the 

pure culture plant, future simulation studies should focus on reducing the energy requirements, 

mainly in the pretreatment stage. In this study, the pretreatment was carried out at 121 ℃ for 30 

min. Hence, it would be interesting to simulate how pretreatments that work at lower temperatures 

(but with comparable efficiency) affect the plant profitability. An engrossing scenario for the pure 

culture plant and reducing its energy requirements would be to omit the stage of sugar 

concentration and determine its effect on the TPC. Another direction for future simulation studies 

is how to replace expensive culture media that contain salts like potassium phosphate or nitrogen 

sources like yeast extract, with inexpensive compounds, for instance, agro-industrial residues. The 

use of co-substrates could reduce the TPC.
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8. Chapter VIII: Optimalization model for strategic location of the 

biorefinery for biobutanol production from lignocellulosic biomass 

in Mexico 

Reference to submitted work:  

Dudek, K., Rahmani, K., Aghamohamadi, S., Valdez-Vazquez, I., Sowlati, T. (2023). 

Optimalization  model for strategic location of lignocellulosic biorefinery for biobutanol 

production in Mexico. Computers and Chemical Engineering. 

8.1 Abstract 

Biobutanol is one of the most desirable biofuels because of its high energy density, ability to be 

blended with gasoline up to 16% by volume, and can be produced from lignocellulosic biomass 

during acetone-ethanol-butanol (ABE) fermentation. The obtained biobutanol concentration at a 

level of 23 g/L on the laboratory scale has sparked interest in the techno-economic evaluation of 

the process on an industrial scale to determine its cost-effectiveness. This study aimed to carry out 

a techno-economic assessment and develop a mathematical model to find the optimal strategic 

location of biorefinery plants for the production of biobutanol from agave bagasse, corn stover, 

sugarcane bagasse, and wheat straw in Mexico, taking into account the supply chain and demand 

for biobutanol by PEMEX. 

The simulated innovative biorefinery scheme for biobutanol production from lignocellulosic 

biomass resulted in positive net present value (NPV) for all studied crops and plant capacities. The 

techno-economic assessment of the biorefineries gave the highest total production cost (TPC) of 

1.93 $US/kg for wheat straw and plant capacity of 500 tonne/d due to the highest biomass purchase 

cost (US$ 60) compared to the other biomass (US$ 40-50). The lowest TPC ($US 1.50) was 

obtained for corn stover and sugarcane bagasse at a plant capacity of 2400 tonne/d. The 

mathematical optimization model developed suggested setting up biorefineries at a plant capacity 

of 2400 tonne/d in 13 locations out of 34 considered to meet PEMEX's total butanol demand 

(118,793 tonne/year). The required initial investments to cover the establishment costs were $US 

5,636,663,000, resulting in a positive NPV of $US 3,350,387,969.  

Keywords: economic feasibility; goal programming; lignocellulosic biomass; optimalization; 

supply chain;
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8.2 Introduction 

Carbon dioxide is the most important greenhouse gas (GHG) affecting long-term climate change 

due to its properties of absorbing the sun's rays and radiating heat (Manabe, 2019). According to 

the IEA (2022), nearly 89% of total CO2 released to the atmosphere in 2021 came from fossil fuels 

combustion and industrial process. Based on the IPCC WG1 AR6 assessment (Climate Change 

2021: The Physical Science Basis, 2021), the global warming increased around 1.2 °C by 2020 

compared to the Earth's temperature in the 1850-1900 period (Meinshausen et al., 2022). In 

addition, increasing dioxide carbon concentration decreases the pH of the earth's waters impacting 

stratification and currents, affecting sea ice, ice shelves, marine ecosystems, as well as plays a role 

in sea level changes (Garcia-Soto et al., 2021). From 1770 to 2000, the pH of the oceans dropped 

from 8.2 to 8.1 (Jiang et al., 2019) and scientific forecasts predict the pH of the oceans at 7.7 by 

2100 if carbon dioxide is released at current levels (Findlay & Turley, 2021). Therefore, it is 

necessary to take measures to reduce CO2 emissions. As of October 2022, around 140 countries 

have committed to achieving carbon neutrality by 2050 (Zerotracker, 2022).  Therefore, scientists 

and private institutes make efforts to solve the climate crisis in many ways. Amid sustainable 

transition, bioenergy production has drawn much attention as it plays a key role in climate change 

mitigation and environment protection (Seo et al., 2022). Lignocellulosic biomass is one of the 

most promising sources for biofuels production, thereby fossil fuel replacement, due to its 

consistency, high availability, and low costs (Clauser et al., 2021). Its annual global production is 

estimated at 181.5 billion tonnenes (Ashokkumar et al., 2022). Currently, only 0.045% of this 

amount is used mainly for composting, and recently it has been gaining popularity as a feedstock 

for bioenergy production (Singh et al., 2022). Butanol is one of the biofuels of high interest because 

of its favorable thermodynamic properties compared to ethanol (Iliev, 2021), such as higher energy 

density (19.5 vs 29.2 MJ/L)(Xue & Cheng, 2019), lower Reid vapor pressure (16 vs 5 kPa) 

(Andersen et al., 2010), which means lower volatility and evaporative emissions. Butanol can be 

mixed with gasoline up to 16% by volume (Green, 2011; Lapuerta et al., 2018). In addition, its 

blends reduce particulate emissions by up to 58% when blended with diesel-butanol in a 10:1 ratio 

(Tipanluisa et al., 2022). According to a research study published by Fernández (2022) the global 

market for butanol is estimated to increase from 5.4 million tonnes in 2022 to about 6.7 million 

tonnes by 2029.  



 

 13 

Butanol is produced commercially from fossil fuels (Kolesinska et al., 2019). Given the 

environmental impact of petroleum products, the production of biobutanol (due to its biological 

origin) from lignocellulosic biomass by acetate-ethanol-butanol (ABE) fermentation, has become 

an attractive alternative (Mondal et al., 2022; Rezaei et al., 2021; Sanchez et al., 2017; Tri & 

Kamei, 2020). Advances in converting cellulose into biobutanol by divers’ bacteria during ABE 

fermentation (Mahalingam et al., 2022; Veza et al., 2021) or consolidated bioprocessing (CBP) 

(Olguin-Maciel et al., 2020; Zhao et al., 2019) are leading to increasing yields, up to 14.2 g/L of 

cellulosic biobutanol produced from steam-explosion pretreated corn stover by synthetic 

consortium of Clostridium sp. (Valdez-Vazquez et al., 2015). This, in turn, spark interest in techno-

economic evaluation of the process on an industrial scale to determine its profitability.  

Most papers on the economic evaluation of biobutanol plants from lignocellulosic waste uses 

concentrated or diluted acid for feedstock pretreatment . It involves the purchase of more expensive 

reactors because of the acid-resistant materials. Moreover, the ABE fermentation was carried out 

by pure culture or co-fermenting bacteria, what required handling of inoculum growth, reactors 

sterilization and cleaning-in-place, which incurred additional operating costs. So far, there are few 

publications related to biobutanol production from cellulosic part of lignocellulosic biomass during 

CBP by mixed culture, where at least two microorganisms combine cellulolytic and solventogenic 

activities making possible to deploy the cellulose polymer into glucose and convert it into 

biobutanol at the same site (Sanchez et al., 2017; Valdez‐Vazquez & Sanchez, 2018). In such cases, 

the researchers used co-cultures to create synthetic mixed culture composed of Clostridium 

beijerinckii and Clostridium cellulovorans (Valdez-Vazquez et al., 2015; Wen et al., 2014b, 2017) 

or Clostridium beijerinckii and Clostridium thermocellum (Wen et al., 2014a), reaching between 

8.3 and 14.2 g/L of cellulosic biobutanol from lignocellulosic biomass. In contrast to 

aforementioned works, González-Tenorio and Valdez-Vazquez (2023) carried out laboratory 

adaptative evolution and isolated butanol-tolerant mixed culture from native microbiota of corn 

stover capable to produced up to 13.6 g/L of biobutanol. In the present study, corn stover waste 

was first subjected to a biological pretreatment according to Dudek et al. (2021), in which the 

hemicellulose was converted to VFAs and hydrogen, while the cellulose polymer remained 

available. The isolated butanol-tolerant mixed culture by González-Tenorio and Valdez-Vazquez 

(2023), then was used for cellulosic biobutanol production from obtained solids parts reaching its 



 

 14 

concentration at a level of 23 g/L (Dudek et al., 2022). The used culture also produced valeric and 

caproic acids at 11.02 and 7.07 g/L, respectively. 

Usually, the techno-economic reports of lignocellulosic butanol production are incomplete, which 

does not allow a project to be implemented. These reports did not contain information on where to 

open a plant due to the availability of feedstock, whether the cost of supply chain does not unduly 

increase the price, making the plant unprofitable. It is also rare to present the market for the 

produced bioproduct. 

The literature includes 95 published papers between 2009 and 2021 on strategic decision-making 

regarding biorefinery location. The papers studied the choice of biomass type and cultivation area, 

selection of location, capacity, technology, and number of facilities. Most of the works only 

assesses the strategic location of the facility and capacity (Chávez et al., 2018; Galanopoulos et al., 

2020; Ganev et al., 2021; Jonker et al., 2016; Park et al., 2019), some of them additionally 

considers a technology selection (Gilani & Sahebi, 2021; Heidari et al., 2019; Kang et al., 2020; 

Murele et al., 2020) or biomass type (Fattahi et al., 2021; Fattahi & Govindan, 2018; Gao et al., 

2019; Saghaei et al., 2020). Barely a few papers consider the biomass cultivation area. 

Furthermore, in most cases they are presented as lands rather than specific biomass collection 

points, which does not allow the calculation of the exact distance from the biomass supplier to the 

facility. In our work the real biomass supplier’s geographical location has been taken into account. 

In addition, the paper presents the availability of biomass in Mexico taking into account the 

standard deviation of the biomass variation over 17 the years for corn stover, wheat straw and agave 

bagasse and a 10-year period for sugarcane bagasse. 

A GIS is a valuable analytical tool for collecting and storing data related to positions on Earth´s 

surface. The system helps manage, analyze, and display geographical data making better 

understand of spatial patterns and relationships. It can be integrated with mathematical modeling 

for process optimalization and decision making (Chang, 2017). Only 6 out of 95 articles applied 

GIS to identify and assess candidate sites for the facility location of the entities in the biomass 

supply chain . None of the publications included all four selection criteria in the optimization 

model: type of biomass, biomass suppliers’ location, facility location and capacity. Moreover, 

according to our best knowledge this paper as a first one performed strategic decision-making for 
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location of biorefinery producing biobutanol from lignocellulosic biomass without using hazardous 

chemicals or physico-chemical pretreatment.  

The aim of this study was to develop a mathematical optimalization model in terms of NPV for 

strategic location of innovative biorefinery plants producing lignocellulosic biobutanol for study 

case in Mexico. The mathematical model involves (i) techno-economic assessment of biorefinery 

processing one of the four biomass types at different capacities; (ii) the biomass supply and 

biobutanol distribution chain costs, taking into account the exact distance between the real location 

of biomass suppliers and biobutanol customers, as well as the suggested location of biorefinery 

plants based on GIS; (iii) strategic location decision-making within a limited budget. 

8.3 Materials and methods 

8.3.1 Case study 

Mexico's Ministry of Energy (SENER), due to its international commitments to climate change 

and greenhouse gas emission reductions, issued the Energy Transition Law on December 24, 2015, 

with the goal of increasing the share of clean energy in electricity generation (DOF, 2015).  

Since then, efforts have been made to promote science, technology, and engineering toward the 

reindustrialization of the country, where energy production comes from renewable resources such 

as lignocellulosic biomass. 

Hernández et al. (2019) carried out an assessment of the availability of lignocellulosic biomass 

waste in Mexico for four crops: corn stover, sugarcane and wheat straw which account for 83% of 

the total agricultural crops produced in the country, and for agave due to its growing global market 

(Market Data Forecast, 2022). The purpose of the study was to evaluate the possible locations of 

biomass suppliers considering a type of lignocellulosic source and its annual availability to produce 

bioethanol. In addition, using the gravity center method, the possible locations of biorefinery plants 

were evaluated along with possible suppliers within a 50 km radius. Nevertheless, the study does 

not provide information on which potential biorefinery location could be advantageous, 

considering all industrial stages, such as: biomass availability and supply chain of a feedstock, raw 

material processing, and the final product sale to the market. 
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Based on the procedure described by (Valdez-Vazquez et al., 2010), a nationwide inventory of 

lignocellulosic biomass waste was performed using data published by the Mexican Government 

Department SIAP (abbreviation from Spanish: Servicio de Información Agroalimentaria y 

Pesquera) from 2003 to 2020 for corn stover, wheat straw and agave bagasse, and from 2010 to 

2021 for sugarcane bagasse (SIAP, 2021). Microsoft Excel v16.65 was used to compile the data. 

The previous study (Dudek et al., 2022) reported the laboratory adaptive evolution of a 

fermentative microbial that was able of producing up to 23 g/L of biobutanol directly from corn 

stover cellulose. According to an techno-economic evaluation of biofuel production, this 

concentration of biobutanol obtained on the laboratory scale would be high enough to make the 

plant profitable (Sanchez et al., 2017). 

The above-mentioned factors prompted an industrial-scale economic evaluation of the 

lignocellulosic biomass conversion to biobutanol, to assess the viability of its technology for the 

four types of biomasses (agave bagasse, corn stover, sugarcane bagasse and wheat straw) at 

different plant capacities.  

The potential biorefinery locations published by Hernández et al. (2019) were adjusted using GIS 

on an intuitive manner considering the location along a major road, distance to potential biomass 

suppliers, distance to cities or significant villages, access to water, energy, industrial waste 

collectors, transportation infrastructure, and location of industrial parks (IGISMAP, 2021; Instituto 

Mexicano del Transporte, 2021; OpenStreetMap, 2022). The location of potential biobutanol 

customers – PEMEX Logistic's Storage and Distribution Centers (PEMEX, 2022) 

were not considered in a location proposal of the biobutanol plants. All data were processed and 

visualized using QGIS v3.26.3-Buenos Aires. Subsequently, the distance from biomass providers 

to potential plants location and from potential plants location to customers were calculated using 

Python programming language with the Google Cloud API service, compiled in Jupiter Notebook 

6.4.12. 

8.3.2 Biomass availability in Mexico 

The biomass resources database for biomass suppliers described by Hernández et al. (2019) has 

been updated and reported as the average biomass availability from 2003 to 2020 for agave bagasse, 
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corn stover and wheat straw and from 2013 to 2021 for sugarcane bagasse (Supplementary 

material: Table A.2). 

8.3.3 Geographic information system 

The map of Mexico showed 33 possible biorefinery locations for 10 agave bagasse, 43 corn stover, 

30 sugarcane bagasse and 14 wheat straw providers. Modification of biobutanol biorefinery plants 

locations suggested by (Hernández et al., 2019) were depicted in the Supplementary material: 

Table A.3. The 65 warehousing and distribution centers of PEMEX have been distributed across 

the country (Figure 8.1). Based on the GIS method, as well as the road transportation network the 

shortest path was calculated using Google Cloud API for each pair biomass provider-biorefinery 

location and biorefinery location-PEMEX terminal. The calculated distance was used in Mixed 

Integer Linear Programming (MILP).  

 

Figure 8.1. Distribution of possible biorefinery location, biomass supplier and PEMEX warehousing and 

distribution centers in Mexico using GIS. 
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Figure 8.2. Configuration of a biorefinery plant for biobutanol production from lignocellulosic biomass. 

8.3.4 Techno-economic assessment of biorefinery 

The design of a biorefinery plant for biobutanol production from lignocellulosic biomass was 

modeled for techno-economic evaluation using the SuperPro Designer v11.2 (SPD) software 

(Intelligen, Inc., Scotch Plains, NJ, USA) according to the configuration depicted in the Figure 8.2. 

8.3.6.1 Feedstock 

The simulation of the proposed biorefinery scheme was carried out for the four different 

lignocellulosic biomasses differing in composition (Table 8.1). On the laboratory scale during 

fermentation of different raw lignocellulosic biomasses, 65% of hemicellulose was converted to 

acetic and butyric acids (Ayala-Campos et al., 2022; Dudek et al., 2021), and 50% of cellulose to 

butanol yielding a concentration of 22.3 g/L (Dudek et al., 2022). These conversions levels of 

polymers were applied for all types of studied lignocellulosic biomasses to simplify the analysis. 

Table 8.1. Lignocellulosic biomass composition (%) in dry basis. 

Lignocellulosic 

biomass 
Hemicellulose Cellulose Lignin Ash References 

Agave 22  45 8 25 Dudek et al., (2021) 

Corn stover 26 36 21 17 

Ayala-Campos et al., 

(2022) 
Sugarcane bagasse 27 44 18 11 

Wheat straw 28 38 22 12 
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8.3.6.2 Plant capacity 

Based on the current annual biomass availability from suppliers, it was assumed that the established 

plant at a potential plant location can process only one type of biomass and the assigned suppliers 

should not be located further than 50 km away. In this way 16 possible plant capacities were 

obtained. It was decided to choose the highest (2400 t/day) and the lowest (500 t/day) possible 

plant capacity and a medium size (1500 t/day) that would approximate the size of the most 

frequently repeated capacities. Therefore, simulations were performed considering three plant 

capacities (500, 1500 and 2400 tonnes/day).   

8.3.6.3 Plant configuration description 

Proposed biorefinery plant design consists of six principal stages: i) size reduction; ii) acidogenesis; 

iii) methanogenesis; iv) solventogenesis; v) downstream process; and vi) cogeneration stage (Figure 

8.2). The mass balance is shown in the Table 8.4. 

i) Size reduction. The lignocellulosic biomass enters a grinding system to reduce the 

particle size to 4 mm. The biomass grinding energy demand is based on the literature 

(Anukam et al., 2016; González-Arias et al., 2022; Mani et al., 2004). 

ii) Acidogenesis. The shredded lignocellulosic biomass was introduced into a digestion 

reactor at a solid/liquid ratio 1:10, which was operated at 37C and working volume of 

90% with retention time of 12h. The 65% of the hemicellulose fraction was converted 

into xylose, which was subsequently transformed to acetic acid and butyric acids at 

concentrations of 8.5 g/L and 3.7 g/L, respectively, by native microbiota of processed 

biomass (Ayala-Campos et al., 2022; Dudek et al., 2021). The slurry was conducted to 

centrifugation stage. The obtained supernatant was used for methanogenesis reactor 

while solid part was conducted to solventogenesis stage. 

iii) Methanogenesis. Volatile fatty acids (VFAs) obtained in the previous step were 

converted to methane with an efficiency of 95% for acetic acid and 90% for butyric 

acid. The reactor was operated at temperature of 37C, working volume of 75% and the 

liquid retention time of 10h according to previously described operation conditions by 

Valdez‐Vazquez and Sanchez (2018). The produced gas has been diverted to the 

cogeneration stage. 
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iv) Solventogenesis. Before introducing the solid portion from acidogenesis into the 

reactor, water was added to obtain a stream with a TS (total solid) content of 10%. The 

reactor was operated with 90% of volume, temperature of 37℃, and retention time of 

120h. Cellulose was converted to glucose at 50%, which was then used to produce 

butanol by a butanol-tolerant mixed culture, yielding a concentration of 22.3 g/L 

(Dudek et al., 2022). In addition, a further 45% of the cellulose fibers were converted 

to hexanoic and pentanoic acids with concentrations of 11 and 7 g/L, respectively. 

However, only the production of biobutanol was considered as the main product in this 

study. The slurry coming out of the reactor went through vacuum filtration. The liquid 

phase, rich in butanol, was transferred to a further purification stage, while the solids 

were transported to the cogeneration stage for electricity and steam production. 

v) Downstream process. The biorefinery plant only simulated butanol separation using 

mesitylene, according to the processes previously reported by (Sanchez et al., 2017; 

Valdez‐Vazquez & Sanchez, 2018). 

vi) Cogeneration stage. Steam and electricity were generated in the cogeneration stage by 

burning residual hemicellulose, cellulose, and lignin, which were not converted into any 

bioproduct. The resulting steam with a temperature of 255 °C and a pressure of 45 bar 

was used in the heat exchange system. The steam with a temperature and pressure of 

224 °C and 45 bar was used to generate electricity in a steam turbine.  

8.3.6.4 Financial investment model 

Construction schedule and unit costs of utilities of the proposed biorefinery scheme for the four 

types of biomasses and the three different capacities were depicted in the Error! Reference source 

not found.  

Table 8.2. Biorefinery scheme construction assumptions. 

 Values Ref. 

Scheduled operation (d/yr) 330  - 

Maintenance and training (d/yr) 35 - 

Construction time (yr) 3 - 

Life-plant (yr) 20 - 

Interest rate (%) 10 González-Arias et al., 2022 
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Federal taxes (%) 35 Prodecon, 2015 

Biomass purchase (US$/tonne) 

wheat straw: 

sugarcane bagasse: corn 

stover: 

agave bagasse: 

60 

60 

50 

40 

local agricultures and tequila 

industry contacts 

Utilities (US$/unit) 

electricity (kW-h) 

LP stream (tonne) 

HP stream (tonne) 

cooling water (tonne) 

0.1 

12 

20 

0.05 

Comisión Federal de 

Electricidad, 2022 

Reagents Prices mesitylene Alibaba.com, 2022 



 

 

Equipment Name Units Material Unit capacity 

Utilities 
Equipment cost 

(kUS$/Unit) Power 

[kW/Unit] 
Steam HP (242C) 

[MT/h] 

Steam  

(152C) [MT/h] 

Cooling water 

(25C) [MT/h] 

Chilled water 

(5C) [MT/h] 

Size reduction 

Shredding SR-101 2 CS 50 MT/h 350 - - - - 282 

Vibrating Screen VSCR-101 2 CS 50 MT/h 15 - - - - 18 

Grinding GR-101 1 CS 98.5 MT/h 631.6 - - -  484 

Vibrating Screen VSCR-102 1 CS 98.5 MT/h 29.6 - - - - 26 

Pneumatic Conveying PC-101 1 CS 14.8 MT/h 6.8 - - - - 59 

Screw Conveyor SC-103 4 CS 26.2 m3/h 1.8 - - - - 28 

Acidogenesis 

Screw Conveyor SC-101 4 CS 26.2 m3/h 1.8 - - - - 28 

Heat Exchanger HX-109 1 CS 20 m2 - - - - - 20 

Anaerobic digestor AD-101 1 Concrete 10095 m3 541 - 42 - - 6,161 

Rotary Vacuum Filter RVF-104 1 CS 340 m2 749.6 - - - - 536 

Methanogenesis 

Anaerobic Digestor AD-102 1 Concrete 8885.1 m3 399.8 - - 277.4 - 5,605 

Gas Compression G-101 1 CS 7661.3 m3/h 659.5 - - 101.1 - 804 

Rotary Vacuum Filter RVF-101 1 CS 336.3 m2 739.8 - - - - 532 

Solventogenesis 

Screw Conveyor SC-102 1 CS 122 m3/h 7.7 - - - - 176 

Heat Exchanger HX-108 1 CS 82.7 m2 - - - - - 159 

Heat Exchanger HX-103 1 CS 14 m2 - - 4.2 - - 19 

Anaerobic Digestor AD-103 5 Concrete 13690.3 m3 664.9  - 10544 - 7,442 

Rotary Vacuum Filter RVF-101 1 CS 300.3 m2 660.6 - - - - 497 

Screw Conveyor SC-102 2 CS 33.8 m3/h 3.3 - - - - 50 

Downstream Process 

Centrifugal pump PM-102 1 SS316 587.1 m3/h 23.3 - - - - 73 

Heat Exchanger HX-106 16 CS 197.1 m2 - - - - - 104 

Heat Exchanger HX-101 1 CS 65.8 m2 - - - - - 51 

Heat Exchanger HX-107 1 CS 4.6 m2 - - 0.8 - - 9 

Heat Exchanger HX-102 1 CS 238.1 m2 - - - - - 117 

Differential Extraction  DX-101 1 SS304 1548.3 m3 - - - - - 1,035 

Heat Exchanger HX-111 1 CS 9.5 m2 - - - - - 14 

Heat Exchanger HX-105 1 CS 103.4 m2 - - - - 821.7 68 

Decanter Tank V-101 1 CS 483.9 m3 - - - - - 511 

Heat Exchanger HX-110 1 CS 118.2 m2 - - - - - 74 

Distillation C-101 1 CS 23 m3 - 20720.9 - 1688.8 - 87 

Distillation C-102 1 CS 0.5 m3 - - 1.8 - - 20 
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Heat Exchanger HX-112 1 CS 16.7 m2 - - - - - 21 

Cogeneration 

Heat Exchanger HX-104 1 CS 178.9 m2 - - - - - 97 

Steam Generator  SG-101 1 CS 152.6 MT/h - - - - - 1,373 

Steam Expansion T-101 1 CS 24729.3 kW - - - 1644.5 - 3,979 

Steam Expansion T-102 1 CS 3997.5 kW - - - - - 996 

Steam Expansion T-103 1 CS 4492.3 kW - - - - - 1,089 
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The Total Plant Cost (TPC) included direct costs composed of equipment purchase cost, 

installation, process piping, instrumentation, insulation, electrical, buildings, yard improvement 

and auxiliary facilities, as well as indirect cost consisting of engineering and construction. Relevant 

process features (equipment and utilities) for a plant capacity of 500 t/day were depicted in the 

Table 8.3.  

Table 8.4. Mass balance for the corn stover plant at capacity of 500 tonne/day. 

 

 

The Direct Fixed Capital Cost representing the TPC was expanded by contractor’s fee and 

contingency. The used utilities were standard power, steam, high pressure steam, cooling water 

and chilled water. The annual operating cost consists of raw material cost, labor dependent, facility 

dependent and utilities. The facility dependent costs were calculated on base of 6% of equipment 

value, as well as insurance, local taxes factory expenses that correspond to 1, 2 and 5% of direct 

fixed capital cost, respectively. Transportation costs were calculated basing on diesel combustion 

per kilometer by trailers of 20t for biomass and 36000L truck-volume for biobutanol transportation 

obtained from the transportation report published by Mexican Institute of Transportation (Osorno 

et al., 2022). Considering the biomass density (Kestur G. et al., 2013; Oliveira et al., 2016; Saad, 

2012; Y. Zhang et al., 2012) the transportation cost was 0.077, 0.137, 0.171, 0.342 US$ per tonne 

per km for agave bagasse, wheat straw, sugarcane bagasse and corn wastes, respectively.  

 S-120 S-144 S-109 S-121 S-114 S-110 S-179 S-142 S-141 S-107 P-53 

Ash 79.05 0.79 - 0.79 - - 0.79 - 0.79 - - 

Cellulose 167.40 165.73 - 165.73 - - 165.73 - 8.29 - - 

Lignin 97.65 97.65 - 97.65 - - 97.65 - 97.65 - - 

Hemicellulose 120.90 119.69 - 53.86 - - 53.86 - 53.86 - - 

Water 35.00 2895.18 2721.99 158.64 2721.99 0.25 2913.39 2810.40 105.06 99.03 0.03 

Acetic Acid - 1.31 26.97 1.55 1.31 - 1.55 1.50 0.05 - - 

Butyric Acid - 0.82 11.70 0.67 0.82 - 0.67 0.65 0.02 - - 

Xylose - 131.05 132.19 7.59 132.19 - 7.59 7.32 0.27 - - 

Biomass - - - - - 0.39 1.34  1.39 - - 

Butanol - - - - - - - 68.05 2.49 0.03 66.05 

Glucose - - - - - - - 3.33 0.12 - - 

Mesitylene - - - - - - - - - - 0.29 
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8.3.5 Mathematical modeling 

8.3.6.1 Problem description 

The mathematical model developed in the study addresses a strategic location of biorefinery plant 

which produces biobutanol from agricultural biomass in Mexico based on a feedstock-chain supply 

and biofuel distribution to the customer. The schematic design of the biorefinery supply chain is 

depicted in the Figure 8.3. 

 

Figure 8.3. Schematic design of biorefinery supply chain. 

The supply chain consists of a set of biomass supply sources, potential locations for biobutanol 

plant and market for the biofuel. The mathematical model is programed to take a biomass from 

biomass supply sources and deliver it to a potential plant location. The biomass, processed into 

biobutanol, is then distributed to consumers. The lifetime of each established plant at each capacity 

is set for 15 years and is divided into equal billing sub-periods of 1 year. 

8.3.6.2 Model description 

The model proposed in this study is a multi-period mixed-integer linear programming model. The 

sets, parameters, and variables used in the model are described in the Table 8.5.  

Table 8.5. Sets, parameters, and variables in the mathematical model. 

Elements Description 

Sets 

𝑠 ∈ 𝑆  Set of biomass supply sources. 

𝑗 ∈ 𝐽  Set of potential locations for biorefinery plants. 
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𝑟 ∈ 𝑅  Set of markets (PEMEX Logistic) for biofuel. 

𝑚 ∈ 𝑀 Set of biomass types. 

𝑏 ∈ 𝐵 Set of material type produced at biorefinery. 

𝑡 ∈ 𝑇  Set of time periods. 

𝑐 ∈ 𝐶  Set of biorefinery plant capacity. 

Parameters 

𝛽𝑚𝑠𝑡 Available biomass m at supply source s in period t (MT). 

𝛾𝑏𝑚 
Quantity of biofuel b (biobutanol) that can be produced from processing a unit of 

biomass m (MT). 

𝐷𝑏𝑟𝑡  Minimum demand for biofuel b (biobutanol) at market r in period t (MT). 

𝐷𝑏𝑟𝑡
′  Maximum demand for biofuel b (biobutanol) at market r in period t (MT). 

𝜂𝑠𝑗 Distance from biomass supply source s to bio-refinery’s potential location j (km). 

𝜂𝑗𝑟
′  Distance from bio-refinery’s potential location j to market r (km). 

𝜇 Interest rate. 

𝜋𝑐𝑚 Establishment cost of bio-refinery with capacity of c to process biomass m. 

𝜆𝑚𝑡 Cost of purchasing a unit of biomass m per period t ($/MT of product). 

𝛼𝑚 Cost of transporting a unit (MT) of biomass m per km.  

𝛼𝑏
′  Cost of transporting a unit (MT) of biofuel b (biobutanol) per km. 

𝜏𝑚𝑐𝑗 
Variable cost of processing a unit of biomass m at the bio-refinery plant j with capacity 

c ($/MT). 

𝜃𝑚𝑐 Fixed cost of processing biomass m at a bio-refinery plant with capacity c ($/year). 

ρ
𝑏𝑟𝑡

 Price of biofuel b at market r in period t ($/MT). 

𝜑 A large number. 

Q𝑐 Biomass processing capacity of a plant with capacity of c.  

Decision variables    
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𝑦𝑚𝑐𝑠𝑗𝑡 
The quantity of biomass m procured from the biomass supply source s to bio-refinery’s 

potential location j with capacity c in period t (MT). 

𝑤𝑏𝑗𝑡 
The quantity of biofuel b (biobutanol) produced at bio-refinery’s potential location j in 

period t (MT). 

𝑧𝑏𝑗𝑟𝑡 
The quantity of biofuel b (biobutanol) transported from bio-refinery’s potential location 

j to be sold at market r in period t (MT). 

𝑣𝑚𝑐𝑗𝑡 
Amount of biomass m processed at bio-refinery’s potential location j with capacity c in 

period t (MT). 

𝑥𝑐𝑚𝑗 
1 if bio-refinery plant with capacity c is established to process biomass m at potential 

location j; 0 otherwise. 

 

8.3.6.3 Objective function 

The objective function of this model is to design the biorefinery supply chain in a way that the 

NPV of the whole investment is maximized. The NPV is calculated by subtracting total costs from 

total revenues (Equation 1). 

𝑀𝑎𝑥 𝑁𝑃𝑉 = 𝑀𝑎𝑥 (∑
1

(1 + 𝜇)𝑡
(𝑇𝑅𝑡 − 𝑇𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡𝑡)

𝑡

− 𝐸𝐶) (1) 

The revenue of an established plant in each period is generated from the sale of biobutanol to 

customers (Equation 2).  

𝑇𝑅𝑡  =  ∑ ∑ ∑(ρ
𝑏𝑟𝑡

× 𝑧𝑏𝑗𝑟𝑡)              ∀𝑡 ∈ 𝑇

𝑟𝑗𝑏

 (2) 

Total costs of the project are divided into one-time and periodical costs. Establishment costs (EC) 

only occur at the beginning of the project time horizon and hence is not dependent on time 

(Equation 3). The period costs (PC) come from the cost function and were calculated according to 

Equation 4. The PC consider the cost of purchasing biomass, raw material transportation cost, fixed 

biomass processing cost, variable biomass processing cost, and biobutanol distribution costs.  

𝐸𝐶 = ∑ ∑ ∑(𝜋𝑚𝑐 × 𝑥𝑐𝑚𝑗)

𝑗𝑐𝑚

 (3) 
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𝑃𝐶𝑡  =  ∑ ∑ ∑ ∑(𝜆𝑚𝑡 × 𝑦𝑚𝑐𝑠𝑗𝑡)

𝑗

+ ∑ ∑ ∑ ∑(𝛼𝑚 × 𝜂𝑠𝑗 × 𝑦𝑚𝑐𝑠𝑗𝑡)

𝑗𝑠𝑐𝑚𝑠𝑐𝑚

+ ∑ ∑ ∑(𝜃𝑚𝑐 × 𝑥𝑚𝑐𝑗) + ∑ ∑ ∑(𝜏𝑚𝑐𝑗 × 𝑣𝑚𝑐𝑗𝑡)

𝑗𝑐𝑚𝑗𝑐𝑚

+ ∑ ∑ ∑(𝛼𝑏
′ × 𝑧𝑏𝑗𝑟𝑡 × 𝜂𝑗𝑟

′ )

𝑟𝑗𝑏

                                                    ∀𝑡 ∈ 𝑇 

(4) 

8.3.6.4 Model constraints 

The constraints form the model’s feasible region. The mathematical model is required to satisfy 

the constraints imposed to find a realistically optimal location for the biorefinery. For the strategic 

location model 9 constraints were established (Equations 5 to 13). The constraint 1 (Equation 5) 

limits the number of established biorefinery plants with specific capacity and type of biomass that 

can be processes at each potential location to at most one. The constraint 2 (Equation 6) restrict 

that the procured biomass from each biomass supply source to potential plant locations cannot 

exceed the available biomass at that source. The constraint 3 (Equation 7) calculates the amount of 

biomass of each type that will be process at each plant location and make it equal to all biomass 

that is sent from one or several sources of biomass supply to a potential plant location. The 

constraint 4 (Equation 8) makes limitation that biomass can be only processed at potential plant 

location if a plant is established. Additionally, it limits the amount of the processed biomass at each 

plant to the maximum processing capacity of the established plant at that location. The constraint 

5 (Equation 9) ensure that the amount of biobutanol produced at an established plant is equal to the 

amount that should be produced according to the efficiency assumption of converting one unit of 

each type of biomass into biobutanol. The constraint 6 (Equation 10) forces the amount of 

biobutanol sold to different customers from each established plant location to be equal to the 

biobutanol produced at each plant. The constraint 7 (Equation 11) determines the extent of demand 

at each customer. According to this constraint, biobutanol that is sent from all established plant to 

each costumer satisfy the minimum demand of the whole market. The last constraints 8 and 9 

(Equations 12 and 13) specify the domain of continuous and binary variables. 

∑ ∑ 𝑥𝑚𝑐𝑗

𝑐𝑚

≤ 1                                      ∀𝑗 ∈  𝐽     (5) 
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∑ 𝑦𝑚𝑐𝑠𝑗𝑡

𝑗

≤ 𝛽𝑚𝑠𝑡                                     ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇, 𝑐 ∈ 𝐶 (6) 

∑ 𝑦𝑚𝑐𝑠𝑗𝑡

𝑠

= 𝑣𝑚𝑐𝑗𝑡                                    ∀𝑚 ∈ 𝑀, 𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇, 𝑐 ∈ 𝐶 (7) 

𝑣𝑚𝑐𝑗𝑡 ≤ Q𝑐 𝑥𝑚𝑐𝑗                                        ∀𝑚 ∈ 𝑀, 𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇, 𝑐 ∈ 𝐶 (8) 

𝑤𝑏𝑗𝑡 = ∑ ∑ 𝛾𝑏𝑚𝑣𝑚𝑐𝑗𝑡

𝑐

 

𝑚

                       ∀𝑏 ∈ 𝐵, 𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇 (9) 

∑ 𝑧𝑏𝑗𝑟𝑡

𝑟

= 𝑤𝑏𝑗𝑡                                         ∀𝑏 ∈ 𝐵, 𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇 (10) 

𝐷𝑏𝑟𝑡 ≤ ∑ 𝑧𝑏𝑗𝑟𝑡

𝑗

≤ 𝐷𝑏𝑟𝑡
′                           ∀𝑏 ∈ 𝐵, 𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 (11) 

𝑦𝑚𝑐𝑠𝑗𝑡, 𝑣𝑚𝑐𝑗𝑡, 𝑤𝑏𝑗𝑡 , 𝑧𝑏𝑗𝑟𝑡 ≥ 0                ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑗 ∈ 𝐽, 𝑏 ∈ 𝐵, 𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇, 𝑐 ∈ 𝐶  (12) 

𝑥𝑐𝑚𝑗 ∈ {0, 1}                                              ∀𝑐 ∈ 𝐶, 𝑚 ∈ 𝑀, 𝑗 ∈ 𝐽  (13) 

8.4 Results and discussion 

8.4.1 Economy summary 

The economy aspects of biobutanol production from lignocellulosic biomass under innovative 

biorefinery scheme (Figure 8.2) at different plant capacity were investigated. Due to a biomass 

limitation, a techno-economic assessment of the biorefinery processing agave bagasse was carried 

out only for plant capacity of 500 tonnes/d, for wheat straw for 500 and 1500 tonnes/d, while for 

corn stover and sugarcane bagasse were performed for all three plant capacities (500, 1500 and 

2400 tonnes/d). The biobutanol yields were 0.124, 0.137, 0.14 and 0.144 tonne of biobutanol per 

tonne of agave bagasse, corn stover, wheat straw, and sugarcane bagasse, respectively. In all cases 

the purity of obtained biobutanol was 99.5%. The estimated total capital investment (TCI), 

operating costs (OC) and biobutanol total production costs (TPC) varied depending on biomass 

type and plant capacity (Figure 8.4). Within the same plant capacity, the highest TCI around 139 

MUS$ for plant capacity of 500 tonne/d was found for wheat straw and sugarcane bagasse, being 
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14 and 19% higher compared to corn stover and agave bagasse, respectively. This is because the 

volume of total solids at concentration of 100 g/L introducing into anaerobic digestor (AD-103, 

Figure 8.2) exceeds the maximum possible volume of the reactor (15000m3), requiring the 

construction of 2 instead of 1 reactor, what increase the equipment and construction costs. More 

equipment impact operation costs due to higher utilities demand and maintenance costs. The lowest 

OC was estimated for agave bagasse-based biorefinery plant due to the lowest feedstock price – 

33.3% less compared to corn stover and sugarcane bagasse, and 20% less compared to wheat straw.  

 

 

Figure 8.4. Techno-economic analysis of biobutanol biorefinery plant a) TCI; b) OC; c) TPC; depending 

on biomass type and plant capacity. 

The TPC is changing depending on biomass type and plant capacity. In the case of a biorefinery 

processing 500 tonne/d of feedstock, the lowest TPC was found for agave bagasse due to the lowest 

raw material costs. The wheat straw because of its high biomass purchase (US$ 60) and lower yield 

1500 tonne/d 

1500 tonne/d 
1500 tonne/d 
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by 0.03 and 0.07 biobutanol unit per biomass unit compared to corn stover and sugarcane bagasse, 

respectively, makes its TPC the highest (US$ 1.93) out of all studied types of biomasses. The plant 

scaling up from 500 to 1500 tonne/d decreased the TPC by 15% for sugarcane bagasse and wheat 

straw and by 13% for corn stover. 

 

Figure 8.5. Distribution of Total Production Costs (TPC) depending on biomass type and plant capacity. 

The estimated TPC for 2400 tonne/d plant capacity for sugarcane bagasse and corn stover was the 

same 1.5 US$. This is because lower corn stover feedstock price meet balance with higher 

biobutanol unit produced per feedstock of sugarcane bagasse compared to corn stover (0.14 vs 

0.144). Distribution of TPC (Figure 8.5) indicate that for all biomass types and plant capacities, the 

operating costs account for more than 55% of TPC. Its contribution decreases slightly (=< 1%) for 

wheat straw and sugarcane bagasse with plant capacity increase, while for corn stover its value 

slightly increases (=< 1%). Independent on a feedstock price the biomass contribution on TPC 

increase at increase of plant capacity. However, the utility and operating costs decrease at increase 

of plant capacity. 
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The NPV for each biorefinery processing different types of biomasses at different capacities was 

positive, it means that all simulations in the technology assessment are cost-effective. 

The obtained techno-economic data were used in the mathematical optimization model, to extend 

the construction and operation costs with supply chain depending on the plant location and evaluate 

new NPV.  

8.4.2 Mixed Integer Linear Programming 

This section considers three different variants of the proposed mathematical model and examines 

the corresponding results. These variants are: single objective model without budget constraint, 

single objective model with budget constraint, and goal programming model considering budget 

and NPV as the objectives. The mathematical model was ran using AIMMS software and CPLEX 

20.1 solver on a desktop computer with Intel ® Core (TM) i7-11700 @ 2.50 GHz processor and 

16.0 GB RAM. 

8.4.6.1 Single objective model without budget constraint (base case) 

The results reported in this section are from the main mathematical programming model proposed 

in section 8.3.5. The planning horizon of 20 years was considered with interest rate of 10% to solve 

the model for the case study.  

Table 8.6.  Separate NPV value of bio-refinery plants. 

Plant locations NPV value (USD) 

Atotonilco el Alto 119,433,055 

Rancho Viejo del Refugio, Ocotlán 268,299,071 

Santa Ana La Ladera, Ixtlahuaca 217,501,801 

El cerro de abajo, Angostura 107,154,462 

Guadalupe Victoria, Culiacán 277,143,539 

Castro Urdiales, Teuchitlán 305,816,863 

Estación Refugio 367,319,244 

La Coma, El Mante 327,025,053 

Gral. Miguel Alemán, Atoyac 141,857,456 

Úrsulo Galván, La Antigua 324,241,843 

Texas, Cosamaloapan de Carpio 372,531,619 

El Molino, Pánuco 237,545,113 

Ciudad Obregón 284,518,848 
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The objective function of the model resulted in a positive NPV with value of $US 3,350,387,969, 

which indicate that establishment of biorefinery plant considering applied technology, supply chain 

and distribution of biobutanol makes the case study economically feasible. The required initial 

investments to cover the establishment costs in order to maximize the project’s NPV is $US 

5,636,663,000. The individual NPV values associated with each plant can be found in the Table 

8.6. 

 

Figure 8.6. Suggested locations for biorefinery plants establishment by the model. 

Results of the model suggested establishing biobutanol production plants (i.e., biorefinery plants) 

at 13 locations from the 34 potential locations that were considered. Most of the selected locations 

are in central Mexico, as can be seen in the Figure 8.6. 10 biobutanol production plants are 

suggested to be established with annual biomass processing capacity of 792,000 tonnes, which is 

the highest level of capacity considered in the case study (2400 tonnes/d). The other three plants 

are suggested to be established with capacity of 495,000 tonnes of biomass, which is the medium 

capacity considered (1500 tonnes/d). No plant is suggested to be established with the lowest 

capacity (165,000 tonnes/yr – 500 tonnes/d). Based on the results of mathematical model 

optimization, it is suggested that seven plants be set up with sugarcane bagasse and five with corn 

Established plants  
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stover. Only one plant (established at Ciudad Obregón), which is located in the northwest of the 

country, is suggested to be established with wheat straw as the input biomass.  

The amount of biomass processed at each biorefinery plant remains the same during the planning 

horizon (Figure 8.7). With the exception of the plant established in El Molino and Pánuco, the 

capacity the plants is fully utilised, meaning that the amount of biomass processed at these plants 

is equal to the maximum capacity of the plant. 

 

Figure 8.7. Amount of processed biomass at each biorefinery plant.  

The amount of produced biobutanol during the processing lignocellulosic biomass under proposed 

biorefinery scheme for the 13 established plants were depicked in the Figure 8.8. The level of 

production remains the same for the entire planning horizon. The amount of biobutanol sent to each 

demand market (i.e., customer) can be found in the Figure 8.9. The amount of biobutanol sold to 

each customer is equal to the its maximum demand, what means that the established plants have 

the production capacity to meet the maximum demand of all the customers.  
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Figure 8.8. Amount of biobutanol production at each biorefinery plant. 

8.4.2.1.1 Analysis on demand 

The construction of any production facility is highly dependent on market demand. Without a 

substantiated demand for a particular product, investment in its production is unjustified. 

Therefore, given the uncertain nature of biobutanol demand in the future, a scenario analysis was 

carried out to show how the NPV of the project and decisions regarding the establishment of the 

biorefinery could potentially change the project's performance. For this purpose, four scenarios 

were defined, which change the minimum and maximum demand in the base case by factors of 

0.5, 1.5 and 2. 

As seen in the Table 8.7, when the maximum demand increases, total NPV increases as well. Also, 

a greater number of plants are suggested to be established. However, changing the minimum 

demand does not affect the results, which shows that the NPV of the project and plant 

establishments are not limited by the minimum demand. Therefore, it is more economical for the 

plants to produce biobutanol up to the maximum available demand. 
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Figure 8.9. The amount of sold biobutanol to each customer from all the established biorefinery plants. 
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Table 8.7. Total NPV and the number of established plants for scenarios of maximum and minimum 

demand. 

Maximum demand 
Total NPV 

(USD) 

Number of 

established 

plants 

Minimum 

demand 

Total NPV 

(USD) 

Number of 

established 

plants 

0.5 𝐷𝑚𝑎𝑥 1,844,509,469 6 0.5 𝐷𝑚𝑖𝑛 3,350,387,969 13 

𝐷𝑚𝑎𝑥 (Base case) 3,350,387,969 13 𝐷𝑚𝑖𝑛 (Base case) 3,350,387,969 13 

1.5 𝐷𝑚𝑎𝑥 4,395,500,492 21 1.5 𝐷𝑚𝑖𝑛 3,350,387,969 13 

2 𝐷𝑚𝑎𝑥 4,634,851,398 26 2 𝐷𝑚𝑖𝑛 3,350,387,969 13 

 

8.4.2.1.2 Analysis on interest rate 

Interest rate is an important factor that affect the results and NPV of the study case. Due to uncertain 

nature of this parameter because of global economy in the last years, the effect of changing interest 

rate on the NPV were presented in this section. Higher interest rate levels lead to lower NPVs and 

fewer assumed biorefineries (Table 8.8). 

Table 8.8. Total NPV and the number of established plants for scenarios of interest rates. 

Interest rate (%) Total NPV (USD) 
Number of 

established plants 

0 15,530,119,500 13 

5 7,524,474,560 13 

10 3,350,387,967 13 

15 1,001,910,704 11 

20 530,549.76 3 

 

8.4.2.1.3 Analysis on biobutanol price 

Table 8.9 shows the effect of biobutanol selling price on the NPV and the number of established 

plants in the study case. If the selling price of biobutanol falls by half of the estimated market price 

for the base case (USD 1,200/tonne), the NPV of the study case becomes negative making the 

investition economically infeasible. In that scenario, only two plants were suggested to be 

established in order to satisfy the minimum demand of the costumers. For the scenarios where 

biobutanol selling price increase 1.5 or 2 times compare with the base case, also increase in NPV 

was observed. Nevertheless, the number of established plants, their capacities, and amount tof 

biobutanol production remain the same. The explication of this phenomenon is that the maximum 
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demand of all customers are met considering the biobutanol selling price in the base case. Thus, 

there is no need to establish more plants. However, the NPV increases as income as a function of 

NPV increases by the increase in the selling price of biobutanol (Table 8.9). 

Table 8.9. Effects of biobutanol’s selling price on the project’s NPV and the number of established plants. 

Biobutanol selling price Total NPV (USD) Number of established plants 

0.5 ρ
𝑏𝑟𝑡

 -1,564,733,387 2 

ρ
𝑏𝑟𝑡

 (Base case) 3,350,387,969 13 

1.5 ρ
𝑏𝑟𝑡

 16,644,816,352 13 

2 ρ
𝑏𝑟𝑡

 29,939,244,740 13 

 

8.4.2.1.4 Analysis on establishment costs 

As the set-up costs increase, the NPV decreases and when it doubles, the NPV becomes negative 

and the project becomes economically unfeasible. At double the establish costs, two plants would 

be built just to meet the minimum customer demand included in the model (Table 8.10). 

Table 8.10. Effects of establishment costs on the project’s NPV and the number of established plants with 

each capacity size 

Establishment costs Total NPV (USD) Number of established plants (capacity) 

0.5 𝜋𝑐𝑚 6,183,524,984 13 

𝜋𝑐𝑚 (Base case) 3,350,387,969 13 

1.5 𝜋𝑐𝑚 705,683,729 9 

2 𝜋𝑐𝑚 -247,621,767 2 

 

8.4.2.1.5 Analysis on operating costs (fixed and variable) 

Similar to the trend observed for establishment costs, an increase in operating costs, including both 

fixed and variable costs, resulted in a decrease in NPV. If operating costs increase by 50%, the 

study case becomes economically unfeasible (Table 8.11). 
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Table 8.11. Effects of operating costs on the project’s NPV and the number of established plants. 

Operating costs Total NPV (USD) Number of established plants (capacity) 

0.5 (𝜏𝑚𝑐𝑗 , 𝜃𝑚𝑐)  9,432,494,588 14 

(𝜏𝑚𝑐𝑗 , 𝜃𝑚𝑐) (Base case) 3,350,387,969 13 

1.5 (𝜏𝑚𝑐𝑗 , 𝜃𝑚𝑐) -322,733,056 2 

2 (𝜏𝑚𝑐𝑗 , 𝜃𝑚𝑐) -1,322,820,790 2 

 

8.4.6.2 Single objective model with budget constraint 

In this section, was assumed that exist a specific initial budget for the study case that limits the 

investment costs (Equitation 3) that can be spend on facilities establishement. In order to address 

the budget limit, constraint set (14) needs to be added to the main model which is proposed in 

section 8.3.5. 

∑ ∑ ∑(𝜋𝑚𝑐 × 𝑥𝑐𝑚𝑗)

𝑗𝑐𝑚

≤ 𝐵𝑢𝑑𝑔𝑒𝑡 (14) 

In order to obtain the estimated budget, the model proposed in Section 8.3.5 was once again solved 

by changing the objective function of the model (Section 8.3.5: Equation 1) to Equation 15, which 

shows the minimisation of establishment cost. The constraints Equations 5-13 remain the same. 

𝑀𝑖𝑛 𝐸𝐶 = ∑ ∑ ∑(𝜋𝑚𝑐 × 𝑥𝑐𝑚𝑗)

𝑗𝑐𝑚

 (15) 

The obtained budget with this approach was equal to 918,712,000 (USD). Below this budget, the 

minimum demands of biobutanol customers cannot be met. Therefore, this budget was 

considerated as the minimum required investment ammount to implement the biobutanol 

production in Mexico. Within the proposed budget, only two biorefinery plants were suggested to 

be established to process corn stover at plant capacity of 2400 tonnes/d. The individual NPV and 

amount of produced biobutanol for each plant proposed to be established was was depicked in the 

Table 8.12. The amount of produced biobutanol remains the same for the entire planning horizon.  
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Table 8.12. Separate NPV value of biorefinery plants and their biobutanol production amount. 

Plant locations NPV value (USD) Annual production of biobutanol (tonnes) 

Rancho Viejo del Refugio, Ocotlán 257,051,354 105,134 

Guadalupe Victoria, Culiacán 256,216,626 105,134 

 

8.4.2.2.1 Analysis on the budget 

The initial budget that can be allocated to a case study is of great importance and can significantly 

affect the results. The impact of the budget on the results was presented in the Table 8.13. A larger 

budget allows more biorefineries to be established, resulting in a higher NPV. However, when the 

budget covers the construction of enough biorefinery plants to meet the maximum demand for 

biobutanol (3,350,387,969 USD), its increase does not affect the NPV, as the NPV value is no 

longer dependent on budget constraints. 

Table 8.13. Effects of budget on the project’s NPV and the number of plants established 

Amount of budget (USD) NPV value (USD) 
Total number of established biobutanol 

production plants 

Base budget (918,712,000) 513,267,980 2 

1.5 × base budget 863,125,450 3 

2 × base budget 1,220,705,261 4 

2.5 × base budget 1,546,404,493 5 

10 × base budget 3,350,387,969 13 

20 × base budget 3,350,387,969 13 

 

8.4.6.3 Goal programming model with budget and NPV goals 

Goal Programming (GP) belonging to Multi-Criteria Decision Making (MCDM) and allows 

decisions to be made in the presence of multiple conflicting objectives, moreover, pave the way 

for striking a balance between different objectives and finding a compromise solution (Jayaraman 

et al., 2017). A standard GP is not able to provide high-quality Pareto solutions. Therefore, 

Weighted Goal Programming (WGP) in which decision-makers can specify the importance of the 
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objectives according to their preferences and is applied in a specific cases. The WGP method can 

be formulated as follows:  

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑍 =  ∑ 𝑊𝑖
+𝐷𝑖

+ + 𝑊𝑖
−𝐷𝑖

−

𝑝

𝑖=1

 

 

(16) 

Subject to   

∑
1

(1 + 𝜇)𝑡
(𝑇𝑅𝑡 − 𝑇𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡𝑡)

𝑡

 
i= 1,2,…, P 

(17) 

X 𝜖 Ω  (18) 

𝐷𝑖
−, 𝐷𝑖

+ ≥ 0 i= 1,2,…, P (19) 

In the above-mentioned model, Ω is the set of feasible areas, 𝑋𝑖 is decision variables, 𝐴𝑖𝑗 is the 

coefficient of decision variables in constraints, 𝐷𝑖
− 𝑎𝑛𝑑 𝐷𝑖

+  are the deviations from the determined 

goal values, and 𝑊𝑖
+ 𝑎𝑛𝑑 𝑊𝑖

−  are the important factors (weights) for deviations. The above-

mentioned model aims to reduce the total deviations of the decision variables from their determined 

goals by considering the importance of each goal. In some cases, one of the negative or positive 

deviations should be considered in the objective function and the related constraint. As an example, 

some goals are related to the total profit of the problem and negative deviations from the determined 

goal are not desirable.    

The multi-objective version of the above-mentioned problem considers two conflicting objectives 

simultaneously. The first objective function maximizes the profits of the system excluding EC and 

the second objective function minimizes the EC. Focusing on establishment cost of biorefinery 

centers as a separate objective function might affect transportation costs or revenues reversely, and 

that justifies applying a goal programming method to find a compromised solution for the model. 

Equation (20) is designed to minimize the summation of deviations as an objective function. 

Constraint sets (21) and (22) show how the deviations are added to the model. In constraint set 

(21), negative deviations from the total profits are considered. Positive deviations from the 

establishment costs are embedded in the constraint (22). Constraint (23) specifies the sign of 
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deviations. Each objective function is solved separately, and the result is considered as goal for the 

related constraint.  

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑍 =  𝑑1 + 𝑑2   (19) 

Subjected to   

∑
1

(1 + 𝜇)𝑡
(𝑇𝑅𝑡 − 𝑇𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡𝑡)

𝑡

+  𝑑1 ≥ 3350387969 ∀ 𝑡 ∈ 𝑇 (20) 

𝐸𝐶 − 𝑑2  ≤  918712000  (21) 

𝑑1, 𝑑2 ≥ 0  (22) 

After solved the model, the solver reports the objective function value as 2,679,297,736 USD. The 

solver sets the establishment cost equal to 953,352,000 USD and assummes two biorefinery plants 

at Estación Refugio and Texas, Cosamaloapan de Carpio with 340,999,848.4 and 364,730,384.2 

USD of NPV, respectively.   

8.4.2.3.1 Analysis on the goal budget 

Sensitivity analysis was conducted on the budget goal (BG) to assess the behavior of the multi-

objective version of model under different circumstances. Decreasing the budget goal had no effect 

on the total NPV and the number of established plants. However, increasing the BG has a direct 

impact on the total NPV and the number of established plants (Table 8.14). 

Table 8.14. Effects of budget goal on the project’s NPV and the number of plants established 

Budget Goal Total NPV (USD) Number of established plants 

0.5 BG 705,730,233 2 

BG (Base case) 705,730,233 2 

1.5 BG 1,071,040,272 3 

2 BG 1,404,413,866 4 

8.5 Discussion 

Under proposed biorefinery scheme all simulated plant capacities independent on biomass type 

makes biobutanol production viable, given the actual market price of butanol of 2400 US$/tonne. 
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Biobutanol production is the most profitable when produced at plant capacity of 2400 tonne/d from 

sugarcane bagasse or corn stover. The TPC fluctuation decreased as the size of the plant increased. 

This was due to the decreasing importance of global equipment and construction costs and an 

increasing importance of a raw material price and a process efficiency, which mainly determined 

the final unit price of biobutanol.  

Since 2015, there are few papers in literature related to techno-economic assessment of biobutanol 

production from lignocellulosic biomass (The mathematical programming model determined the 

maximum NPV that could be achieved under the case study conditions. The objective function of 

the model resulted in a positive NPV of $US 3,350,387,969, indicating that the project is 

economically viable. The initial investment required to maximize the NPV is $US 5,636,663,000. 

Table 8.15). Given an interest rate of 10% and actual butanol market price(1.94 US$/L, 2.40 

US$/kg), the biorefinery schemes suggested by (Baral & Shah, 2016; Dalle Ave & Adams, 2018; 

Jang & Choi, 2018; Sanchez et al., 2017; Valdez‐Vazquez & Sanchez, 2018), are not suitable for 

construction in 2022 due to the used technology that would made biobutanol highly expensive to 

produce. The plant design for biobutanol production proposed by (Carmona-Garcia et al., 2019; 

Mailaram & Maity, 2022; Molina-Guerrero et al., 2021), technologically are viable to build. 

Nevertheless, the costs of the biomass supply and distribution chains for biobutanol should be 

calculated to define the viability of the installation. Molina-Guerrero et al. (2021) obtained for a 

plant capacity of 2200 tonnes/d lower production costs than in the present work (1.10 US$/L for 

the capacity of 2200 tonnes/d vs 1.22 US$ for the capacity of 2400 tonnes/d), probably due to the 

shorter ABE fermentation time (74h vs 120h) and a high yield of 19.4 g/L. 

Most works applied chemical pretreatment of biomass and pure culture for ABE fermentation 

(Carmona-Garcia et al., 2019; Dalle Ave & Adams, 2018; Mailaram & Maity, 2022). These factors 

required the purchase of additional reagents and an additional bacterial cultivation step, making 

the process more expensive. Besides, Baral and Shah (2016), and Jang and Choi (2018) used 

genetically modified species, which involves a patent royalty fee that was not included in the TPC, 

but it affects the final price of the product. In the present study, the production of biobutanol is 

highly competitive due to its high yield and the absence of other organic solvents, such as acetone 

or ethanol, whose presence increases the cost of biobutanol purification. 
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The mathematical programming model determined the maximum NPV that could be achieved 

under the case study conditions. The objective function of the model resulted in a positive NPV of 

$US 3,350,387,969, indicating that the project is economically viable. The initial investment 

required to maximize the NPV is $US 5,636,663,000. 

Table 8.15. Comparison of TPC of biobutanol from lignocellulosic biomass. 

Ref. 

Year of 

calculati

on 

Feedstock 
Plant Cap 

[MT/day] 
Pretreatment Inoculum 

Reactor 

type 

Yield  

[gn-BuOH 

/gfstck] 

TPC / TPC 2022* 

[$/L] 

Baral et al. 

2016 
2015 Corn Stover 2211 DAP C. beijerinckii 8052 Batch 0.13 1.76/3.42 

Valdez-

Vazquez and 

Sanchez, 2017 

2016 Wheat Straw 1000 

Biological:  

Enterococcus 

genus 

Co-culture of  

C. cellulovorans 

and C.beijerinckii 

Batch 0.17 1.27/2.25 

Sanchez et al. 

2017 
2016 Wheat Straw 2000 

Biological:  

Enterococcus 

genus 

Co-culture of 

C. cellulovorans 

and C. beijerinckii 

Batch 0.06 1.37/2.43 

Dalle Ave & 

Adams, 2017 
2017 Switchgrass 2486 DAP C. Acetobutylicum Batch 0.09 1.58/2.54 

Oh Jang et al. 

2018 
2017 Model BSc 1028 CAP 

C. Acetobutylicum 

ATCC 824 
Fed-Batch 0.12 1.45/2.34 

Carmona-

Garcia et al. 

2019 

2018 
Coffee Cut 

Stems 
1920 DAP C. Acetobutylicum Batch 0.08 1.10/1.61 

Molina-
Guerrero 
et al., 2021 

2019 Wheat Straw 2200 

Biological: 

Rumen 

microbial 

consortium 

Co-culture of 

C. cellulovorans 

and C. beijerinckii 

P260 

Batch 0.17 0.83/1.10 

Mailaram and 

Maity, 2022 
2021 Birchwood 750 DAP 

Co-culture: 

C. Acetobutylicum 

and C. beijerinckii  

Batch 0.15 1.44/1.58 

This work 2022 Corn Stover 

2400 
Biological: 

native 

microbiota 

BRMC Batch 0.20 

1.22 

1500 1.29 

500 1.49 

CAP – concentrated acid pretreatment; DAP – dilute acid pretreatment; Model BSc - 42.5% (w/w) 

cellulose, 19.3% (w/w) hemicellulose, 25.3% (w/w) lignin, and 12.9% (w/w) other. BRMC – butanol-

tolerant mixed culture. * - the NPV calculation of TPC for 2022 considered 10% of interest rate. MT – 

metric tonne. 

The model suggests setting up biobutanol production plants at 13 out of 34 potential locations, 

meeting the maximum demand of all PEMEX costumers. The sensitivity analysis of the various 

parameters gave an insight into how these parameters might affect the results. The analysis on 

demands showed that the NPV and plant establishments are not dependent on the minimum 
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demand, but higher maximum demands lead to higher NPV values. The analysis of interest rates 

showed a correlation between higher interest rates and a decrease in both NPV values and the 

number of established bio-refinery plants. If the biobutanol selling price decreased, the NPV 

became negative, making the project economically infeasible. Only two plants would be 

established to fulfill the minimum customer demand in this scenario. As the selling price increases, 

the NPV also increases. However, the number, plant capacity, and production of established plants 

stay the same, as the maximum customer demand is already met based on the base case selling 

price. The economic viability of the project is highly sensitive to changes in both establishment 

and operating costs. When doubling the establishment costs, the NPV of the study case becomes 

negative, making the investment uneconomic. A 50% increase in operating costs will also lead to 

a negative NPV and make the project economically infeasible. 

The role of budget was also investigated in forms of a goal in goal programming along the project’s 

NPV and a constraint added to the main model. Larger budget as a constraint leads to the 

establishment of more plants and higher NPV values. However, once the maximum NPV of $US 

3,350,387,969 is reached, further budget increases have no impact as the maximum demands are 

already met and the results are not limited by the budget constraint. Considering the budget as a 

goal helps to satisfy both NPV and budget goals to some extends. When $US 918,712,000  was 

considerated as the budget goal, the total NPV was $US 705,730,233. While when it was 

considered under the budget constraint, the NPV was $US 513,267,980. Aditionally, the analysis 

on the budget goal indicated that an increase in the budget goal has a direct impact on both the total 

NPV and the number of established plants, but decreasing the budget goal does not affect the 

results. 

8.6 Conclutions 

Performed economy assessment of technology under proposed biorefinery scheme for biobutanol 

production from lignocellulosic biomass with biobutanol production at 22.3 g/L is economically 

feasible for all four studied biomasses: agave bagasse, corn stover, sugarcanebagasse and wheat 

straw, as well as for all three studied plant capacities: 500, 1500 and 2400 tonne/d. For the plant 

capacity of 500 tonne/d the biobutanol TPC has the following tendency agave bagasse < corn stover 

< sugarcane bagasse < wheat straw. The same tendency was observed for plant capacity of 1500 
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tonne/d, while for plant capacity of 2400 tonne/d, biobutanol production from sugarcane bagasse 

and corn stover resulted in the same TPC (1.50 $US/kg).  

The mathematical model with objective function to meet the minimum biobutanol demand by 65 

TAR of PEMEX (for blending with gasoline at 16% by volume) specified a minimum investment 

capital of $US 918,712,000 to allow establish two biorefinery plants processing corn stover at plant 

capacity of 2400 tonnes/d in Rancho Viejo de Refugio, Ocotlán and Guadalupe Victoria, Culiacán. 

According to the optimization model, it is possible to cover the total demand for biobutanol of 65 

TAR of PEMEX. For that, its required initial investments of $US 5,636,663,000 to cover the 

establishment costs of biorefineries at 13 locations out of 34 considered. 10 biorefineries were 

suggested to be established with plant capacity of 2400 tonne/d, the other three plants with capacity 

of 1500 tonne/d. The model suggest to process sugarcane bagasse in 7 of them, and corn stover at 

5 locations. Only one plant in Ciudad Obregón were suggested to be established with wheat straw 

as the input biomass. 

The mathematical model only accounts for 65 TAR of PEMEX demand for biobutanol. Further 

research into biobutanol demand in the Mexican market could expand the model to include a 

proposal to build more lignocellulose-based biobutanol plants, which could make the country 

independent or significantly reduce biobutanol imports from abroad.   
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Conclusions and perspectives 

Biological pretreatment studies have shown that the native microbiota of bagasse agave is a suitable 

source of microorganisms to carry out a consolidated bioprocess in which the hemicellulosic 

polymer is hydrolysed and VFAs production occurs simultaneously. Nutrient supplementation 

(CH4N2O, CaCl2, KH2PO4) improves hemicellulose degradation and thus, enhancing VFA 

production and yield. Also, nutrients affect the microbial community over time. 

The consolidated bioprocess experiments also confirmed that initial pH and TS% had an influence 

on hydrogen production and VFAs. The production of hydrogen and butyric acid via lactic/acetic 

acid consumption pathways was confirmed. Statistical analysis affirmed the significant effect of 

TS% on butyric (ρ < 0.0001) and lactic acid (ρ < 0.0200) production. The pH was a crucial factor 

affecting metabolic pathways of lactic acid formation (ρ < 0.0003). Lactic acid was produced at all 

studied initial pH range (5.5 – 6.9). The experiments with initial pH between 6.0 and 6.9 gave 

hydrogen production together with butyric acid, therefore lactic acid was not detected because of 

its consumption. At TS% increase, increases lactic acid formation, hence, butyric acid and 

hydrogen production, however, only in the initial pH range between 6.0 to 6.91. The highest butyric 

acid production at a level of 4.8 g/L was found for the initial pH of 6.2 and TS 22.1%. It is needed 

to analyze interactions between presented microorganisms and their correlation with produced 

bioproducts. This knowledge and relevant information on bacterial growth conditions can help 

control fermentation to synthesize hydrogen together with butyric acid. 

The use of butanol-tolerant mixed culture resulted in high butanol production (up to 23 g/L) after 

120 hours of consolidated bioprocessing of cellulosic fraction of pretreated corn stover. Moreover, 

employed butanol-mixed culture produced high concentrations of nonconventional subproducts – 

valeric and caproic acids, up to 11.0 and 7.1 g/L, respectively. 

Vacuum distillation in the RPB is an adequate method for butanol recuperation from the synthetic 

fermentation broth at temperature near to fermentation temperature (37C). The method with 5% 

steam stripping achieved butanol concentrations of up to 126.9 g/L in the top product, making the 

method attractive for commercial application. Moreover, distillation in RPB removes ethanol, 

furfural and carboxylic acids. Therefore, the obtained butanol-rich light phase of top product 

required further purification into pure components in a traditionl destilation column. 
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Techno-economic assessment of the proposed innovative biorefinery scheme for lignocellulosic 

biomass processing by mixed culture resulted economically viable. In contrary, a traditional plant 

using pure culture has resulted in a completely negative economic outcome. The key factors 

contributing to the plant's unprofitability were the use of a sugar concentration stage, which proved 

to be highly energy-demand, and the need to purchase expensive reactors due to the materials 

required for physical and chemical pretreatment, which uses acids and high temperatures and 

pressures. 

Techno-economic evaluation of biobutanol production from lignocellulosic biomass under 

proposed innovative biorefinery scheme, where acidogenesis and ABE fermentation occurs as two 

CBPs, resulted economically viable for all simulated biomass (agave bagasse, corn stover, 

sugarcane bagasse and wheat straw) and all three plant capacities (500, 1500, 2400 tonne/d). The 

obtained economic data including investment costs, technology, utilities and operating costs, as 

well as external data such as biomass availability at suppliers in Mexico, butanol demand in the 

mexican market, road infrastructure, distance from populated areas, availability of water, electricity 

in geographical location, were used to develop mathematical model for optimal establishment of 

biobutanol biorefinery in Mexico.  

The mathematical model with objective function to meet the minimum biobutanol demand by 65 

TAR of PEMEX (for blending with gasoline at 16% by volume) specified a minimum investment 

capital of $US 918,712,000 to establish two biorefinery plants processing corn stover at plant 

capacity of 2400 tonnes/d in Rancho Viejo de Refugio, Ocotlán and Guadalupe Victoria, Culiacán. 

According to the optimization model, the initial investment of $US 5,636,663,000 allows establish 

biorefineries at 13 locations out of 34 considered, hence cover total biobutanol demand by 65 TAR 

of PEMEX. 10 biorefineries were suggested to be established with plant capacity of 2400 tonne/d, 

the other three plants with capacity of 1500 tonne/d. The model suggest to process sugarcane 

bagasse in 7 of them, and corn stover at 5 locations. Only one plant in Ciudad Obregón was 

suggested to be established with wheat straw as the input biomass. 

Future perspectives of this study should include research on metabolic pathways of bacteria to find 

the reasons why the growth of some microorganisms is favoured by the addition of nutrients and 

not others. Also, from an economic point of view, the future simulations of the process, should 

replace expensive culture media containing salts (potassium phosphate) or nitrogen sources (yeast 
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extract) by cheaper agro-industrial residues. This could reduce operating costs and thus the unit 

cost of bioproduct production.  

The fact that hydrogen production occurs from lactic acid results in the accumulation of butyric 

acid, which is beneficial since it can be supplemented for ABE fermentation to improve butanol 

production during solventogenesis, as reported in the literature. It should be investigated if obtained 

butanol-tolerant mixed culture also takes advantage of the presence of butyric acid. Moreover, the 

reactors should be conducted in semi-continous or continuous operation mode to assess the stability 

of the butanol-tolerant mixed culture for biobutanol and other bioproducts production over time. 

Obtained butanol-rich light phase of top product during butanol recuperation from ferementation 

broth in RPB required further purification in a traditionl destilation column. Therefore, the impact 

of the components separated with the butanol on the subsequent butanol purification stage needs 

to be investigated to verify the feasibility of the entire downstream process. The method with 5% 

of steam stripping should be investigated using real supernatant to evaluate the method impact on 

microorganisms. Future investigations should be also focued on in-line butanol recovery from the 

fermentation process and the butanol production rate. Furthermore, the feasibility of recycling the 

bottom product to the fermenter, in order to reduce water consumption in the process, needs to be 

verified with special focus on accumulation of side products like acetic or propionic acid. Those 

are of special interest since they were not separated with the butanol and might influence the 

fermentation. Finally, since distillation is the stage with the highest energy consumption in the 

biorefinery scheme, an assessment of the energy efficiency of the method should be carried out to 

know its cost-effectiveness and be able to compare it with traditional distillation.
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A. Supplementary material 

Appendix: Tables 

Table A.1. Composition of fermentation broth obtained during CBP of cellulosic paper and corn stover by 

butanol-tolerant mixed culture at 120h. Values in the bracket represent concentrations at the end of the 

fermentation at 160h. 

 Concentration (g/L) 

 cellulose paper 
biologically pretreated corn 

stover 

synthetic fermentation 

broth for experiments 

Butanol 0.0 (18.5) 23.1 (15.3) 20 

Ethanol 0.0 (0.0) 0.0 (0.0) 7 

Acetic Acid 0.5 (1.6) 0.0 (0.0) 2.5 

Propionic Acid 0.0 (2.0) 0.0 (0.0) 3 

Valeric Acid 3.5 (0.2) 9.7 (11.0) 5.5 

Caproic Acid 1.2 (0.0) 5.5 (7.1) 2 

Furfural 1.3 (3.9) 0.0 (0.9) 3.5 
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Table A.2. Average biomass availability from 2003 to 2020 for agave bagasse, corn stover and wheat 

straw and from 2013 to 2021 for sugarcane bagasse with average yearly availability (AVG.) and standard 

deviation (SD) between each year. 

State 
Average biomass 

(tonne/year) 

Standard deviation 

between years (%) 

Corn stover 

Jalisco 1,004,662 0.18 

Michoacan 320,884 0.18 

Mexico 719,606 0.18 

Sinaloa 4,030,341 0.21 

Sugarcane bagasse 

Jalisco 843,898 0.11 

Chiapas 419,210 0.09 

Morelos 260,422 0.09 

Puebla 257,046 0.10 

Nayarit 323,135 0.08 

Oaxaca 156,387 0.07 

Veracruz 2,818,830 0.06 

Quintana Roo 220,019 0.06 

San Luis Potosi 743,145 0.09 

Tamaulipas 251,418 0.10 

Tabasco 197,060 0.10 

Wheat straw 

Baja California 457,592 0.23 

Guanajuato 199,420 0.54 

Sonora 1,033,199 0.33 

Agave Bagasse 

Jalisco 170,335 0.43 

 



  3 

Table A.3. Possible locations of lignocellulosic-based biorefinery plants proposed by Hernández et al. 

(2019) modified with GIS. 

 Hernández et al. (2019) This work 

Corn Stover Latitude  Longitude Latitude  Longitude 

Ahuisculco, Tala 20.5623 -103.7298 -103.7298 -103.7298 

Rancho Viejo del Refugio, Ocotlán 20.4423 -102.643 -102.643 -102.643 

Ixtlán de los Hervores, Ecuandureo 20.1825 -102.3472 -102.3472 -102.3472 

El curiro, Tarímbaro 19.8488 -101.1898 -101.1898 -101.1898 

Santa Ana La Ladera, Ixtlahuaca 19.6299 -99.8621 19.6299 -99.8621 

El cerro de abajo, Angostura 25.2057 -108.0272 25.2817 -108.0727 

Las Cabezas, Salvador Alvarado 25.5557 -108.1345 25.5557 -108.1345 

Ahome 25.9231 -109.2078 25.9231 -109.2078 

Guadalupe Victoria, Culiacán 24.3256 -107.2168 24.3256 -107.2168 

Guasave 25.5079 -108.5402 25.5079 -108.5402 

Navolato 24.7252 -107.7458 24.7252 -107.7458 

Sugarcane bagasse 

Castro Urdiales, Teuchitlán 20.3176 -103.8309 20.5674 -103.8617 

Atenquique, Tuxpan 19.5334 -103.4132 19.5334 -103.4132 

Huixtla 15.1377 -92.4659 15.0977 -92.4999 

Venustiano Carranza 16.3394 -92.5632 16.2752 -92.4562 

Tepalcingo 18.6189 -98.8435 18.6189 -98.8435 

Estación Refugio 18.5917 -96.6606 18.5917 -96.6606 

Tepic 21.5532 -104.8486 21.5868 -104.8467 

Othon P. Blanco 18.5002 -88.2961 18.2655 -88.6767 

La Gloria, Ciudad Valles 22.0511 -99.2224 22.0176 -99.0682 

La Coma, Antiguo Morelos 22.7119 -99.1372 22.6867 -98.9823 

Cárdenas 18.0012 -93.3732 18.0012 -93.3732 

Gral. Miguel Alemán, Atoyac 18.8447 -96.7927 18.905 -96.78 

Úrsulo Galván, La Antigua 19.3917 -96.3673 19.3917 -96.3673 

Texas, Cosamaloapan de Carpio 18.1713 -96.1391 18.1708 -96.0891 

Tesechoacan, Amatitlán 18.4545 -95.6824 18.4509 -95.7372 

El Molino, Pánuco 21.9001 -98.325 21.9001 -98.325 

Atencingo 18.5206 -98.5782 - - 

San Miguel del Naranjo 22.5313 -99.3372 - - 

Wheat Straw 

Nuevo León, Mexicali 32.4094 -115.1948 32.4094 -115.1948 

Abasolo 20.4711 -101.5004 20.4365 -101.7031 

Ciudad Obregón 27.4911 -110.0206 27.5218 -110.0078 

Las Playitas, Etchojoa 26.9913 -109.6154 26.9192 -109.6491 

Agave Bagasse 

Atotonilco el Alto 20.6102 -102.4407 20.6102 -102.4407 

Ahualulco de Mercado 20.7918 -103.8149 20.8789 -103.8166 

Proposed new locations are highlighted in orange. The absence of color symbolizes locations according to 

Hernández et al. (2019). 
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Appendix: Figures 

 

Figure A.A.1. VLLE of water-butanol binary system (image from Card and Farrell, 1982), xB represents 

the butanol mole fraction. 
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