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ABSTRACT  
 

Establishing a commercial, lignocellulose-based, second-generation ethanol process has 
received several decades of attention by both researchers and industry. However, a fully 
economically viable process still remains a long-term goal. The main bottleneck to this 
achievement is the recalcitrance of lignocellulosic feedstocks, although there are several other 
factors, such as the huge investment required for second-generation ethanol facilities. An 
intelligent alternative solution discussed in this thesis is an integrated approach using first-
generation ethanol plants for second-generation processes. 
 
Wheat is the major feedstock for first-generation ethanol in Europe; therefore, wheat-based 
lignocellulose waste, such as wheat straw, bran, and whole stillage fiber (a waste stream from 
first-generation wheat-based ethanol plants) was the primary focus of the integration model in 
this thesis. Since the major share of first-generation ethanol plant economics focuses on the 
animal feed DDGS les), the integration of lignocellulose 
should be designed in order to maintain DDGS quality. An ethanol-producing edible 
filamentous fungus, Neurospora intermedia, a potential protein source in DDGS, was 
considered for use as the fermenting microbe. The morphological and physiological aspects of 
this fungus were studied in the thesis, leading to the first report of fungal pellet development. 
 
An alternative approach of using dilute phosphoric acid to pretreat lignocellulose, as it does not 
negatively affect fungal growth or DDGS quality, was demonstrated in both the laboratory and 
on a 1m3 pilot scale. Furthermore, the process of hydrolysis of pretreated lignocelluloses and 
subsequent N. intermedia fermentation on lignocellulose hydrolysate was also optimized in the 
laboratory and scaled up to 1 m3 using an in-house pilot-scale airlift bioreactor. Fungal 
fermentation on acid-pretreated and enzyme-hydrolyzed wheat bran, straw and whole stillage 
fiber resulted in a final ethanol yield of 95%, 94% and 91% of the theoretical maximum based 
on the glucan content of the substrate, respectively. Integrating the first- and second-generation 
processes using thin stillage (a waste stream from first-generation wheat-based ethanol plants) 
enhanced the fungal growth on straw hydrolysate, avoiding the need for supplementing with 
extra nutrients. 
 
Based on the results obtained from this thesis work, a new model for integrated first- and 
second-generation ethanol using edible filamentous fungi processes that also adds value to 
animal feed (DDGS) was developed. 
 

Keywords: First- and second-generation bioethanol; Integration; Neurospora intermedia; 
Edible filamentous fungi; Wheat straw; Wheat bran; Whole stillage fiber
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Significantly improved scientific understanding and translation of knowledge to underpin 

innovative processes are key factors in any industrial development. Second-generation biofuel 

primarily based on the lignocellulosic biomass is the most abundant renewable energy 

resource available today. Owing to its recalcitrant structure, lignocellulosic feedstocks cannot 

be directly converted into fermentable sugars and need extensive pre-processing, which 

created a unique area of research approximately 80 years ago. To date, a completely 

sustainable and economically viable industrial lignocellulose-to-ethanol process has not been 

achieved, although some pilot-, and demonstration-scale second-generation plants are 

currently in operation, such as the POET-DSM Advanced Biofuels (DuPont, USA), Inbicon 

(Denmark), Clariant (Switzerland), SEKAB (Sweden), and India Glycols Limited (India). The 

process converting lignocellulose to ethanol process has yet to be fully commercialized. 

However, the influx of current knowledge about different process streams implies that there 

are not just the technical aspects, but also very serious economic issues, that hinder the 

commercial viability. One reason could be the capital investment cost (CAPEX) or the 

operation cost (OPEX) required for a new second-generation lignocellulose facility to be built 

and maintained. This background suggests that a completely new and effective model of 

second-generation ethanol process, involving its integration with the existing first-generation 

facilities and using edible filamentous fungi as the fermenting microbe, has got immense 

potential. This integration model forms the basis of this present thesis.  

 

1.1 Thesis development  

Joining a nice research lab where I could pursue my passion to work with microbes was 

one of my biggest dreams. Starting in a completely new field focusing on lignocellulose and 

biofuels for my PhD studies did not lessen my excitement, since I was bound to become 

friends with a new microbe, the filamentous fungus Neurospora intermedia. Although this 

fungus was a key part of my thesis studies throughout these past four years, my work started 
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by looking at different methods of pretreatment that had potential as candidates for the 

’ which was the main flagship of my thesis work. Based 

on the surplus in wheat production and the wheat-based first-generation ethanol plants already 

present in Sweden, the potential lignocelluloses were confined to wheat bran, straw, and 

whole stillage from first-generation ethanol plants. Within a few months of literature searches 

and preliminary experiments, dilute phosphoric acid was found to be the optimal candidate for 

pretreatment. The results from the laboratory experiments were promising and the optimal 

conditions were validated in a pilot-scale facility in SEKAB (operated by RISE- Research 

Institutes of Sweden AB, formerly SP Processum) at Örnsköldsvik, Sweden (Papers I and II). 

All of my previous research experience involved working with ‘μl’ and ‘ml’; therefore, it was 

a major thing for me to work with ‘1 m3.’ 

Working with Neurospora had by then become my passion, but it turned out that wheat 

straw hydrolysate was not an option for ethanol fermentation using this fungus. Therefore, my 

next big task was solving this fermentation issue and determining the conditions that would 

induce Neurospora to happily ferment wheat straw slurry. After a lot of ‘negotiation talks’, I 

soon struck a deal with Neurospora and an improved fermentation process was finally 

achieved (Paper III).  

The next big challenge was scaling up. Fermentation of wheat bran hydrolysate was 

carried out for different scales including a 1-m3 airlift bioreactor. The fermentation scale-up 

went well and the resulting ethanol yields were in accordance with the laboratory results 

(unpublished data). Big thanks to Jorge! It was also one of the few times that I really thanked 

Neurospora as I was nearing my marriage date, at a time when I could not afford to miss a 

single cultivation step. After the scale-up fermentation experiments, the economic viability of 

the pretreatment process was revamped and reconsidered. Because our current processes 

required high temperature of around 195-210°C, the energy potential was a challenge for the 

integration model at the existing first-generation ethanol facilities. This lead to the idea of 

pretreating at a low temperature, which would potentially use waste steam measuring around 

100°C for pretreating lignocellulose at the existing ethanol facilities. Since Neurospora did 

not favorably respond to wheat straw, a new lignocellulose substrate, whole stillage fiber, was 

selected. A collaborative project was formulated around this idea, which gave promising 

results (Paper IV). 

The second part of my thesis study, which I consider the most interesting and the one 

closest to my passion, begins with a study on the physiology and morphology of 

N. intermedia. In general, morphological studies of filamentous fungi have had a major role in 
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scale-up experiments, especially with processes with industrial applications. Hence, the 

concept of N. intermedia pellet formation and the techniques to maintain the morphology in 

liquid fermentation broth in our experiments has immense potential application. Because 

pelletization of N. intermedia had not been previously reported, this was the focus of the next 

phase of my thesis. For the first time, Neurospora pellets were obtained and successfully 

maintained throughout the fermentation process (Paper V). Considering the efficient 

fermentation capabilities of the Neurospora pellets and their potential to survive under 

inhibitory conditions, another collaborative project was designed that looked into aspects of 

Neurospora pellet formation and fermentation on lignocellulose hydrolysate, particularly 

wheat straw (Papers V and VI). 

 

1.2 Guide for the reader 

This thesis is divided into seven major chapters 

 Chapter 1- Thesis introduction, portrayal of the research journey, and thesis outline. 

 Chapter 2- Establishing the background for the current research, including briefly 

describing first-generation ethanol process scenarios and challenges. 

 Chapter 3- Introduction of the second-generation ethanol process, the current process 

challenges, and the prospect of using wheat-derived lignocellulose feedstock for the 

ethanol production. 

 Chapter 4- Focuses on pretreatment with dilute acid, and results from both laboratory and 

pilot-scale experiments are presented. 

 Chapter 5- Insight is given into the use of the filamentous fungus Neurospora intermedia 

as the model organism for industrial white biotechnology-based biorefineries. 

 Chapter 6- Description of the model of integrated first- and second-generation ethanol 

processes emphasizing the potential of fungal fermentation for wheat-based lignocellulose 

ethanol production. Results from studies on fermentation at various scales, starting from 

bench to pilot scale, are explained. 

 Chapter 7- Summary of the key findings of this study and future directions. 
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Sustainable economic and industrial growth requires environmentally safe and renewable 

energy resources. Dramatic fluctuations in oil prices over the last decade have enabled liquid 

biofuels to become cost-competitive with petroleum-based transportation fuels, leading to a 

surge in research and development around the world [1]. Biofuels have become the largest 

source of renewable energy produced and consumed in the world owing to increasing 

demands to replace fossil fuels with renewable ones, thus reducing greenhouse gas (GHG) 

emissions and alleviating climate change [2]. Bioethanol is the dominating biofuel for 

transportation, with a total world production of 98.6 billion liters in 2016 (global renewable 

energy policy network -REN21)1. The Global Renewable Fuels Alliance (GRFA)2 forecasts 

that the global ethanol sector will remain strong in 2017, with total production estimated to be 

97.8 billion liters. The latest global energy demand continues to favor the trend of increasing 

ethanol production, where the ethanol market will make up about 73% of the demand for 

biofuels in 2020. 

 

2.1 Bioethanol: Potential as fuel 

Bioethanol (C2H5OH) is a liquid biofuel produced from several different biomass feedstocks 

using various conversion technologies. It is an attractive alternative fuel owing to being 

renewable, bio-based, and oxygenated (35% oxygen), thus providing the potential to reduce 

particulate and NOx emissions from compression-ignition engines [3, 4]. Bioethanol is 

appropriate for use in mixed fuel in gasoline engines because of its high octane number (108), 

its low cetane number, and high heat of vaporization, which prevents self-ignition in the 

engines [5]. One such blend of bioethanol used in light-duty vehicles is popularly known as 

E85 and contains 85% bioethanol and 15% gasoline. In Brazil, bioethanol for fuel is derived 

from sugarcane and is used either in pure form or blended with gasoline in a mixture called 

gasohol consisting of 24% bioethanol and 76% gasoline [6]. 
 

1. http://www.ren21.net/wp-content/uploads/2017/06/17-8399_GSR_2017_Full_Report_0621_Opt.pdf 
accessed June 2017 

2. http://globalrfa.org/news-media/2017-forecast-global-ethanol-production-stable, accessed April 2017 
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In several states within the USA, a lower amount of bioethanol (10% by volume) is added to 

gasoline, a mixture generally known as E10. Other examples of blending are found in Brazil 

(E20, E25), India (E5), Australia (E10), Thailand (E10), China (E10), Columbia (E10), Peru 

(E10), and Paraguay (E7) [7]. Blends with higher concentrations of bioethanol in gasoline, 

such as E85 (flexible-fuel vehicles (FFV) can operate on blends of up to 85% bioethanol), are 

widely used, such as in the USA, Canada, Sweden, and Brazil (any blend) [8]. Although 

bioethanol has a 34% lower energy density than gasoline, is more corrosive, and has a lower 

vapor pressure that makes cold starts difficult [9]; it is extensively used blended with gasoline 

owing to many of its advantages. 

 

2.2 First-generation (1G) bioethanol processes 

Recent developments in industrial biofuels from agricultural crops have put forward an 

answer to energy security, climate change, and rural development for the growing world 

population [10]. Most agricultural biomasses such as corn (maize), wheat, oats, rice, potato, 

cassava (starch) or sugarcane (sugar) can be used as a substrate for ethanol fermentation by 

microbial processes. For instance, based on dry weight, corn, wheat, sorghums (milo), and 

other grains contain around 60–75% (w/w) of starch, which are hydrolysable to hexose with a 

significant weight increase (stoichiometrically the starch to hexose ratio is 9:10), and hence, 

are good resources for ethanol processes [11]. However, the current first-generation ethanol 

process mainly focuses on the bioconversion of starch from grains, such as wheat in Europe 

or corn in the USA, and sugar from sugar cane (as in Brazil), into ethanol. 

 
1. http://www.ethanolrfa.org/wp-content/uploads/2017/02/Ethanol-Industry-Outlook-   

2017.pdf, accessed April 2017 
2. http://www.iea.org/etp/ 



7 
 

2.2.1 Sugar-based process 

Sugarcane ethanol is conventionally produced by fermenting the sugarcane juice and 

molasses from sugar manufacturing industries in tropical and subtropical countries, e.g., 

Brazil, India, and Colombia. Sugarcane-based ethanol has an energy balance 7 times greater 

than that of corn-based ethanol. Processing of the sugarcane results in a juice containing about 

10-15% solids from which the sucrose is extracted. The juice contains undesirable inorganic 

compounds and so is treated in a clarification step, where it is heated to 115°C and treated 

with lime and sulfuric acid, which precipitate the unwanted inorganics. Following 

clarification is the ethanol fermentation step, where juice and molasses are mixed to form a 

10-20% sucrose solution. The fermentation is exothermic; therefore, cooling is needed to keep 

the reaction favorable for fermentation process. Yeast is added along with the nutrients of 

nitrogen and trace elements to keep the yeast growing (Figure 2.1). Over 70-80% of Brazilian 

distilleries operate on a fed-batch process of yeast fermentation, and have outputs ranging 

from 400 to 2000 m3 ethanol per day. High yeast cell concentrations in the range 8 to 17% 

perform fermentation for about 6–10 h, resulting in final ethanol concentrations of up to 11% 

v/v, which corresponds to an average ethanol yield of 91%. After each fermentation cycle, the 

yeast cells are separated by either centrifugation or filtration, treated with dilute sulfuric acid 

to kill contaminating bacteria, and then re-inoculated for the next fermentation cycle. This 

sequence can be repeated up to 200 times and minimizes carbon consumption for yeast 

growth while enabling very high ethanol productivity [12-14]. 

 

2.2.2 Starch-based process  

About 90% of the starch ethanol produced today comes from the dry milling process, with the 

remaining 10% coming from wet mills. The conversion of starch to ethanol is generally a 

two-step process, where in the initial steps of liquefaction and saccharification, starch is 

converted into fermentable sugars using amylolytic microorganisms or enzymes such as 

glucoamylase and -amylase (Figure 2.1). Subsequently, the sugars are fermented into ethanol 

using Saccharomyces cerevisiae, one of the oldest microbial fermentation processes used in 

commercial applications. The use of amylolytic yeasts for the direct fermentation of starch is 

an alternative to the conventional multistage process, but has poor economic feasibility [15]. 

Although there are over 150 amylolytic yeast species, their industrial use is limited because of 

their low ethanol tolerance [16]. Therefore, most researchers have focused on developing 

genetically engineered amylolytic strains of S. cerevisiae. The current grain-based ethanol 

process using both dry and wet mill reprocessing is depicted in Figure 2.1. For instance, in- 
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-the USA, processing a bushel of corn weighing nearly 25 kg in a dry mill ethanol bio-

refinery produces about 10.7 L denatured ethanol, 7.4 kg of distillers grains animal feed (10% 

moisture), 0.3 kg of corn distillers’ oil, and 7.7 kg of carbon dioxide. In Europe, however, the 

major share of starch comes from wheat grains (discussed in the following chapters). 

Additionally, tuber-crops, such as sweet potato in China and southwestern states in the USA, 

cassava in Thailand and sub-Saharan Africa, and sweet sorghum in China and Africa, are also 

first-generation starch-to-ethanol feedstock. 

2.3 Current market scenario and major players 

Global transport energy demands have increased by less than an average of 2% annually since 

2005, but account for about 28% of overall energy consumption and 23% of energy-related 

GHG emissions1. Biofuels, such as ethanol and biodiesel, represent a major share of the 

demand for renewable global energy in the form of transport fuel, which is used in 4% of total 

road transport worldwide (Figure 2.2). Internationally, biofuel (i.e. ethanol) production and 

consumption is primarily done by the USA and Brazil. Corn-based ethanol still dominates the 

biofuels in the USA, while in Brazil the ethanol used is primarily sugarcane-based. The USA 

retains their position as the top player globally, as it currently accounts for nearly 60% of 

global ethanol production. In 2015-2016, Brazil produced 666.8 million tons of sugarcane, 

which yielded about 33.8 million tons of sugar and 30.2 billion liters of ethanol1. Major 

players like Raizen, (www.raizen.com) and BP Biofuels (http://www.bp.com) in São Paulo 

have a production capacity of about 2.1 billion liters of biofuel per year and a processing 

capacity of 10 million tons of sugarcane per year. However, there are many additional 

contributors to the first-generation bioethanol market in Brazil.  In the USA, corn-processing 

food companies, such as Archer Daniels Midland Company (ADM) in Illinois 

(http://www.adm.com/), and biofuel companies, such as POET LLC (http://poet.com/) in 

South Dakota and Valero Renewable Fuels (https://www.valero.com), have a production 

capacity of around 6.7, 6.05, and 4.5 billion liters/year, respectively, making them the major 

players in first-generation corn ethanol production. In Europe, Abengoa bioenergy 

(http://www.abengoabioenergy.com) is a major producer with facilities in Spain, The 

Netherlands, and France with production capacities of about 348, 480, and 249 million liters 

per year, respectively. In addition, ADM Hamburg AG in Germany and Cargill in Belgium 

(http://www.cargill.be/) contribute to a major share of ethanol derived from first-generation 

processing of corn, wheat, and sugar beets. In Sweden, the biggest player is Lantmännen 

Agroetanol (http://www.agroetanol.se) with a production capacity of 230 million liters of 
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ethanol and 200,000 tons of protein feed produced from about 600 thousand tons of grains per 

year. According to recent reports from the Renewable energy policy network, REN21 (2017) 

(http://www.ren21.net/), global ethanol production was stable with record levels in the USA 

and sharp increases in China and India. New initiatives in Africa, notably in Nigeria and 

South Africa, were also achieved during 2016-17. However, there are no countries outside of 

the USA and Brazil where biofuels contribute to a significant portion of the motor fuel or 

energy supply (http://www.ren21.net/). 

 

 

 

2.4 Socio-economic Implications 

Biofuels, particularly bioethanol, are among the most hotly debated topics today owing to 

their overall ecological and socioeconomic impact. It has been well-studied and reported that 

first-generation biofuels have an overall net benefit in terms of reducing GHG emissions and 

dependency on fossil fuels (especially oil), supporting agricultural industries, and maintaining 

energy supply security [20]. However, the first-generation biofuels, including starch- and 

sugar-based bioethanol, still have shortcomings and, thus, remain controversial. 

 

1. http://sugarcane.org/sugarcane-products/ethanol 
2. http://www.ren21.net/wp-content/uploads/2017/06/17-8399_GSR_2017_Full_Report_0621_Opt.pdf, 

accessed June 2017  
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It is thought that the unprecedented push for first-generation biofuels and a massive increase 

in energy production have contributed to  issues, including food shortages and 

increases in food prices due to competition with food crops, thus raising the  

debate [10]. According to European Union estimates, if all the global biofuel targets are met, 

food prices could rise by about 76% by 2020 [21]. Furthermore, the increasing biofuel 

production capacity will likely, both directly and indirectly, lead to substantial changes in 

land-use [22] that could potentially have a negative  Biofuels are also 

known for their negative influence on  issues, as evidenced by the water 

pollution problems faced by first-generation biofuel plants. 

It should also be noted that land-use changes occur when non-agricultural lands or 

diverse agroforestry systems are converted to grow biofuel crops, which can accelerate

 [20]. Similarly, first-generation biofuels are now considered an 

 option owing to their overall high investment and operations/production 

costs. Most importantly, it has been reported that the benefits first-generation biofuels provide 

are only a  (except for sugarcane ethanol). Recently, several countries 

have issued regulations that require reporting the GHG emission savings of biofuels [23] and 

it has been suggested that many industrial biofuels do not have lower GHG emissions than 

fossil fuels. This is because, from an overall larger perspective, converting forests, peatlands, 

and permanent grasslands to grow biofuel crops is an important cause of GHG. This, together 

with converting existing food cropland to biofuel crops, may impact GHG emissions and 

result in levels similar to using fossil fuels [24]. Additionally, biofuels do not meet their 

claimed environmental benefits, because the biomass feedstock used for first-generation 

processes is not always produced using sustainable methods. 

These socioeconomic implications, together with ethical concerns, have paved the way 

for the development of ‘second-  ethanol processes that utilize non-food crop 

feedstock, especially from agricultural and forest residues (Chapter 3). 
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The environmental and economic concerns raised by first-generation bioethanol production 

processes that use sugar or starch derived from sugarcane, corn, and wheat has led to the 

establishment of second-generation (2G) biofuel processes using waste feedstock, such as 

municipal solid waste, crop residue, sludge, and livestock manure. Wastes are generated in 

vast amounts during industrial processes, agricultural practices, municipal waste sources, etc., 

and are widely available. These are low-cost raw materials that can be used for the production 

of value-added compounds in order to potentially reduce production costs [25]. Waste 

biomass that is lignocellulosic or starch-based is a potential source for free fermentable sugars 

that could be effectively used for ethanol fermentation (Table 3.1). Extensive research has 

been carried out across the globe for this purpose of developing sustainable technology.  

The overall process of the 2G-ethanol production is depicted in Figure 3.1. Although the 

exact process is generally based on the type of raw material used, the major steps are: 

a) feedstock preparation, such as size reduction through milling, grinding, and/or chopping; 

b) pretreatment, such as using the physiochemical or biological methods of steam explosion, 

or acid, alkali, or microbial treatments; c) release of free fermentable sugars, such as through 

hydrolysis or saccharification using microbial enzymes from bacteria or fungi; 

d) fermentation by microorganisms, such bacteria, unicellular fungi (yeast) or filamentous 

fungi and e) distillation using multistage distillation units to produce ethanol. In general, 

milling (grinding), liquefaction, and saccharification are necessary for the production of 

fermentable sugars from starch-rich materials, while milling, pretreatment, and hydrolysis are 

major steps in lignocellulosic ethanol production [26]. 
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3.1 Lignocelluloses as ethanol feedstock 

In industrialized countries, lignocellulose-based crop residues such as straw and stover are 

extensively used and studied for their potential contribution to energy supply. One of the benefits 

of producing ethanol from crop residues is the reduction in the air, water and soil pollution that 

are associated with the generation of energy-crops [28]. Application of crop residues for energy 

generation may provide security of supply and mitigate climate change, and their use for ethanol 

production is strongly sustained [29]. Ethanol can be produced from the highly abundant 

lignocellulosic sugars that are present in the crop residues [30]. Several methods and processes 

for ethanol production from crop residues have been studied and are reported in the literature 

[31-33].  

 

3.1.1 Structure and composition 

Lignocellulosic biomass is mainly composed of the three polymers of cellulose, hemicellulose, 

and lignin, which make up 40-50%, 25-30%, and 15-20% of the biomasses, respectively 

(Figure 3.2), along with traces of pectin, protein, extractives, and/or ash, depending on the 

15 
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biomass origin [34]. Cellulose is the main component of plant cell walls and confers structural 

support. It is a linear polymer of glucose linked together by - l  -glycosidic bonds with an 

alternating spatial arrangement of the side chains, while hemicellulose is a branched 

heteropolymer of D-xylose, L-arabinose, D-mannose, D-glucose, D-galactose, and D-glucuronic 

acid. In contrast to cellulose, which is crystalline and strong, hemicellulose has a random, 

amorphous, and branched structure with little resistance to hydrolysis that makes it more easily 

hydrolyzed by chemicals, such as acids, into monomers [35]. Lignin is composed of the three 

major phenolic components of p-coumaryl, coniferyl, and sinapyl alcohols. Lignin is synthesized 

through polymerization of these components and their ratio varies between different plants, 

wood tissues, and cell wall layers. Lignin is a complex hydrophobic cross-linked aromatic 

polymer that interferes with hydrolysis [36, 37]. Cellulose, hemicellulose, and lignin form the 

plant cell wall in a highly ordered crystal structure that makes degradation cumbersome 

(Figure 3.2). Therefore, lignocellulosic feedstocks need to be aggressively pretreated to generate 

substrate that is easily hydrolyzed by commercial cellulolytic enzymes or enzyme-producing 

microorganisms to liberate free sugars for the fermentation. 
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3.2 Lignocelluloses from wheat  

The production of 1 kg of wheat grain results in the generation of 1.1 kg of straw. According to 

the Food and Agricultural Organization (FAO), 715 million tons of wheat straw were produced 

worldwide in 2013 [39]. Taking into account that wheat straw is already used to feed animals or 

maintain soil quality, approximately 60% is still available for energy purposes [31]. Wheat straw 

has cellulose, hemicellulose, and lignin contents of 33-40, 20-25, and 15-20% w/w, respectively, 

and is a potential candidate for bioethanol production. Moreover, it is estimated that 150 million 

tons of wheat bran are produced per year worldwide [40]. Industrial wheat bran accounts for 

about 25% of the grain produced [41] and consists mainly of starch, a significant amount of 

sugars such as hemicellulose, residual cellulose, protein, and lignin, and has the potential to 

serve as a low-cost feedstock for fuel ethanol production [42]. The composition of the 

commercial wheat bran and straw used in this thesis work is described in Table 3.2, and its 

potential as a substrate for sugar release and ethanol fermentation is described in detail in the 

coming chapters. 
 

 

 

3.3 Lignocellulose from 1G wheat-to-ethanol processes  

In the conventional dry grind 1G-ethanol process, wheat grains are milled, liquefied, and then 

simultaneously saccharified and fermented to produce ethanol. When ethanol is distilled, the 

underflow from the distillation column is called whole stillage which contains non-fermentable 

components, and is produced in quantities of up to 10 L of stillage for each liter of ethanol 

produced (Figure 3.3). Whole stillage consists primarily of water, fiber, protein, oil, unconverted 
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starch, and dead yeast cells. The carbohydrates in stillage are composed mainly of hemicellulose 

and cellulose. Since D-xylose is a major component of hemicellulose, its fermentation, together 

with hexose sugars (mainly glucose from cellulose), creates an opportunity to improve ethanol 

production from whole stillage through efficient use [43]. Organic solutes present in stillage, 

e.g., 1,3-propanediol (1,3-PD), acetic acid, glycerol, alpha-glycerylphosphorylcholine (GPC), 

and lactic acid, are potentially valuable without modification or as precursors for additional 

processing for use in biorefineries [44]. Whole stillage is centrifuged to collect the thin stillage, 

which is the resulting supernatant, and wet cake, which is the suspended solid [45-47]. The 

composition of the whole stillage used in this thesis is described in Table 3.2. 

 

 

 

 

3.4 Process challenges and biomass recalcitrance 

Plant biomasses are naturally recalcitrant, which is a reflection of an evolutionary strategy to 

protect these plants against invading microorganisms. However, in a biorefinery, the breakdown 

of these plant biomasses into biofuels has to occur within a span of hours or days. In order to 
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increase the accessibility of cellulose and hemicellulose, the hemicellulose-lignin complex 

crosslinks must be broken. To accomplish this, numerous pretreatment and hydrolysis methods 

have been developed. Reports suggest that each type of feedstock requires a specific 

delignification or pretreatment and enzymatic hydrolysis process. Studies have shown that 

physical and/or chemical pretreatment of non-hydrolysable biomasses greatly impact glucose 

yields and the optimal pretreatment conditions are largely feedstock-dependent [29, 48]. 

Therefore, choosing the right methods of pretreatment and hydrolysis is a key factor in the 

conversion; choosing the wrong methods could be detrimental for the conversion of 

lignocellulose to ethanol. 

 

3.4.1 Pretreatment to remove recalcitrance 

Many structural and compositional factors hinder the enzymatic digestibility of cellulose present 

in the lignocellulosic biomass. Therefore, the goal of any pretreatment method is to alter or 

remove these impediments to hydrolysis in order to improve the rate of enzyme hydrolysis and 

increase the yields of fermentable sugars from cellulose or hemicellulose. These methods cause 

physical and/or chemical changes to the biomass in order to achieve these goals [36, 37]. 

Pretreatment is one of the most expensive processing steps during the conversion of cellulosic 

biomass to fermentable sugars in the 2G-ethanol production process. The process of pretreating 

lignocellulose has been extensively studied. Numerous interesting methods have been presented 

to date, with the chemical or thermo-chemical methods being the most important and extensively 

used [34, 36, 49]. Two types of treatment methods were studied in this thesis namely, dilute acid 

combined with a high temperature (Papers I-III), and dilute acid combined with a low 

temperature (Paper IV), which are explained in detail in Chapter 4. 

 

3.4.2 Enzyme hydrolysis to obtain fermentable sugars 

While hydrolysis differs for starch- and lignocellulose-based substrates, it is often carried out 

using acid or microbe-derived enzymes. The enzymes commonly used for starch-based 

substrates are  and -amylase, glucoamylase, pullulanase, and isoamylase, while cellulases and 

-glucosidases are the major enzymes used on lignocellulose-based substrates. Reports suggest 

that enzymatic activity generally decreases with the accumulation of end products, which 

eventually results in product inhibition. For example, for complex substrates, digestion by 

endoglucanases and cellobiohydrolases often results in cellobiose accumulation [50], thus 
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affecting the hydrolysis yield. The diversity in the substrate components sometimes demands the 

addition of antimicrobial agents, such as tetracycline or cycloheximide, during hydrolysis [51] to 

prevent microbial contamination which otherwise affect the process performance. Commercially 

available enzymatic complexes, such as Celluclast®, Cellic® CTec2 or CTec3 from Novozymes 

A/S (Basgsværd, Denmark), Accellerase® 1500 from DuPont (Delaware, USA) and Cytolase CL 

from DSM (Heerlen, The Netherlands) have been widely used in hydrolysis experiments 

published in recent research studies. In this thesis study, Cellic® CTec2 was used as the 

hydrolysis enzyme.  

 

3.4.3 Ethanol fermentation  

Another major challenge in ethanol production from waste biomass occurs during the actual 

fermentation using conventional microorganisms. Saccharomyces cerevisiae (baker's yeast) is a 

microorganism successfully used in different biotechnological processes and industries, such as 

in breweries. However, its limitations when fermenting lignocellulosic hydrolysate products, 

mainly pentoses, are a major hurdle to obtaining higher yields of ethanol from various waste 

biomasses. Genetic engineering technologies had facilitated the creation of pentose-fermenting 

S. cerevisiae with increased cellulolytic activity [52]. These genetically modified 

S. cerevisiae strains are widely available for use in research, such as to ferment food waste [51], 

wood waste [53], and other lignocellulosic biomasses [54]. Research studies have also assessed 

pentose utilization and ethanol fermentation by several other bacterial and fungal species, such 

as recombinant Escherichia coli strains, Zymomonas mobilis, and filamentous fungi (e.g., 

Fusarium, Mucor, Monilia, and Rhizopus) [26]. However, the constraints hindering efficient 

utilization of pentose sugar and the improvements to ethanol production remain a major 

challenge when using waste biomass. 

 Another challenge with fermentation derives from the compounds generated from 

lignocellulose degradation, e.g., acetic and formic acids, furfural, 5-hydroxymethylfurfural 

(HMF), and phenolic compounds. Residues of these compounds are often present in 

fermentation broth and act as toxic inhibitors [55, 56]. Growth inhibition caused by compounds 

already present in the waste source, such as volatile acids [51] and antimicrobial agents [58], also 

poses severe challenges. Therefore, detoxification prior to fermentation, as well as the use of 

more tolerant microorganisms, is often essential. In the present thesis study, acetic acid was 

found to be the most detrimental inhibitor among others, effect of which was reduced by a 

specially developed neutralization step (Paper VI). 
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3.5  ‘Ethanol biorefineries’: The way forward 

Decreasing oil prices coupled with process challenges are hindering the development of a fully 

commercialized and economically viable second-generation lignocellulose-to-ethanol process. 

Because the first-generation ethanol facilities (both starch and sugarcane) remain active and 

continue to improve, an integrated first- and second-generation biofuel process is a more 

feasible approach than a stand-alone second-generation process. In the integration model, the 

existing first-generation ethanol plants are transformed into ‘  where 

lignocelluloses are used to generate ethanol, together with the production of other value-added 

products. The IEA Bioenergy Task 42 has defined the term ‘biorefinery’ as: 

the sustainable processing of biomass into a spectrum of biobased products (e.g. chemicals, 
materials, human food, and animal feed) and bioenergy (e.g., fuels, power, and/or heat) 1. 
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The biorefinery-based lignocellulose integration model completely utilizes the biomass 

feedstock, and preferably uses existing infrastructure facilities at first-generation ethanol plants. 

Therefore, it could effectively address challenges in the second-generation process, such as the 

high investment cost associated with the reactors or equipment (such as fermentation vessels, 

dryers, evaporators and distillation columns), logistics and feedstock supply chain (transport) 

issues, high cost of production (process challenges), and maintaining consumer and industrial 

quality standards (for bioethanol). One such biorefinery approach of making second-generation 

lignocellulosic ethanol at an existing wheat-based first-generation plant is investigated in this 

thesis. An edible strain of filamentous fungi, Neurospora intermedia, capable of pentose 

assimilation and has potential in animal feed applications, has been used for ethanol production 

in this integration model. The following chapters describe the individual steps during the process 

adapted to facilitate the efficient use of lignocelluloses as ethanol fermentation substrates, and 

the role of filamentous fungi in the proposed integration model. 

 

1. http://www.iea-bioenergy.task42-biorefineries.com/en/ieabiorefinery.htm 
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When using lignocellulose-based waste materials, one of the major challenging steps is 

pretreatment of the biomass. The complex structure of cellulose in close linkages between 

hemicellulose and lignin, is found in many types of biomasses, and makes the pretreatment 

process inevitable. However, the majority of available pretreatment methods, e.g., using acids, 

alkalis, and/or organic solvents, require a neutralization step prior to enzymatic hydrolysis. In 

addition, several fermentation inhibitors that are byproducts of lignocellulose degradation, 

including compounds derived from degradation of pentoses and hexoses (furfural and HMF), 

phenolic compounds formed from the degradation of lignin, and aliphatic acids (acetic, formic, 

and levulinic acid), are formed during acidic pretreatment [61]. The use of strong acids for 

pretreatment, such as the conventionally used sulfuric acid, result in sulfur contamination of the 

feed product DDGS, which is an economically significant co-product of the ethanol industry. It 

has also been reported that increased concentrations of dietary sulfur have deleterious effects on 

cattle performance and carcasses [62, 63]. Therefore, when choosing the pretreatment method or 

chemical for the lignocellulose substrates, it is equally important to consider the potential of this 

method to remove recalcitrance and not to produce harmful byproducts that may affect the 

quality of the DDGS product. In this thesis work, dilute phosphoric acid was hence chosen as the 

core chemical catalyst for lignocellulose pretreatment, details of which are explained in this 

chapter. 

 

4.1 Current pretreatment methods 

The extent of recalcitrance of lignocellulosic biomasses depends on the factors such as, the 

degree of cellulose crystallinity, total accessible surface area, protection of cellulose by lignin, 

heterogeneity of the biomass particles, and cellulose sheathing by hemicellulose [36, 64]. In 

general, the major goals of pretreatment are to be an effective process that (1) produces highly 

digestible solids that enhance sugar yields during enzymatic hydrolysis, (2) avoids the 
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degradation of sugar derived from both cellulose and hemicellulose, (3) minimizes the formation 

of inhibitors of subsequent hydrolysis and fermentation steps, (4) shows good recovery of lignin, 

and 5) remains cost-effective through the application of reactors of moderate sizes and 

minimizing heat and power requirements [64]. The major available pretreatment methods can be 

divided into four categories: physical, chemical, physicochemical, and biological pretreatments 

(Figure 4.1). 

Physical pretreatment generally involves breaking down biomass in terms of size and 

crystallinity, using physical processes such as chipping, milling, and grinding [65]. The energy 

requirements for physical pretreatments depend on the final particle size and reduction in 

substrate crystallinity. Although mechanical pretreatment methods increase cellulose reactivity 

during enzymatic hydrolysis, they have high energy and capital costs [66]. In addition, many 

newly developed pretreatment processes minimize or even avoid the need for size reduction 

and/or grinding [67]. 

 

 

Biological pretreatment employ microorganisms, primarily white- and soft-rot fungi, 

actinomycetes, and bacteria, to degrade lignin using lignin-degrading enzymes, such as 

peroxidases and laccases. Fungal strains, e.g., Pleurotes spp., Phanerochaete chrysosporium, 
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Trichoderma reesei, and Streptomyces griseus, are among the microbes studied extensively for 

use in biological pretreatment [68, 69]. However, the process is generally time consuming and 

less competitive compared to other methods of pretreatment. 

Chemical pretreatment methods involving acid hydrolysis utilize especially strong or 

weak acids (typically in their dilute forms), e.g., sulfuric, nitric, hydrochloric, and phosphoric 

acids, which are powerful agents of lignocellulose degradation. Bases can also be used, but the 

effect of alkali pretreatment depends on the lignin content of the biomass. Sodium, potassium, 

calcium, and ammonium hydroxides are suitable alkali pretreatment agents. Organic solvents, 

such as methanol, ethanol, acetone, ionic liquids, ethylene glycol, triethylene glycol, NMMO, 

and tetrahydrofurfuryl alcohol, have also been used to pretreat lignocellulose in a process known 

as organosolv pretreatment [70]. 

Physicochemical methods are among the most commonly used process for pretreating 

lignocellulose. Commonly used methods include steam explosion, which is typically initiated at 

a temperature of 160-260°C (corresponding pressure, 0.69-4.83 MPa) in the presence of an acid 

or alkali, ammonia fiber explosion (AFEX), where lignocellulosic biomass is exposed to liquid 

ammonia at high temperature and pressure for a period of time, and carbon dioxide explosion, 

where carbonic acid formed from CO2 dissolved in water hydrolyses lignocellulose [64, 70]. 

However, the most efficient pretreatment strategies combine different processes, such as 

thermochemical and biochemical pretreatments, which generally involve acids or alkalis at a 

high or low (steam) temperature [71]. Over past years, several groups have carried out extensive 

research on different pretreatment strategies, and several reviews have compiled current 

processes and methods [36, 37, 64, 71, 72]. Reviews assessing the effect of different 

pretreatment methods, including the degree of polymerization, imaging, and crystallinity of 

lignocellulose, have been published recently [73, 74]. Table 4.1 presents the advantages and 

disadvantages of the most commonly used pretreatment processes. 
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Steam-explosion pretreatment, which uses a combination of chemical and physical techniques, is 

one of the methods most commonly used to efficiently break the recalcitrant structure of the 

lignocellulosic biomass. The use of a dilute acid catalyst favors hydrolysis of hemicellulose 

during pretreatment and cellulose digestibility further downstream in the process [71]. In most of 

the operations, a mixture of acid and lignocellulosic feedstock is heated indirectly through vessel 

(reactor) walls or by direct steam injection, where the latter is similar to the uncatalyzed steam-

explosion process [36]. During pretreatment, substantial amounts of sugars from hemicellulose 

and cellulose are generally solubilized into a liquid phase of pretreated biomass slurry. Two types 

of pretreatment with dilute acid are typically used: a) high-temperature (>160°C), continuous-

flow process for low solids loadings (5-10% w/w), and b) a low-temperature (< 160°C), batch 

process for high solids loadings (10-40% w/w) [70]. 

Several research studies have been carried out on lignocellulose pretreatments using dilute 

acids, including sulfuric [78-80], nitric [81, 82], hydrochloric [83, 84], and phosphoric acids [85, 

86]. The most commonly used acid is dilute sulfuric acid (H2SO4), which has been employed to 

pretreat a wide variety of biomasses [87], usually at a very low H2SO4 concentration, less than 

4% w/w and an elevated temperature of up-to 240°C [71, 79]. Most researchers favor dilute-acid 

hydrolysis, primarily because 80 to 90% of hemicellulose sugars are recoverable from most 

lignocellulosic biomasses using this technology. Although little lignin is dissolved, several 

studies indicate that, in most cases, the lignin structure is disrupted and cellulose susceptibility to 

the hydrolyzing enzymes is increased [72, 88, 89]. For instance, the National Renewable Energy 

Laboratory (NREL) in the USA used dilute acid in their first pilot-scale pretreatment of wood 

biomass [90]. Feedstock was conveyed to the dilute-acid reactor, where the biomass was treated 

with dilute sulfuric acid (2.2% on dry biomass) and heat (158°C, 5 min) in the form of direct 

steam from the boiler [90]. Table 4.2 describes previous studies reported in the literature that 

used pretreatment with dilute acid on different lignocellulose biomasses. 

Despite being considered a favorable pretreatment catalyst due to generating excellent 

hemicellulose sugar yields and highly digestible cellulose with low acid loadings, dilute acid 

hydrolysis, especially with sulfuric acid, has several limitations. Owing to the corrosive nature 

and toxicity of most acids, such as nitric and hydrochloric acids, appropriate reactor materials 

that can withstand the required experimental conditions and corrosiveness of the acids is 

required [87]. The equipment configurations and high ratio of water to solids employed in 
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flow-through systems require significant energy for pretreatment and product recovery [36]. 

Another drawback is the production of fermentation inhibitors like furfural and HMF, solubilized 

biomass constituents such as acetic acid, and corrosive products such as metal ions, that reduces 

the effectiveness of the pretreatment method and further processes [91]. 

The use of most dilute acids as reaction catalysts result in the need for extensive washing 

and/or detoxification (e.g., by over-liming or steam-stripping) to remove the acid before 

fermentation [78]. However, the neutralization salts used later need to be separated from the 

system (pretreated biomass liquid/solid) and disposed before the subsequent fermentation, since 

these salts are inhibitory to the fermenting microbes [36]. Therefore, identifying the optimal acid 

catalyst, which does not require subsequent neutralization or corrode the reactor, is critical for 

efficient pretreatment with dilute acid. One such acid catalyst such as phosphoric acid, which, in 

dilute concentrations, is favorable for lignocellulose pretreatment and poses several advantages 

(as discussed in the following section), was used in this thesis study (Papers I—IV). 

To reduce the cost of separation and utilize all the sugars from the pretreated slurry, it is 

desirable to use the whole slurry (liquid combined with the solid fractions) of the pretreated 

biomass for subsequent fermentation [87]. However, most of the pretreatment studies currently 

available in the literature focus on enzymatic hydrolysis, either through simultaneous 

saccharification and fermentation (SSF) or separate hydrolysis and fermentation (SHF) of the 

washed pretreated biomass (solid fraction) [80, 92, 93]. Nevertheless, a continuous fermentation 

step (SSF in most cases) using the whole slurry obtained from the dilute-acid pretreatment 

(without washing) has been successfully carried out previously [87, 94, 95]. In this thesis study, 

the whole slurry of the pretreated lignocellulose biomass of wheat straw, bran, and whole stillage 

fiber was used for subsequent enzymatic hydrolysis and fungal fermentation (Papers I- IV). 



 

31 
 

 

 

 

 



 

32 
 

- 

 

4.3 Why use dilute phosphoric acid? 

Effective pretreatment methods are crucial for utilizing lignocellulose materials for ethanol 

production in subsequent fermentation. The most frequently used dilute acids, such as sulfuric 

acid, results in problems associated with sulfur contamination of animal feed products and the 

formation of fermentation inhibitors (as described earlier). The mechanism of sulfur 

contamination of DDGS is a well-studied field in animal physiology [62, 63, 105]. An alternative 

strategy of pretreatment uses weaker acids, such as dilute phosphoric acid [106], as catalysts. In 

spite of its higher cost, phosphoric acid has several advantages, including being less corrosive 

and toxic, which reduces the cost of plant construction [107]. Using phosphoric acid also means 

there is a lower environmental impact. Furthermore, it has the advantage of being a source of 

phosphorous, which is a nutrient for microorganisms [104], and phosphorus in DDGS as a 

source of nutrients could improves its quality. There are previous studies using dilute phosphoric 

acid for pretreatment of several types of biomass, e.g., corn stover [86], sugarcane bagasse [108], 

and soft wood [106] (Table 4.2). In this thesis work, the pretreatment of wheat straw, bran, and 
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whole stillage fiber using dilute phosphoric acid as the reaction catalyst was studied 

extensively (Papers I- IV). 

 

 

Treatment with dilute acids generally refers to hydrolysis of cellulose and hemicellulose into 

monosaccharides using acid concentrations of less than or equal 10% as the catalyst. The 

reaction is typically performed at a temperature of 100–240°C at a pressure greater than 1 MPa 

for a few seconds to several minutes [34, 49, 109]. Dilute-acid treatment is generally a fast 

reaction and does not require recycled acid, making it suitable for continuous operation. 

Nonetheless, this method needs relatively high temperatures and pressures, and the resulting 

degradation products negatively influence lignocellulose fermentation [34]. Pretreatment of 

wheat bran (Paper I) and straw (Paper II) with dilute acid at a high temperature in this thesis 

work was based on a statistically designed experimental model. A combination of pretreatment 

factors such as acid concentration, treatment time, and temperature played a crucial role in 

breaking down the complex lignocellulosic structures of both bran and straw (Papers I and II). 

Validation of the efficacy of pretreatment of both wheat straw and bran with dilute phosphoric 

acid was carried out in a pilot facility at Borås Energi och Miljö, Borås and a demonstration 

facility at SEKAB (operated by RISE- Research Institutes of Sweden AB, formerly SP 

Processum), Örnsköldsvik, Sweden. Pretreatment was performed under three test conditions 

(Table 4.3) and a total of 1,000 L of pretreated material was produced from the demo-testing 

(Papers I –III). 
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4.4.1 Effect of pretreatment on polysaccharides and inhibitors  

The impact of pretreatment conditions, including differences in time, temperature, and acid 

concentration, together with their combinational effect, on wheat straw and bran was determined. 

In general, higher yields of pentose sugar were obtained from both wheat bran and straw (Papers 

I-III), demonstrating the hemicellulose fraction is more sensitive to pretreatment compared to 

that of the cellulose fraction [110]. The results obtained were within the range of values reported 

recently in the literature. For example, Toquero and Bolado [111] reported a release of about 

0.16 g xylose/g wheat straw, which was around 74.4% of the xylose within the raw material, 

upon pretreating with dilute hydrochloric acid. The glucose yield was more sensitive to the 

reaction temperature than acid-loading and time, which is clearly observed with wheat bran 

(Figure 4.2) and is in line with previous reports [85] on pretreatment of corn stover with dilute 

phosphoric acid. Nevertheless, the decrease in the concentrations of individual sugars at higher 

acid-loading and temperatures (Papers I and II) can be explained by the formation of degradation 

products [103]. 
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Because the minimum release of inhibitors is the flagship of any efficient pretreatment process, 

efforts were made to quantify various inhibitors to assess the process efficiency. In general, the 

release of inhibitors from wheat straw was high compared to that from bran biomass, and 

consequently resulted in a lower ethanol yield from fungal fermentation (Paper II). The release 

of HMF and furfural steeply increased with an increase in temperature from 190 to 210°C for 

wheat straw (Figure 4.3), unlike that with wheat bran. This coincides with the decrease in total 

sugar release from wheat straw at high temperatures (Papers I and II). Acid concentration and 

pretreatment duration showed a similar trend for HMF and acetic acid, especially for wheat 

straw, where an increase in formation was noted with an increase in acid concentration and 

pretreatment time (Figures 4.3). However, furfural formation deviated from the general trend as 

increased formation coincided with decreased acid concentration and pretreatment time. For 

instance, during wheat straw pretreatment, a 29% decrease in furfural was observed when the 

acid concentration was increased from 1.75 to 3%, (Paper II). This reduction in yield could be 

attributed to the chemical conversion of furfural into other compounds, such as aldehydes [112]. 
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4.4.2 Low energy approach for pretreatment with dilute acid 

The economic viability of any industrial process heavily depends on the OPEX of the individual 

steps in the process. Considering the second-generation lignocellulose-to-ethanol process, the 

initial pretreatment of feedstock to overcome the recalcitrant nature of the biomass is one of the 

most rate-limiting and energy-intense steps. Pretreatment also constitutes one of the biggest 

shares of cost in the overall OPEX out of the entire lignocellulose-to-ethanol process. Therefore, 

identifying the most cost-effective method of pretreatment is a crucial aspect of second-

generation ethanol processes. An alternative energy- and cost-efficient approach of pretreatment 

is using waste heat to obtain a temperature of about 100°C from existing first-generation ethanol 

plants to facilitate pretreatment of lignocellulose at mild temperatures. The use of secondary or 

waste heat could therefore facilitate an ‘  process (Figure 4.4) of converting 

lignocellulose to ethanol at first-generation ethanol plants. However, there have been few studies 

to date on pretreating at 100°C. Examples of these studies include those on pretreatment of 

corncob residues using bisulfite for furfural production at 100°C [113], corn stover with dilute 

acid at 120°C [114], and rice straw with sodium carbonate at 90-130°C [115]. 
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The process described in the thesis stands out from these published pretreatment methods 

because an increase of steam temperature to even 130°C is an energy-consuming process that 

could affect the OPEX of ethanol plants. The use of hot water (100°C) in first-generation ethanol 

plants to pretreat lignocellulose, such as wheat bran and whole stillage fiber, at mild 

temperatures could potentially cut down the OPEX of the second-generation ethanol process, 

assuming the two processes are integrated. Thus, pretreatment with dilute sulfuric and 

phosphoric acids at 100°C was carried out for wheat bran and whole stillage fibers (Paper IV). 

The pretreatment led to a 300% improvement in glucose yield compared to those using 

substrates that were only enzymatically treated (Paper IV). Pretreatment of wheat bran and 

whole stillage fiber at low temperatures (as depicted in Figure 4.5) resulted in two major 

observations: a) the final sugar yields were very similar among the substrates tested irrespective 

of the acid used, and b) differences among different acid concentrations and pretreatment times 

were more pronounced for phosphoric acid than for sulfuric acid (Paper IV). Previous reports 

suggest that at low temperatures, significant correlations exist between pretreatment pH and 

temperature for the enzymatic liberation of both glucose and xylose from pretreated 

lignocellulose feedstock [116]. Nevertheless, high yields of xylose and other sugars were 

achieved at a high solid loading (15%) compared to previous studies. For instance, during 

optimization of pretreatment of corn stover at 120°C with dilute sulfuric acid, Hong et al. (2016) 

observed a sharp decrease in the rate of hydrolysis of glucan (from 26 to 18%) and xylan (from 

83 to 60%) when changing the solid loading from 9 to 15% [114]. 
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5.1 Filamentous fungi in industrial biorefinery  

Fungi are generally divided into three major groups: unicellular, macrofilamentous, and 

multicellular filamentous fungi, based on their life cycles. Filamentous fungi are an incredibly 

rich and rather overlooked reservoir of several natural products with potent bioactivities 

applicable in a range of industrial sectors. Industrial processes involving these microbes are often 

superior to bacteria- and yeast-based processes, in terms of metabolic versatility, robustness, and 

secretory capacity [117, 118]. Large-scale manufacturing processes have been developed for the 

production of organic acids, proteins, enzymes, and small molecule drugs, including antibiotics, 

statins, and steroids, using filamentous fungi [118-120]. Therefore, filamentous fungal 

biotechnology plays a central role for many industries, including food and feed, pharmaceutical, 

pulp and paper, textile and detergent, and biofuel industries, contributing to both red1 and white2 

biotechnology (Figure 5.1). The volume of global sales of white biotechnology products was 

estimated to be €110 billion in 2008, which is expected to increase fourfold to €450 billion by 

2020 [118], in which filamentous fungi is considered a key player. 

The choice of edible filamentous fungi as a key player in the -  approach, 

especially pentose utilization, was initiated almost 15 years ago, when edible strain of Rhizopus 

oryzae was first used to produce ethanol from paper pulp sulfite liquor (a waste stream from the 

pulp and paper industry). The study also opened up the new arena of using filamentous fungi as a 

potential feed source [121]. Since then, several research studies have been exploring the use of  

 

1. Red biotechnology – use of microorganisms for the improvement of medical processes or manufacturing 
pharmaceutical products 

 

2. White biotechnology – use of microorganisms for industrial processes such as manufacturing biomaterials 
or developing alternative energy sources. 
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different food-grade edible filamentous fungi belonging to both zygomycetes [122-124] and 

ascomycete [47, 125] groups for the production of ethanol and feed components in a 

consolidated biorefinery approach. 

 

 

5.2 Ascomycetes filamentous fungi 

Among the various groups of filamentous fungi, species of the class ascomycetes have been 

widely investigated for the production of various metabolites, such as ethanol, organic acids, and 

fungal biomass for feed applications [126, 127]. Their growth versatility can be attributed to the 

vast array of enzymes these filamentous ascomycetes produce, depending on the substrates on 

which they are growing. There is high potential for these fungal groups to be key players in the 

“waste biorefineries” aiming at valorization of waste materials from different industrial sectors 

[126]. Many of the ascomycetes filamentous fungi such as Aspergillus spp., Fusarium spp., 

Monascus spp., and Neurospora spp., are versatile and are able to grow on a wide range of 

substrates. They have also been traditionally recognized as the source of nutritious highly 

palatable functional foods and drinks such as, Soy sauce, Red-Koji (red-rice), Oncom, Sake, by 

many Asian societies [128]. Many ascomycetes fungal strains are considered as GRAS 

(generally regarded as safe) microorganisms under the Sections 201(s) and 409 of the Federal 

Food, Drug, and Cosmetic Act of the Food and Drug Administration (US-FDA)1 and also meet 
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the requirements of being in the list of Microbial food cultures (MFC) under the EU regulation- 

EC no.178/2002 and the 2007- Qualified Presumption of Safety (QPS)2 approach introduced by 

the European Food Safety Authority (EFSA). This could be an important aspect should the 

fungal biomass be used for animal feed or human consumption [129]. 

 

5.3 Neurospora intermedia: The model fungus 

The original identification of this fungus dates back nearly 175 years, when in 1842, a French 

microbiologist observed its growth on spoiled bread in bakeries in Paris [130]. Neurospora has 

been successfully used as an eukaryotic model organism for addressing a wide range of 

biological questions, which is a result of its early domestication for rigorous laboratory 

experimentation [131] (Figure 5.2). Its natural habitats are primarily found in tropical and 

subtropical regions, and, notably, it grows on vegetation scorched by fire, such as burned sugar 

cane fields [131-133]. Literature suggests that the fire produces chemical byproducts, namely 

furfural and phosphorus, that trigger the germination of ascospores in soil [132]. The 

conidiating3 Neurospora species, such as N. crassa, N. sitophila, N. intermedia, N. tetrasperma, 

and N. discrete, are conspicuous in nature because of their distinctive orange color, rapid growth, 

and profuse production of powdery conidia [134]. Neurospora species are obligate aerobes that 

are unable to grow in the gut or bladder, tissues, or systemically, hence making them 

 

 

1. https://www.fda.gov/food/ingredientspackaginglabeling/gras/, accessed June 2017 
2. https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps,  accessed June 2017 
3. Formation of condia- the asexual, non-motile spores of a fungus 
4. Phase-contrast microscopic image using Carl Zeiss Axiostar Plus Microscope. 
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incapable of causing disease in plants, animals and humans [134]. The Neurospora strain, N. 

intermedia CBS 131.92 (Centraalbureau voor Schimmelcultures, The Netherlands), is used as 

the fermenting microorganism in this present thesis work. This species is morphologically and 

genetically similar to other Neurospora species, especially Neurospora crassa (Figure 5.3). N. 

intermedia has been traditionally used for the preparation of the indigenous Indonesian food 

oncom [135] and is categorized as GRAS. During the 1980s and 90s, several extensive genetic 

and molecular level studies with N. intermedia strains, along with N. crassa, were carried out 

[136-138]. Neurospora strains were chosen as the because they are the only 

genetically well-characterized, obligate aerobic organism in which respiratory mutants can be 

selected and manipulated effectively [139]. 

 

 

 

5.4 Morphological and physiological aspects  

5.4.1 Fungal pelletization 

In general, filamentous fungi grow in submerged cultures in several different morphological 

forms, including freely suspended mycelia that have typical diameters of 2–18 m, clumps, or 

pellets [140, 141]. The excessive growth of mycelia often give rise to practical and technical 

difficulties when culturing fungi and, consequently, the ability to control and regulate hyphal 

extension is of great importance for their potential applications in fermentation operations 

[119, 142]. A potential solution to overcoming the problems associated with the filamentous 

growth of these fungi is to have it grow in the form of mycelial pellets (Figure 5.4). 
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For decades, pellet formation of filamentous fungi in submerged cultures has attracted the 

attention of researchers and industrial engineers. Fungal growth in the form of pellets possesses 

several potential advantages, including ease of biomass harvesting, a low fermentation medium 

viscosity, improved oxygen diffusion, and high yield of products [119, 143]. Pellet morphologies 

are classified into three different groups: a) pellets with a compact central core and a fluffy 

(hairy) or loosely packed filamentous outer zone, b) pellets with a compact core that is smooth 

with limited lateral growth, and c) compact pellets with a hollow core [144]. Growth in the form 

of pellets has previously been reported for many filamentous fungal species, such as strains of 

the well-studied Aspergillus, Rhizopus, and Penicillium [145-148]. However, N. intermedia 

growth in the form of pellets has not been reported previously in the literature. 
 

 

 

5.4.2 N. intermedia pellets  

It has been suggested that pellets are formed as a result of many cultivation factors through 

complex interactions. These factors include inoculum size, pH, dissolved oxygen level, agitation, 

nucleating agents or additives (such as carbopol-934, aluminum oxide), trace metals, 

temperature, and reactor (fermenter) types [119, 149-151]. Since these factors greatly depend on 

the microbial strain and the specific cultivation conditions used, each factor has varying effects 

on the growth morphologies of different fungal species. For example, pellet formation in several 

strains of Rhizopus sp. is influenced by trace metals [148], inoculum size [141], agitation [146], 

Ca2+ concentration, pH, and temperature [152]. Strains of Penicillium chrysogenum require a 

high pH to form pellets [153], while carbon sources play a major role in pellet formation of 

Aspergillus terreus [154]. Therefore, conclusions from studies on fungal pellet formation are 
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limited specifically to individual tested fungal species. By controlling the factors such as pH, 

carbon source, additive agents, trace metals, and agitation that generally influence fungal 

pelletization, induction of N. intermedia growth in pellets was achieved and reported for the first 

time (Paper V) (Figure 5.5). 
 

 

 

N. intermedia growth in the form of pellets was also achieved in the liquid wheat straw 

hydrolysate (Paper VI). Fermentation using N. intermedia pellets in liquid straw hydrolysate 

resulted in about a 31% increase in ethanol yield with an improved glucose assimilation by the 

pellets (82% glucose reduction) compared to in the filamentous forms (51% glucose reduction) 

under similar culture conditions (Paper VI). The growth of fungal pellets in the presence of 

inhibitors (at different concentrations of acetic acid, HMF, and furfural) resulted in about an 11 

to 45% increase in ethanol production as compared to that using filamentous forms when grown 

under similar conditions in liquid straw hydrolysate (Paper VI). In a similar study, Rhizopus sp. 

pellet formation was successfully used for aerobic production of fungal biomass and ethanol 

using the simultaneous saccharification, filtration, and fermentation (SSFF) method on acid-

pretreated wheat straw slurry with biomass yields of up to 0.34 g biomass/g consumed 

monomeric sugars and acetic acid [155]. 

 

5.5 Pelletization physiology: Influence of cAMP 

Experiments with N. intermedia pellets indicate that there is a link between pellet formation and 

the cellular second messenger (cyclic adenosine monophosphate) cAMP (unpublished results). It 

was observed that culture factors resulting in evenly distributed small pellets in liquid medium 
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gave rise to a higher accumulation of orange color (pigment) in the biomass compared to free 

suspended mycelial forms and big mycelial clumps. Literature suggest that the general 

mechanism of pigment formation in filamentous fungi could indicate a significant correlation 

between metabolite production and the molecular level cell response, such as the production of 

cAMP [156]. cAMP act as an important component of the signal transduction pathway 

regulating cellular responses and has been shown to control a variety of functions in fungal cells 

[157, 158]. While studying the influence of cAMP on N. intermedia pellet formation, general 

trends were identified, such as a steady increase in the cAMP concentration for cells at pH 5.5; 

whereas, a steep increase at 48 h for cells at pH 3.5, indicating that the fast growth of pellets (24 

to 48 h) favored cAMP increase (unpublished data). The presence of mannose (alternate carbon 

source), which activates cAMP production, could be attributed to the combined effect of a lower 

pH and absence of glucose [159, 160] (Figure 5.6). 

 

 

 

The most interesting aspect observed was the influence of cAMP levels on mycelial pellet 

morphology, as well as the high/low production of other valuable metabolites, such as ethanol 

and pigments (unpublished results). Therefore, it could be hypothesized that the factors that 

promote pellet formation, mainly media pH and carbon source (glucose as the critical factor), 
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could influence the levels of cAMP, as seen in our observations (Figure 5.6). Supporting this, 

glucose has been previously reported to be a potent activator of cAMP synthesis in other 

microbes [161]. The influence of cAMP levels on fungal morphology (such as mycelial pellets), 

has yet to be investigated in detail and little is known about the amalgamated link between 

cAMP levels and the metabolite production in filamentous fungi. Nevertheless, it could be 

hypothesized that by regulating factors affecting intracellular cAMP levels, the morphology and, 

subsequently, metabolite production of the fungus could be improved more favorably. Therefore, 

this could potentially lead to a better understanding of the cellular response and aid in the 

development of any filamentous fungal metabolite/product-oriented industrial/ biorefinery 

approaches. 

 

5.6 Prospects of fungal biomass in feed applications 

The main attraction of using fungal biomasses in feed applications relies on its categorization as 

GRAS (described previously). N. Intermedia stands out from the rest of the fungal strains 

because of its high protein content (45 to 50% w/w), low levels of nucleic acids, array of 

essential amino acids, and fatty acid profile [47, 125]. Therefore, this fungal biomass could 

contribute as a protein component (among many others) in the production of compound-feed 

(Figure 5.7). In livestock and aquaculture production, feed is the single most important input 

chosen by farmers/producers, who are seeking the lowest cost to achieve a certain production 

target [162]. Fungal biomass produced on low cost and easily available substrates, such as wheat 

straw and bran (as in the present study), could therefore be a cost-effective source of protein for 

the feed. 

Considering the market growth potential of the global livestock and aquaculture industries, 

the demands for feed will likely follow the same growth trajectory. In 2015, compound feed 

production was close to 1 billion tons worldwide with the global commercial feed manufacturing 

estimated at an annual turnover of over US $400 billion1. The United Nations Food and 

Agriculture Organization (FAO) estimates that by 2050 the global demand for food will grow by 

60% and the production of animal proteins is expected to grow by around 1.7%, meat production 

by nearly 70%, aquaculture by 90%, and dairy by 55%2. 

 
1. http://ifif.org/pages/t/The+global+feed+industry, accessed May 2017 
2. http://www.ifif.org/pages/t/Global+feed+production, accessed May 2017 
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Feed material consumption by the compound-feed industry among the EU-28 states in 2015. 
- FEFA1 

 

Considering the aquaculture market more closely, fungal biomass could potentially replace part 

of the fishmeal or soybean meal that is currently added as an extract to the feed [163]. It is 

estimated that, in 2025, aquaculture fishing will represent 57% of total fish consumption2, with a 

projected growth in the global fish-feed market from its current value of approximately 

$75 billion to $123 billion by 2019 [164]. The reduced supply of industrially caught fish is 

speculated to result in the decreased use of fishmeal in feed product by about 3.49 million tons 

by 2020 (i.e. a decrease by 4.9%). Therefore, the demand for alternate protein concentrates 

within aqua-feeds is projected to increase at a high rate, such as that for soymeal (at the price of 

438 USD /ton) by about 2.8 million tons by 2020 [165]. The fungal biomass is of vegan origin, 

which could potentially reduce the pressure on the wild fish species currently making up the fish 

meal [166] or the economic implications of using soybean meal. 

 

5.6.1 Mycoprotein from N. intermedia 

Currently around one billion people in the world do not have access to a diet that provides 

enough protein and energy [167]. Additionally, the production of meat has a large impact on the 

environment and heavily contributes to eutrophication [168, 169]. In this context, it is important  

 

1. http://www.fefac.eu/files/69455.pdf, accessed June 2017 
2. http://www.oecd-ilibrary.org/agriculture-and-food/data/oecd-agriculture-statistics_agr-data-en, accessed 

April 2017 
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to find an alternative cheap and less resource-consuming protein source to substitute meat or 

meat products. Considerable attention has been recently given to the use of filamentous fungi as 

a commercial human food component. This is due to their high protein content, easy 

digestibility, low fat content (cholesterol free), and the presence of all the amino acids essential 

to human nutrition and dietary fiber at levels comparable with other vegetarian proteins [170]. 

An example of filamentous fungus currently in the market is the Fusarium venenatum strain, 

which is commercialized under the name Quorn™ (https://www.quorn.co.uk/). This fungus is 

cultivated in a synthetic medium containing glucose, ammonium, and biotin, which prevents 

Quorn™ from being a cheap protein source and so it is present only in developed markets, such 

as in Europe and the USA [170, 171]. However, any filamentous fungi can be produced by using 

inexpensive and readily available materials as substrates [172]. N. intermedia used in this thesis, 

for instance has traditionally been used for the production of Oncom (as described previously), 

and has showed a crude protein content of around 50% from various cultivations on 

lignocellulosic substrates, carried out during this thesis study. Therefore, in the present thesis, the 

novel possibility of using lignocelluloses or waste streams from 1G-ethanol plants for the 

development of filamentous fungi-based mycoprotein is put forth for future research and 

commercial trials. 
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The development of new technologies and process integration models to reduce the dependence 

of existing ethanol facilities on food grains has gained much attention by researchers over the 

past years. However, the existing first-generation ethanol processes continue to be favored over 

second-generation processes due to the surplus production of grains (wheat or corn), especially 

in Europe, together with the current technical and economic challenges of the 2G-ethanol 

process. A smart alternative approach to address this issue is to develop a model “integrating 

both first- and second-generation ethanol processes” [173]. A promising model of this 

integration in existing first-generation ethanol plants is the use of grain-derived lignocellulose 

waste, such as wheat straw, bran, and whole stillage fiber, as a substrate for second-generation 

ethanol (Papers I-IV). However, the use of popular fermentation microbes, such as 

Saccharomyces cerevisiae (yeast), hinders the fermentation of pentose sugar from the 

lignocellulose biomass. Nevertheless, the use of genetically modified pentose consumers can 

create socio-regulatory issues as well as it affects the quality of the animal feed product, DDGS, 

constituting the major share of the economics at the ethanol facility. Therefore, finding the right 

microorganism for ethanol fermentation capable of consuming pentose sugars and 

simultaneously maintaining the quality of DDGS narrows the options down to using the edible 

filamentous fungus, Neurospora intermedia as the fermentation microbe.  

Accordingly, the novel approach of using N. intermedia to produce ethanol from 

lignocellulose feedstocks by integrating it with a mainstream first-generation ethanol process 

was successfully achieved in this present thesis (Figure 6.1.). The pretreatment and hydrolysis of 

the lignocellulosic substrates used for the integration were carried out using dilute phosphoric 

acid, which does not negatively affect subsequent fermentation using the filamentous fungi 

(Papers I-IV). The fungal biomass improves the quality of DDGS, which has the potential to be 

sold separately as animal or fish feed, attributing to its high protein content (>50%) [163]. 

Therefore, the application potential of the integration process in terms of both energy aspects and 
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commercial feed production aspects is immense. Detailed discussions on the integrated process 

model, together with the scale-up prospects, are presented in this chapter. 

 

 

 

6.1  Integration of lignocellulose at wheat-to-ethanol facilities 

Wheat (Triticum aestivum L.) is the most widely grown crop in the world and is cultivated in 

over 115 nations under a wide range of environmental conditions. The international grain council 

forecasted the annual world wheat production was about 754 million tons from 2016 to 2017 

[174]. Therefore, the abundance and availability of wheat straw and/or bran is not a matter of 

debate. Asia and Europe are the primary producers, while North America follows as the third 

largest production region with 43%, 32%, and 15% respectively of the global wheat production 

[31]. The majority of wheat produced, nearly 71% of global production, is used for human food. 

It is estimated that about 17% of global production is used for animal feed, but the fraction of 

wheat used for animal feed in Europe, North America, and Oceania is much higher (~25%) [31, 

39]. This clearly states that there is surplus production of wheat in Europe, which pushes the 

existing first-generation wheat-based ethanol plants to remain active (Figure 6.2). 
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In the current scenario of surplus wheat production, development of a fully lignocellulose-based 

second-generation ethanol process might adversely affect the overall industrial and agricultural 

economy. Therefore, the integration of wheat-based lignocellulosic residues with the existing 

ethanol plants is perhaps one of the best means of developing a sustainable second-generation 

ethanol process without affecting (rather improving) the economics of the first-generation plants. 

A number of research groups have extensively looked into the ethanol-production potential of 

wheat straw and bran and developed different pretreatment methods using several 

microorganisms for fermentation both at the lab and on a pilot scale [175-177]. However, very 

little information is currently available regarding the feasibility of using this lignocellulose waste 

in an integration model [178-180]. Therefore, this thesis study focused on using wheat-based 

lignocellulosic substrates, such as wheat straw, wheat bran, and whole stillage fiber 

(a lignocellulose rich waste stream from the 1G-ethanol facility), for an integrated ethanol 

process using filamentous fungus, N. intermedia. 

 

 

 

1. http://www.foodsecurityportal.org/, accessed June 2017. 
2. http://www.fao.org/worldfoodsituation/csdb/en/, accessed June 2017 
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6.2 N. intermedia in 1st-generation ethanol biorefineries 

The use of N. intermedia as an ethanol-fermenting microbe with potential applications in 

filamentous fungi-based biorefinery was first introduced by our research group in 2013. In 

previous studies, the cultivation of N. intermedia for its ability to ferment ethanol from thin 

stillage (a waste stream from first-generation ethanol facilities) led to the production of about 3.5 

g/L additional ethanol and 5 g/L fungal biomass containing 50% (w/w) crude protein, 12% w/w 

lipids, essential amino acids and omega-3 and -6 fatty acids, from the thin stillage in a pilot scale 

airlift and bubble column reactor [47, 125]. The ability of N. intermedia to utilize the xylose 

fraction of the lignocellulose was also reported in similar studies using the ethanol plant 

byproduct whole stillage, where its ethanol production was clearly superior to that of 

Saccharomyces cerevisiae due to its pentose metabolism [46, 181]. 

The integration of N. intermedia in the sugar-to-ethanol conversion process has also been 

carried out over the course of this thesis study. However, results are not included in the scope of 

this thesis (additional Paper VII). The fungal cultivation step could potentially be integrated into 

the existing process at the sugar-to-ethanol facilities that utilize either molasses or sugar juice for 

ethanol production. Integration of fungal fermentation at an existing first-generation sugar-to-

ethanol facility currently producing about 100,000 m3 of ethanol per year could potentially 

produce around 200,000–250,000 tons of dry fungal biomass (40–45% protein) and about 8,800–

12,600 m3 surplus ethanol [182]. 

 

6.3 Lignocellulosic ethanol using N. intermedia: Integration of 1G 

and 2G processes  

Integration of lignocellulose use into the existing first-generation ethanol plants was facilitated 

by N. intermedia in two different process models. In the first model, lignocelluloses, such as 

wheat straw, bran, and whole stillage fiber, follow the second-generation process of sugar 

hydrolysis (acid and enzyme) followed by ethanol fermentation using N. intermedia 

(Papers I-IV). The extra (or additional) ethanol from the lignocelluloses adds to the ethanol 

generated by the existing first-generation process (Figure 6.1), while the fungal biomass 

produced could potentially be used as animal feed and, thus, contribute to the existing economic 

benefits of the feed product DDGS (at 1G plants) (Papers I-IV). In the second model, a waste 

management approach was considered, where thin stillage (a waste stream from the 1G plant) 
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was mixed with lignocellulose to improve the production of ethanol and fungal biomass from 

lignocelluloses such as wheat straw (Paper VI). 

6.3.1 Operation modes and comparison of lignocelluloses 

Generally, the primary operation methods used in lignocellulose-to-ethanol processes are, 

separate hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation 

(SSF), and simultaneous saccharification and co-fermentation (SSCF). In SHF, hydrolysis of 

lignocellulosic materials is separated from ethanol fermentation (Papers I and II). This allows 

enzymatic hydrolysis to occur at a high temperature (50-55°C) for better performance, while 

allowing fermentation to occur at a moderate temperature (30-35°C) to optimize sugar 

utilization. SSF is an overall short process, as the enzymatic hydrolysis and fermentation occur 

simultaneously to keep glucose concentrations low (Paper III) and avoid substrate inhibition 

[183, 184]. A modified separate hydrolysis, filtration, and fermentation (SHFF) experiments 

were also performed in this thesis study for the exact quantification of the fungal biomass 

produced during fermentation of straw or bran hydrolysates (Paper III). 

Of the two lignocelluloses tested (wheat straw and bran), pretreatment at a high 

temperature using dilute acid of  was found to achieve a favorable fermentation 

substrate for N. intermedia (Paper I). The total ethanol yield achieved was around 85% of the 

theoretical maximum based on the glucan and glucose content of the substrate bran. Considering 

the xylose-fermenting capability of N. intermedia, a total ethanol yield of 52% of the theoretical 

maximum was achieved (Paper I). When using wheat bran pre-hydrolysate pretreated at a low 

temperature of 100°C (Paper IV), the growth pattern and ethanol production by N. intermedia 

strongly correlated with the acid concentrations used, wherein a longer lag phase was observed 

as acid concentration (i.e. 1.5% w/v) and duration of pretreatment (i.e. 4.5 h) increased, 

irrespective of the acid type (Figure 6.3). Therefore, it should also be noted that at low 

temperatures, together with higher acid concentrations and longer duration of pretreatment, the 

choice of acid is a less critical factor for ethanol production from wheat bran. 
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When using  hydrolysate as a fermentation substrate, favorable fungal growth was 

only observed upon additional nutrient supplementation (in the form of a nitrogen source) (Paper 

II). Therefore, for wheat straw to be an effective fermentation substrate and to facilitate the 

integration of first- and second-generation processes, thin stillage from first-generation wheat-

based ethanol facilities was co-fermented with straw hydrolysate (Paper VI). Thin stillage rich in 

nutrients [47, 125] corresponds with the liquid fraction after whole stillage (distillation leftovers) 

centrifugation, which is then usually treated in a series of evaporations to form the DDGS that is 

sold as animal feed. Comparing three pretreated straw hydrolysates, the sample pretreated at the 

demo-scale facility at an acid concentration of 0.7 % (w/v) at 201 ± 4°C for 7 min allowed high 

ethanol and fungal biomass production in all the experiments, both individually (Paper III) and in 

combination with thin stillage (Table 6.1.), indicating the mild acid (low concentration) 

conditions are favorable for fungal fermentation using wheat straw hydrolysate (Paper VI). 

Although the centrifuged product of whole stillage, i.e., thin stillage from grain-based ethanol 

processes, has been extensively evaluated for production of fungal biomass and other 

value-added products [47, 125, 185], research studies with whole stillage towards either 

production of fungal biomass or ethanol are lacking, with the exception of a previous study from 

our own group [46]. 
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When using  fiber as the fermentation substrate following pretreatment at a higher 

acid concentration (1.5% w/v) and for a longer duration (4.5 h), a maximum ethanol yields 

90.4% and 91.0% of the theoretical maximum based on the glucose content of the substrate was 

observed for phosphoric and sulfuric acid treatment, respectively. This supports that whole 

stillage, although under-utilized, is a potential substrate for the integration of first- and 

second-generation ethanol processes (Paper IV). 

 

6.4 Pilot-scale process developments 

Considering the potential of N. intermedia to produce ethanol from lignocelluloses, especially 

wheat bran (Papers I and IV), and the worthwhile industrial prospects of the integrated process, it 

was interesting to test the scale-up potential of the wheat bran-to-ethanol process using 

N. intermedia. Additionally, the scale-up trials help to validate process performance and to 

identify unknown challenges that should be considered for future process developments at the 
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industrial scale. Therefore, during the course of this thesis study, attempts were made to replicate 

the process in different  i.e. 26 and 1300 L airlift reactors. 

Scale-up of fermentation was carried out in airlift reactors in SSF mode. The airlift reactor 

(ALR) has been used in several industrial applications requiring gas–liquid contact. All ALRs, 

regardless of the basic configuration (external loop or baffled vessel), are comprised of four 

distinct sections with different flow characteristics: a) Riser-the gas point, b) Downcomer-flow 

of gas and liquid downward, c) Base-bottom zone between the riser and downcomer, and d) Gas 

separator-at the top facilitating liquid recirculation and gas disengagement [186, 187]. ALRs can 

be classified into two major types, the external loop reactor, where air flows in through separate 

channels outside the main body of the reactor, and the internal loop reactor, which has an 

internal tube or plate to create an air flow channel inside the reactor for liquid circulation 

(Figure 6.4.) [186, 187]. The scale-up experiments in this thesis used internal circulation airlift 

bioreactors. Several studies have shown the internal-loop tube of the airlift offers better mixing 

efficiency, which leads to comparatively better mass and oxygen transfer rates and, thus, 

improved fungal growth [188, 189]. 
 

 

6.4.1 Process scale-up in 26 L reactor  

The batch SSF process was carried out on wheat bran pretreated with dilute acid from the demo 

plant (at Örnsköldsvik) in 26 L reactors with a total working volume of 20 L. The process 

parameters were similar to the shake flask experiments, which was a solid loading of 7.5% at 

pH 5.5 ± 0.1. Hydrolysis with an enzyme loading of 10 FPU/g dry substrate bran was initiated 

with addition of the fungal biomass inoculum (1.9-2.5g/L wet weight). The process was carried 
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out at 35°C for 120 h at an aeration rate of 0.7 vvm, and samples were collected every 12 h. 

Bacterial contamination was prevented by adding 600 ppm antibacterial agents (provided by the 

collaborators). The sugars and metabolite production during the fermentation process are 

depicted in Figure 6.5. Comparison of the batches showed the inoculum was critical as it reduced 

the time of fermentation almost by half when the biomass inoculum quantity was increased from 

1.9 to 2.5 g/L dry biomass, for the two test runs. The final ethanol concentration obtained was 

12.43 g/L corresponding to 0.163 g/g dry matter yield. 

 

 

6.4.2 Pilot-scale trials in 1300 L reactor  

Pilot studies were also conducted in a 1300 L airlift reactor with a working slurry volume of 

800 L and condensate approximating 200 L, resulting in a total working volume of 1000 L. Two 

batches of runs were performed with enzyme-loading of 4 and 2 FPU/dry substrate bran. A solid 

loading of 5% with a total solid content of 8.9% (batch1) and 8.8% (batch 2) was used. The 

pretreated slurry was mixed and transferred to the reactor and sterilized in situ at 100°C for 

60 min. The media was further cooled to 35°C, inoculated with the biomass, and enzymes were 

added at a pH 5.4 ± 0.2 that was adjusted using NaOH (10M). Fungal biomass inoculums of 

1.5 g/L (batch 1) and 2.8 g/L (batch 2) wet weight, were used and bacterial contamination was 
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prevented by adding 1300 and 1100 ppm of antibacterial agent (provided by collaborators) in 

batches 1 and 2, respectively, with the aeration rate maintained at 0.1 vvm throughout the 

process. Results from the test runs are depicted in Figure 6.6. Maximum ethanol yields of 0.17 

and 0.11 g/g (of dry bran substrate) were achieved at 4 and 2 FPU enzyme-loading, respectively. 

The results were in accordance with the trials at the 26 L scale (Figure 6.6 vs 6.5). 
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Major inferences from the pilot-scale process can be funneled down to two major aspects of the 

overall process. First is the challenge of contamination risk, especially by acetic- and lactic- acid 

bacteria, that could be reduced to a controllable level using highly sterile aeration conditions 

and/or using antibacterial agents. Second is the enzyme usage, where the ethanol-yield showed 

little correlation with enzyme-loading (only a 35% decrease in yield was observed when 

enzyme-loading was reduced by half), which is a favorable as well as quite expectable 

observation at the large scale systems. Therefore, optimizing the process with more test runs in 

future trials could potentially allow a significant reduction in enzyme usage with little or no 

change in ethanol yield. 
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Development of new technologies and process integration models to reduce the dependence of 

existing ethanol facilities on food grains has gained much attention by researchers over the past 

years. This present thesis work describes a process integrating first- and second-generation 

bioethanol processes, primarily at existing first-generation wheat-based ethanol plants. The new 

model proposes the use of lignocellulosic feedstock for ethanol production by an edible strain of 

filamentous fungus. According to the new model, edible fungus that could also be used as an 

animal or fish feed component, improves the ethanol production of the existing facility. 

 

7.1 Major Findings and Conclusions 

 Pretreatment with acid improved the overall enzymatic hydrolysis efficiency by increasing 

polysaccharide hydrolysis upto 86% of the theoretical maximum based on the initial substrate 

(straw or bran) loading. These results were validated in the demonstration facility. 

 Pretreatment of wheat bran and whole stillage fibers with dilute acid at 100°C was successful, 

with glucose yields of 82 to 94% after enzymatic hydrolysis.  

 Evaluation of growth of N. intermedia in the pretreated and enzymatically hydrolyzed wheat 

straw and bran yielded interesting results, with bran being the most favorable fermentation 

substrate. 

 An ethanol yield of about 80 to 95% of the theoretical maximum based on the glucan content 

of the substrate bran/straw was obtained from the different cultivations. 

 For the first time, filamentous growth of N. intermedia was manipulated through a 

pH-dependent single-step process to form as fungal pellets. 
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7.2  Future Recommendations 

Considering the growing interest in commercial lignocellulose ethanol and the potential of the 

integrated process described in the present thesis, the following are potential future directions for 

this study: 

 For potential industrial applications, a thorough techno-economic study should be conducted 

to validate the prospects of the lignocellulose pretreatment with dilute acid and subsequent 

integration with first-generation plants. 

 A detailed understanding of the fermenting microbe both at physiological and morphological 

levels is required for any white biotechnology-based industrial processes. In that regard, 

although being a model organism for genetic studies with ample information available, 

N. intermedia is still far behind in its use as an industrial microbe. Therefore, further detailed 

studies are required on the physiological and morphological aspects of the fungus with an 

industrial perspective. 

 The application of fungal biomass (mycoprotein) as feed or human food also requires detailed 

understanding and molecular level profiling of the biomass component. Considering the 

immense socioeconomic potential of the mycoprotein, especially in developing countries, this 

could be a novel study for future consideration. 
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