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Enzymatic hydrolysis is a critical process in the conversion of lignocellulosic biomass
into biofuels and biochemicals. Achieving high efficiencies and productivity during the
enzymatic hydrolysis of biomass is the key for the commercially viable process.
Downstream processing challenges require high product titers which in turn require the use
of high solid concentrations during enzymatic hydrolysis. Challenges such as low
hydrolysis efficiency, high energy consumption, poor mixing quality and high maintenance
requirements at high solids concentrations necessitate operational strategies and the system
design-based solutions.
This project aims to develop a system capable of processing high solids content slurry
and identify the strategies for high products concentration while maintaining low energy
consumption.
Fed-batch approach was used to successfully demonstrate high glucose and ethanol
concentrations after hydrolysis and fermentation respectively. With 45% (w/w) solids

loading of corn stover, the released glucose concentration was 205 ± 25.8 g/L at 96 hours,
while ethanol concentration was 115.9 ± 6.7 g/L at 156 hours.
Various surfactant concentrations were evaluated to determine their effectiveness. The
experiments were conducted in the 0–2.5% for PEG6000 using 30% solids loading of
wheat straw using separate hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF).
The synergetic effect of combining the fed-batch method with surfactant addition was
investigated.Various surfactant concentrations were evaluated to determine their
effectiveness. The experiments were conducted in the 0–2.5% for PEG6000 using 30%
solids loading of wheat straw using separate hydrolysis and fermentation (SHF) and
simultaneous saccharification and fermentation (SSF). The results illustrated a significant
improvement in the final glucose and ethanol titers when PEG6000 was used. However, a
detailed economic analysis of the various process options indicated that the PEG
concentrations <1% are preferred when using return on investment as a performance
criterion.
Reactor design and configuration were comprehensively tested in this work. Horizontal
reactors represent a potential solution to some of the challenges due to the ability to provide
high mixing quality for high solids enzymatic hydrolysis (HSEH) with lower mixing
energy requirements compared to vertical reactors. A system consisting of a horizontal
reactor with a novel design of impeller that integrates the functions of helical impeller and
paddlewheel was constructed. A feeding unit was built and installed on the system to
control the biomass addition into the reactor. The system demonstrated its superior

performance at high solids loading (40%) as measured by the final glucose and ethanol
concentrations. Combining the horizontal reactor system with the surfactant (PEG 6000)
addition at 0% and 1% concentrations, the glucose concentrations were 201.4 g/L and
219.7 g/L respectively. Ethanol concentrations during the SSF were 134.5 g/L with the
addition of 1% PEG6000. The feeding unit was well controlled and was able to provide the
required amount of biomass. Furthermore, the system was able to maintain a low level of
energy consumption at 43.2 Wh/kg. Based on these results, the fed-batch approach for the
SSF method with a 1%PEG 6000 is the recommended strategy for operating the novel
horizontal system.
To further evaluate the system performance from economic and environmental impact
perspectives, a detailed techno-economic analysis and life cycle assessment were
performed. The results of the techno-economic analysis indicated a return on investment
(ROI) of 12.21% when operating the system using the best scenario (fed-batch, SSF, 1%
PEG600, and 72 hours). The sensitivity analysis indicated that the selling price of ethanol
is the most important factor confirming the results observed by other researchers. The
biomass price and plant production capacity were the next two most important factors for
economic viability. The LCA results indicated that the system has lower environmental
impacts in many impact categories such as GWP, acidification, ecotoxicity, and
eutrophication, in addition to human health.
This research, at a fundamental level, developed technologies in the areas of biofuels
and biochemicals by developing controllable reactor systems that address some of the
challenges in the hydrolysis and fermentation of biomass at high solid concentrations.

Based on the experimental results, the techno-economic and life cycle analysis, the
proposed system design and operational strategies were found to be technically feasible
and economically viable with lower impacts on the environment compared to the state-ofthe-art technologies.
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CHAPTER 1

1. Introduction.
1.1. Motivation.
The rationale behind the consistent attempts to find fuel alternatives is essentially the
expected depletion of oil, along with the goal of securing energy to meet growing demand,
especially for future generations, besides the harmful impact of oil on the ecosystem. With
an annual increase of about 1.1 million barrels per day (bpd), global consumption of liquid
fuel almost doubled by the end of 2019 compared to 1990 (Fig 1.1.) (U.S. EIA, 2019).
Therefore, clean energy and sustainable resources has been the focus of individuals and
organizations.
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Fig.1.1. Global liquid fuels consumption (million barrels per day) from 1990 to 2019 ,
(EIA, 2019).
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The unique characteristics of biofuels, such as biodiesel and bioethanol, give biofuels
a significant potential to replace petroleum-based fuels. Even so, bioethanol production
does not cover more than 2.4% of the demand for liquid fuel worldwide (Nasir, 2018; U.S.
EIA, 2019; US Dept of Energy, 2018). Bioethanol can improve the energy conversion
efficiency in engines and reduce exhaust gas emissions and unburned hydrocarbons that
negatively affect the environment and human health (Prasad et al., 2007). Figure1.2.
illustrates the contribution of various sectors to the greenhouse gas emissions (GHG) in the
US. The flat trends in the GHG emissions have been attributed to the increases in efficiency
and the shift towards sustainable energy, especially in the field of electricity generation
(US EPA, 2017). Bioethanol, in addition, has been subjected to many studies to convert it
into jet fuel, which can be used for compression ignition engines and turbine engines.
Companies in this field are keen to develop technologies capable of achieving
commercially competitive jet fuel (Geleynse et al., 2018; Rajendran and Murthy, 2017).
As a promising natural resource for the production of biochemical and biofuels,
lignocellulosic biomass has been subjected to intense research and evaluation. Cellulose
and hemicellulose are the main components of lignocellulosic biomass (about 70%), the
largest sustainable carbon resource, and the most abundant polymers on the Earth (Binod
and Pandey, 2015; de Jong and Gosselink, 2014). Given the availability of these polymers,
lignocellulosic materials were proposed to produce a variety of valuable chemicals that can
meet the market demand and replace a number of petrochemicals (Algidsawi, A. J.,
Hashim, A., Algidsawi, 2011; Han et al., 2018; Kudakasseril Kurian et al., 2013; Kumar
and Murthy, 2012).
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Fig.1.2. Annual inventory of U.S. greenhouse gas emissions (GHG) by economic sectors
(1990-2017), adapted (US EPA, 2017).

Lignocellulose conversion to biofuels and biochemicals involves sequential processes
that begin with the collection and transport of biomass, followed by a series of processes
within the refinery. Hydrolysis, among all processes, is the most challenging process in
terms of time and costs due to many technical challenges (Biernat and Grzelak, 2015;
Kadhum et al., 2019; Modenbach and Nokes, 2013). Developing technologies that can
overcome the limitations of the hydrolysis process can overcome some of the technical
challenges and improve economic viability of the lignocellulosic biofuels. The
configurations of the system, such as reactor design and agitator type, and optimal

4

operating conditions are the key technical elements responsible for effective hydrolysis at
the lowest possible energy level (Huang et al., 2013).
Accordingly, the project was implemented based on a hypothesis formulated from two
bases. First, the suitable operating methodology is essential for high concentrations of
bioproducts while maintaining a low level of energy consumption in a shorter time. An
appropriate set of approaches and methods should be involved in this methodology to plan
a strategy to operate the system. Fed-batch technique was proposed to avoid the challenges
of increasing the content of solids due to the gradual rendering of substrates and achieve
high concentrations of products (Lan et al., 2013; Liu et al., 2012, 2015; Russ et al., 2015;
Wanderley et al., 2013). The studies reported shorter process time and higher final ethanol
concentration using simultaneous saccharification and fermentation (SSF) method
(Jørgensen et al., 2007; Molaverdi et al., 2019). Additionally, in order to enhance enzyme
productivity, studies have suggested the use of surfactants (Hsieh et al., 2015; Qing et al.,
2010; Yao et al., 2007). Second, the system configurations and design are intrinsic in
commercially proven technology. Finally, to support the application of any technology
commercially, the argument must be linked to reliable evidence; and the techno-economic
analysis can provide reliable anticipation for future results.
The project aims to develop a novel controllable system capable of addressing the
technical problems of the hydrolysis and operating the system in accordance with a strategy
that achieves high concentrations of bioproducts. This has been accomplished through five
objectives.

5

The first objective is to examine the effect of the fed-batch approach using different
levels of high solids loading on the concentrations of glucose and ethanol
The second objective is to investigate the synergetic effect of applying a combination
of different methods and approaches on glucose and ethanol concentrations.
The third objective is to design and construct a controllable horizontal system capable
of processing high solids loading, and applying the recommended approaches and
conditions at the lowest level of energy consumption.
The fourth objective is to evaluate the system performance by operating the system in
accordance with the strategy recommended through the outcomes of the previous
objectives.
The fifth objective is to develop a comprehensive understanding of the estimated
economic and environmental impact of the novel system through the implementation of
techno-economic analysis (TEA) and life cycle assessment (LCA).
This dissertation is a compilation of four journal manuscripts and consists of six
chapters. The second chapter is a review of the literature on the use and production of
ethanol in addition to the main process approaches. The main topics related to the design
of the reactors and the raw materials were discussed in this chapter. Chapter 3 is focused
on studying the effect of the fed-batch approach on the hydrolysis and fermentation when
using different levels of high solids loading (19, 30, 45 %) by experimentally measuring
the glucose and ethanol concentrations throughout hydrolysis and fermentation. Chapter 4
reports the use of fed-batch experiments with various concentrations surfactants such as
Polyethylene glycol (PEG). PEG 6000 concentrations (0–2.5% w/w) were used in
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experiments to investigate the efficacy of the simultaneous saccharification and
fermentation (SSF) process compared to the separate hydrolysis and fermentation (SHF)
at high solids loadings (30%). Chapter 5 describes the design and construction of an
ultrahigh solids horizontal reactor system. The building of a horizontal reactor with a novel
impeller design "angled paddle”, which combines the function of the paddlewheel and
helical impeller is described in this chapter. The chapter also describes installation of a
feeding system capable of implementing any fed-batch feeding profiles. Chapter 6
examines the performance of this system under SHF and SSF processes at solids loading
of 40% (w/w) with surfactant additions. Based on the experimental findings, a technoeconomic analysis and life cycle assessment were performed to assess the environmental
and economic impact of the system. Finally, chapter 7 summarizes the experimental and
the analytical results of the project, and provides a comprehensive summary of the project.
In a broader context, this research developed key technologies in the areas of enzymatic
hydrolysis to enable the use of lignocellulosic biomass for biofuel and biochemicals. A
comprehensive insight into the impact of the biochemicals and biofuels production on
investment economics and environment is provided in this dissertation.
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CHAPTER 2

Overview of Lignocellulosic Ethanol Production Technologies and Ethanol
Utilization in Spark-Ignition Engine: Technical Challenges and Possible
Solutions

Haider Jawad Kadhum, Ganti S. Murthy
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2.1. Abstract.
This paper is an attempt to establish a conceptual framework integrating the multiple
perspectives and aspects that are related to lignocellulosic ethanol. In addition of being a
sustainable resource, lignocellulosic biomass is globally available. Bioethanol blends have
unique features such as high octane number (110) which improves engine performance and
increases thermal efficiency. It can also be used to enhance the quality of other fuels and
thereby reduce environmental impacts. However, many technical obstacles stand in the
face of lignocellulosic ethanol production. Some of the key such as relatively low solids
loading used during the enzymatic hydrolysis can be addressed by applying methods and
strategies for high solids hydrolysis that ensure high products concentrations and lower
energy consumption.

The strategy of using a horizontal reactor and applying pre-

hydrolysis and simultaneous saccharification and fermentation (PH-SSF) along with the
fed-batch approach is the strategy that ensures high production of biochemical and
maintains low energy consumption and can be applied in industry.

Keywords:
Lignocellulosic biomass, Cellulosic ethanol, Ethanol-gasoline blend, SI Engine, Exhaust
gas emissions, Hydrolysis and Fermentation, Reactor design, Thermal efficiency, Fedbatch method, Rotation speed, Techno-economic analysis.
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2.2. Introduction.
Energy consumption has increased 13-folds over the past century and is faster than the
population growth rate (Gupta and Verma, 2015). Liquid fuels consumption was~100
million barrels per day (bpd) in 2018 which is expected to rise to about 103 million bpd by
2020, of which 21.04 million bpd will be consumed in the USA (U.S. EIA, 2019). With
the increasing rate of energy consumption and the expected oil depletion along with the
destructive impact of fossil fuel on the ecosystem, the need for energy production in a
sustainable manner has become essential to limit the deleterious fossil fuel usage effects
and ensure energy availability for future generations. Biofuels have been the subject of
debate for decades as one of the potential options to replace liquid fossil fuels partially.
Although scientific publications have reviewed and discussed the potential of
bioethanol in many aspects, there is still a big gap needs to be addressed. Review papers
in this area have distinctly discussed various potential resources of feedstock for the first,
second and third generation bioethanol such as crops, lignocellulosic biomass, and algae
respectively. They have also described different methods of pretreatment and the chemicals
used in this process (Adekunle et al., 2016; Bechara et al., 2018; Carriquiry et al., 2015;
Kudakasseril Kurian et al., 2013; Saladini et al., 2016). Hydrolysis and fermentation
operating conditions, chemicals, and organisms required for this process have been
routinely mentioned as well. There is a knowledge gap in the reviews concerning critical
topics such as system optimization, reactor design and selection, and process optimization
methodologies. These are the key elements that control energy consumption and increase
the conversion rate and thus enhance the economics of biofuel production.
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Many other reviews have focused on engine performance, specifically spark ignition
(SI) engine, as well as biofuels specifications and fuel suitability for engines. Although
these types of literature have reported a decrease in exhaust emissions resulting from the
use of biofuels, authors rarely mentioned the environmental impacts of this change (Awad
et al., 2018; Phuangwongtrakul et al., 2016; Thakur et al., 2017; Wang et al., 2017).
Ignoring the opportunity of integrating different perspectives from linked scientific fields
complicates the interpretation of the results and confuses the decision makers. Although
covering all these scientific aspects requires tremendous efforts and time, a comprehensive
understanding that helps to make the appropriate decision imposes involving relevant
scientific fields.
This review paper attempts to provide a multifaceted review of lignocellulosic ethanol
potential to build a comprehensive understanding of the feasibility of developing
technologies for lignocellulosic ethanol. The paper outlines the features of ethanol and
shows the assessment of using ethanol in the latest spark ignition engines (SI). Followed
by the discussion of the challenges in ethanol production with a particular on the hydrolysis
process. It is very meaningful to explore the possible solutions to these challenges
including the effect of different techniques, methods, and specifications of reactors.
Finally, the paper presents tools used to assess the economic viability and the
environmental impact of different methodologies.
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2.3. Bioethanol as a transportation fuel.
Biofuels such as ethanol and biodiesel have become the focus of attention and are the
most widely used around the world. Global ethanol production, the most prominent
bioproduct, was 102.4 billion liters in 2017, of which, about 59.8 billion liters were
produced in the USA as shown in Figure 2.1 (Nasir, 2018; US Dept of Energy, 2018a).
Even so, biofuels in 2017 accounted for only 2.4% of global demand for liquid fuels, and
only 5.6 % of US demand (U.S. EIA, 2019).
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Fig. 2.1. Global ethanol production, adapted from (US Dept of Energy, 2018a)

There is an extensive literature on the performance characteristics of various ethanol
blends in automotive fuels (Awad et al., 2018; Bayraktar, 2005; Elfasakhany, 2016;
Lanzanova et al., 2016; Larsson et al., 2019). Considerable experience over the years has
demonstrated the suitability of bioethanol as a transportation fuel. Thakur et al.(2017)
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stated that ethanol is the most suitable alternative fuel to be used for spark ignition (SI)
engines without having to modify the engine. Similarly, Masum et al.(2013b) mentioned
that besides the reduction of GHG emissions, the fuel blend of 10% ethanol does not affect
the power output of the engine and does not require modification of engine ignition system.
Al-Hasan (2003) mentioned that the use of 25% ethanol can be used in vehicles without
any problem.
Although most vehicles (>90%) on the road are compatible with E10, some
governments, such as the UK, support gradual transition rather than early switch to give
time to reduce incompatible vehicles already on the roads. However, the ethanol-gasoline
blend is commonly used in many other countries around the world like the USA, Brazil,
India, Canada and Europe (Carriquiry et al., 2011; Corsetti et al., 2015). In 2016, the efforts
of the Clean Cities Coalition in the US have resulted in the use of more than 1.1 million
alternative fuel vehicles, of which about half a million use E85 (US Dept of Energy, 2018b)
as it is shown in Figure 2.2. Presently, the use of pure ethanol for vehicles engines is limited
to Brazil, but the shift towards sustainable energy is in on the way to becoming dominant,
and Vancouver is a good example since all fossil fuels transportation will be replaced by
renewable biofuels, according to the strategy of 2050 renewable cities (Nie and Bi, 2018).
Studies revealed that amongst all the alternatives of available liquid fuels for spark
ignition (SI) engines, ethanol is recognized as the most viable alternative. However, there
are contradictory reports with respect to the evaluation of fuel consumption and exhaust
emissions at different operating conditions. The reason for this is the laboratory engines
used in these researches do not represent the recent revolutionary development in the motor
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world (Iodice et al., 2018). The proportion of ethanol in fuel is denoted by E number e.g.
E15 means a mixture of 15% ethanol and 85% gasoline. Various ratios of ethanol blend
have been used from different countries and have been discussed by different scientific
literature. Ethanol ratio from 10% to 30 % have been subjected to study by many
researchers (Akansu et al., 2017; Deng et al., 2018; Doğan et al., 2017; Yusaf et al., 2009),
while Nasir (2018) has tested that up to 50 % of ethanol blend. Whereas Koç et al.(2009)
and Jin et al.(2017) have studied higher ratios of ethanol blend up to 85 %. Hydrous ethanol
(100%) is used in Brazil for transportation and has been subjected to many evaluation
studies (da Costa et al., 2018).
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Fig. 2.2. Clean Cities alternative fuel vehicle inventory across, adapted from (US Dept of
Energy, 2018b).
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Despite the low energy content of ethanol (26.8MJ/kg) compared to gasoline
(45MJ/kg) (U.S Department of Energy, 2014), ethanol enhances fuel characteristics when
mixed with gasoline (Nigam and Singh, 2011). In recent years, advanced technologies have
been developed in engine design and fuel system configurations for the best fuel
consumption control and higher energy conversion efficiency (da Costa et al., 2018;
Karaman et al., 2017). Unlike the trend of the last century SI engine when the emphasis
was on the Port Fuel Injection (PFI) technique, the focus has shifted towards Spark Ignition
Direct Injection (SIDI) (Kasseris and Heywood, 2012). In SIDI engines, the fuel is directly
injected (DI) into the engine cylinder and ignited with the help of the ignition system. This
technology (DI) enables fuel stratified combustion, allowing the exploitation of favorable
features of both gasoline and diesel engines. Alcohol-gasoline blend is a qualified
alternative fuel to be used in high compression SI engines, the engines that have been
developed not long ago (Awad et al., 2017). Consequently, spark ignition engine (SI) can
approach brake specific fuel consumption (BSFC) of diesel engines (Chincholkar and
Suryawanshi, 2016; Costa et al., 2012; da Costa et al., 2018; Daniel et al., 2012; Gomes et
al., 2011) and E30 blends can lead to lower oil consumption (Huang et al., 2015; Szklo et
al., 2007). As many research papers have revealed, alcohol can be used as an alternative
fuel with high efficiency in SI engines either pure (Szklo et al., 2007) or when
supplemented with appropriate additives (Awad et al., 2018; Christensen et al., 2011).
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2.3.1. Bioethanol and engine performance parameters.
The unique features of ethanol make the use of ethanol as a fuel or as a fuel enhancer
is highly attractive. Ethanol improves engine performance by improving fuel combustion
properties (clean burning characteristics) and increases the energy conversion efficiency,
leading to a reduction in the overall engine emissions (Prasad et al., 2007).

2.3.1.1.Combustion and flame characteristics.
Owing to the oxygen present in the chemical structure of ethanol (34.7%) (Kar and
Deveci, 2006), ethanol is able to enhance the combustion characteristics of any type of
fuel. Oxygen-rich fuel leads to more complete combustion and better oxidation of carbon,
thus reduces CO/CO2 ratio in exhaust gases (Yusaf et al., 2009). For this reason, the
combustion efficiency of ethanol is 15% higher than gasoline (Kar and Deveci, 2006;
Thakur et al., 2017). The interesting fact is that ethanol improves oxidation, especially in
fuel-rich combustion when engines operate at high speeds (Iodice et al., 2018). Ethanol
assists in boosting combustion rate in engines by providing the hydroxyl radical OH(highly active ion) from ethanol itself, and from the dissociation of water to OH- and H+.
The hydroxyl radicals accelerate the propagation of flame, leading to better combustion,
thereby reducing carbon monoxide emission (Canakci et al., 2013). Speed of laminar flame
and flame propagation is very important for the early completion of combustion (Schifter
et al., 2011), and therefore higher laminar flame speed of alcohol compared to gasoline
(Masum et al., 2013a), leads to more complete combustion.
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2.3.1.2.Octane number.
The octane number is an indicator used to assess the quality of SI engines fuel. High
octane fuel can withstand more compression before reaching the ignition point,
subsequently greatly reducing precocious ignition of fuel (Ağbulut et al., 2018). High
octane levels shorten fuel burning time and reduce risks of engine knock in SI engines
(Yousufuddin and Mehdi, 2008). The octane number of ethanol blend E20 reaches (106–
110), while the octane number of pure gasoline is (91–96) (Zabed et al., 2017). Bioethanol
has been used as an octane enhancer to improve engine combustion characteristics and
replace carcinogenic methyl tertiary butyl ether (MTBE)(Green, 2001). In general, the
octane number can be increased by 5% for every 10% supplement of ethanol (Das and
Mohanty, 2017).

2.3.1.3.Volumetric efficiency.
Latent heat of vaporization and the initial boiling point at the atmospheric pressure of
ethanol (904 kJ/kg, 78 °C) are higher than gasoline (350 kJ/kg, 35 °C) (Lanzanova et al.,
2016; Thakur et al., 2017). Ethanol density (0.789 g/cm3) is also higher compared to
gasoline density (0.712 g/cm3) (Barakat et al., 2016). These specifications increase the
volumetric efficiency (fuel to air ratio, also known as fuel charge density) of ethanol blend
leading to better combustion inside engine’s cylinders (Iodice et al., 2018; Kumar et al.,
2010; Sadiq Al-Baghdadi, 2001). Furthermore, high fuel charge density (fuel/air) makes
in-cylinder charge cooling more effective. Therefore, the gasoline-ethanol blend is
especially advantageous in direct injection (DI) engines (Chen and Stone, 2011; Daniel et
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al., 2012). Ethanol blends are also characterized by auto-ignition resistance, thereby
limiting engine knock (Kasseris and Heywood, 2012).

2.3.1.4.Brake power and torque output.
Despite the low energy content of ethanol, IC engine power output is higher when
ethanol blend is utilized rather than pure gasoline (Balki et al., 2014; De Simio et al., 2012).
The use of E15, for example, increased “maximum brake torque” to 131.5 Nm instead of
129.3 Nm for pure gasoline when engine speed was 4000 rpm (Masum et al., 2015). The
highest "maximum brake torque" was obtained using E20–E40 compared to the other ratios
(E0 to E100) (Phuangwongtrakul et al., 2016). The reason for this improvement is
attributed to the higher volumetric efficiency when using an appropriate ethanol blend
(Najafi et al., 2009). Higher ratios of ethanol blend (E60-E100) are recommended to be
used for engines that are designed to work at a low rotational speed (2000-3000) such as
agricultural SI engines to retain high maximum brake torque (Phuangwongtrakul et al.,
2016).

2.3.1.5.Brake thermal efficiency.
Brake Thermal Efficiency is the brake power of the internal combustion engine as a
function of the thermal content of the fuel. In other words, engine thermal efficiency
(kW/kg) is the ratio of the energy obtained using a specific amount of fuel to the theoretical
energy available in the same amount of fuel. It is used to evaluate the efficiency of any
system in converting the thermal energy of the fuel to mechanical energy (Karaman et al.,
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2017). Ethanol improves brake thermal efficiency and enhances the overall energy output,
due to improved fuel combustion attributed to the higher oxygen content of ethanol
compared to gasoline (Balki et al., 2014; Li et al., 2016; Siwale et al., 2014). In addition,
the late ignition of ethanol due to high octane number and the rapid propagation of laminar
flame reduce the duration of the fuel combustion process and therefore limit the loss of
energy and increase brake thermal efficiency of engines (Masum et al., 2015; Thakur et al.,
2017). Jin et al.(2017) mentioned that the engine thermal efficiency was higher when using
E15 (24.16%) than that of gasoline (23.74%) and E15 displayed better knock resistance.
While Phuangwongtrakul et al.(2016) stated that the brake thermal efficiency at E40 and
E50 was the best and reached 34%. Eyidogan et al.(2010) found 1.9% and 2.5%
improvement in engine thermal efficiency when he used E5 and E10. Al-Hasan (2003)
reported an increment of 9% in engine thermal efficiency when E20 was used.

2.3.1.6.Brake specific fuel consumption.
In the last century, there have been significant improvements in engine technology
resulting in a 30% reduction in brake specific fuel consumption (BSFC). Brake specific
fuel consumption (kg/ hr. kW) is the amount of fuel required to produce a specific amount
of energy and can be calculated by dividing the mass of fuel consumption (kg/hr.) by the
brake power (kW) (Rotondi and Bella, 2006). Ethanol gasoline blend showed higher BSFC
due to low heating value of ethanol (LHV:26.95; HHV:29.84 MJ/kg) compared to gasoline
(LHV:43.44; HHV:46.52 MJ/kg) (Masum et al., 2015), and BSFC was proportional to
ethanol concentration in fuel (Barakat et al., 2016; Koç et al., 2009). Likewise, the same
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observation about BSFC has been cited in many other studies (Balki et al., 2014; Canakci
et al., 2013; Eyidogan et al., 2010; Iliev, 2015). However, other studies have presented
evidence of improved fuel consumption and lower BSFC when using an ethanol-gasoline
blend. Yusaf et al.(2009) reported an increase in BSFC, which can be attributed to
increased volumetric efficiency and brake thermal efficiency resulting from the use of E5
or E10. In a recent study, Deng et al. (2018) reported a lower BSFC using E10; and da
Costa et al (2018) achieved an improvement of 8.1% in BSFC using hydrous ethanol
(E100). This shift in the BSFC results may be due to improvements in advanced engines
since da Costa et al.(2018) have used direct injection (DI) technology. Thakur et al.(2017)
summarized the results of twenty published research papers, including six studies that
provided evidence of low BSFC when using ethanol-blend. On top of that, compared to
liquefied petroleum gas (LPG), the ethanol blend achieved less BSFC (Alexander et al.,
2019).

2.3.1.7.Engine starting in cold conditions.
In cold conditions, starting engine operation is a sensitive factor that controls the
marketability of the engine. El-Faroug et al.(2016) concluded that ethanol blends are not
preferable since ethanol can hinder engine startup due to its low vapor pressure.
Conversely, Iodice et al.(2018) have reported that the use of E20 facilitates cold-start
running because of the higher volumetric efficiency of ethanol blend and the existence of
oxygen and indicates that these issues do not exist in the latest generation of SI engines. In
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cold conditions, in addition, ethanol blends become more convenient than pure gasoline,
notably in terms of emissions and the environmental impact, as described in sections 2.3.2.

2.3.1.8.Engine vibration and noise emission.
Vibration is an undesirable mechanical phenomenon where the equilibrium position of
an object is affected by an unbalanced motion. Vibration usually leads to stress-rupture
failure or damage to engine parts and engine supporting structures due to severe stress
induced by unbalanced forces (Ahirrao et al., 2018). Along with the engine design, loads,
speed, oil quality, and engine supporting structures, fuel quality is one of the major factors
affecting the vibration and engine noise emission of the internal combustion engine. The
vibration level of SI engine is highly sensitive to fuel type, and each type of fuel causes
vibration with unique and identifiable characteristics (Gravalos et al., 2013). Engine
vibration is, therefore, one of the criteria used to determine fuel quality, as well as optimal
engine adjustments such as injection timing and ignition timing. Similarly, the level of
engine noise emission is also attributed to the fuel type and quality (Keskin, 2010). Alcohol
is considered a promising solution in reducing engine knock, and consequently, engine
vibration and noise due to its high octane value (Awad et al., 2018). In addition, Othman
et al.(1988) attributed the increase in vibration frequency and amplitude to an increase in
the carbon/hydrogen ratio of the fuel used in SI engine. However, many studies have
indicated an increase in vibration and engine noise with the increase of ethanol ratio
(Ağbulut et al., 2018; Keskin, 2010). On the other hand, some studies have mentioned that
this is dependent entirely on ethanol to gasoline ratio. Engine vibration and engine noise
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can be reduced with specific ethanol ratios, such as E10, and will outperform pure gasoline
(Dehkordi et al., 2013; Gravalos et al., 2011). Other studies have suggested some
modifications in engine design as a condition to reduce engine vibration if ethanol or
ethanol blend is used (Szklo et al., 2007). Ethanol helps depress environmental noise
because the use of ethanol greatly decreases exhaust noise especially at low speeds of the
engine (Deng et al., 2018), which normally occur near the residential areas. Although the
vibration and the noise emission reflect the compatibility of engine design and its
adjustments with the fuel type and its quality, there is a clear lack of studies examining the
impact of different fuels on engine noise and vibration behavior, and how this affects the
overall engine performance (Awad et al., 2018).

2.3.2. Bioethanol and exhaust gas emissions.
The theoretical calculations along with experimental observations have revealed a
considerable reduction in emissions associated with a higher proportion of ethanol in fuel
(Doğan et al., 2017). The reduction of evaporative emissions from fuel tanks and the fuel
injection system is attributable to the high latent heat of vaporization and low vapor
pressure of ethanol (Thakur et al., 2017). While low emission of unburned hydrocarbons
(HC) and carbon monoxide (CO) is due to the presence of oxygen in the ethanol molecule
(Elfasakhany, 2016; Iodice et al., 2018; Yusaf et al., 2009). The average reduction of CO
emissions is 35.8% when using E20 (Deng et al., 2018). Meanwhile, the use of 95% ethanol
blend in light-duty vehicles reduces CO emission by 90% (Lu and Mosier, 2008). Likewise,
ethanol blend reduces carbon dioxide (CO2) emissions due to low (C/H) ratio in ethanol
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without affecting engine output compared to pure gasoline (Doğan et al., 2017). In addition
to that, ethanol added to fossil fuel decreases sulfur oxide emissions, carcinogenic
substance and the main component of acidic rain (Saxena et al., 2009; Subhedar and
Gogate, 2013). Sulfur content in bioethanol, which is negligible compared to gasoline, can
cause a 60-80% reduction of sulfur oxides emission if high ethanol blends are
commercialized (Gupta and Verma, 2015; Lu and Mosier, 2008).
Since the formation of NOx requires high temperatures, the NOx emissions are also
expected to be less, given the lower flame temperature when ethanol is used (Li et al., 2017;
Lin et al., 2010). Masum et al.(2015) and Chansauria and Mandloi (2018) observed a lower
temperature of exhaust gases when using E15 instead of gasoline, and lower NOx
emissions. The relatively low temperature of exhaust gases is due to the low flame
temperature of ethanol caused by the low carbon to hydrogen ratio (C/H) (Thakur et al.,
2017). Hydrous ethanol can achieve a further reduction in NOx emissions due to the
presence of water in the fuel as reported by Chen et al.(2010). Corroborating these results,
da Costa et al.(2018) reported a reduction in total nitrogen oxides emissions by 66% when
hydrous ethanol (E100) is used.
The use of hydrous ethanol for engines decreases ethanol production cost by avoiding
ethanol purification process, giving bioethanol fuel a widespread potential. Additionally,
ethanol blends also act to remove any trace amounts of water in the fuels tanks thus
reducing potential rusting issues in the fuel tanks. Ethanol utilization reduces unburned
particles (particulate matter or soot, PM) that have a detrimental effect on human health
(Jin et al., 2017; Prasad et al., 2007). E15 reduced unburned particulates and CO emission
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by 4.5% especially at high engine rpm (Masum et al., 2015). While hydrous ethanol (E100)
reduced unburned hydrocarbon and carbon dioxide by 20% (da Costa et al., 2018). When
using the ethanol-gasoline blend, the most impressive improvement in exhaust gas
emissions occurs at higher engine speeds such as those that occur on highways
(Elfasakhany, 2015), and the expected reduction in greenhouse gases (GHGs) could reach
38% if E85 is used (Das and Mohanty, 2017). E20 and E30 showed a significant
improvement in emissions, especially in the first cycles of engine start-up. Nitrogen oxides
(NOx) formation, for instance, has noticeably decreased compared to commercial gasoline
in cold conditions due to the lower temperature of exhaust gases (Iodice et al., 2018).

2.3.3. Additional considerations.
The concept of lignocellulosic ethanol commercialization requires consideration of
several factors. In this regard, the distinctive characteristics of ethanol can be exploited to
raise the profitability of petroleum industry by enhancing the quality of low-grade gasoline
and make it usable in the transportation sector (Thakur et al., 2017). Besides, the need for
oxygenated additives to improve the combustion properties of gasoline enables ethanol to
act as a fuel enhancer and an octane booster (Awad et al., 2018; Iodice et al., 2018). Another
important role for bioethanol came into sight with the advent of biodiesel. In the biodiesel
production process, many researches have revealed that replacing methanol with ethanol is
necessary because of the toxicity of methanol. Additionally, heating value and cetane
number of biodiesels produced using fatty acid ethyl esters are higher than that using fatty
acid methyl esters because of the higher number of carbon atom in ethanol (Bateni and
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Karimi, 2016; Brunschwig et al., 2012; Carvalho et al., 2017; Farobie et al., 2015; Rozina
et al., 2017). Moreover, bioethanol is an environmentally friendly product while methanol
is a petroleum-based product.
Based on today’s prices, ethanol does not cause a significant increase in fuel price.
Even for high ethanol blend like E85, the retail price was 6% (about $0.19/ gallon) higher
than regular gasoline in 2018 (U.S. Department of Energy, 2019) (Fig.8). In addition,
compared with anhydrous ethanol, the water content of 10% in ethanol showed a global
energy saving of about 31%, under the lean engine operation (Lanzanova et al., 2016).

2.4. Lignocellulosic biomass as a potential raw material.
Lignocellulosic biomass is an essential renewable resource that can be involved in
addressing the problem of future energy deficiency (Li et al., 2013) due to the availability
of lignocellulosic materials throughout the world. The global agricultural residue is
estimated at 1.5 billion tons per year (Sarkar et al., 2012). Primary crops residue in the US
accounts to 144 million dry tons (Langholtz et al., 2016). According to the EPOBIO
project, wheat straw, rice straw, and corn stover are the most abundant types of agricultural
residue in the world (Möller et al., 2007). Generally, lignocellulosic biomass consists of
30–50% cellulose, 15–35% hemicellulose, and 10–30% lignin (Kumar and Murthy, 2013;
Ma et al., 2016).
Forests and grasslands represent another major source of lignocellulose that can
provide large quantities of raw materials. Due to the high seasonal yields of grass (12 - 25
tons / acre), the ability to grow in wide environmental conditions, and the high cellulose
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and hemicellulose portion (about 50 and 25% respectively), grass such as miscanthus,
switchgrass, and reed canary grass are regarded as a fascinating sustainable resource for
supplying raw material to the biochemicals and biofuels industry (Brosse et al., 2012).
Grass has other advantages such as short growth periods (70 days), minimum transportation
needs and minimum fertilizers and pesticides requirements.
Municipal solid waste (MSW) is another important lignocellulosic biomass source that
predominantly can provide a stable level of raw materials (Kudakasseril Kurian et al.,
2013). Using the cellulosic biomass extracted from MSW is an environmentally-friendly
practice that minimizes the emissions from landfills. The dramatic increase in waste
generation over the last three decades has significantly increased the burden on the
ecosystem. Per capita, waste has increased from 1.66 to 2.03 kg/day to generate a total of
262.4 million ton in 2015 compared to 151.6 million tons in 1980 in the US (U.S. EPA,
2016). From the urban centers alone, around 35 million tons of waste are collected annually
(Langholtz et al., 2016). In 2015 however, 34.7 % of 262.4 million tons MSW was recycled
and composted, 12.8% (33.57 million tons) was incinerated with energy recovery, and
52.5% (137,7 million tons) was landfilled of which about 70 million tons were food waste,
paper, paperboard, wood, and yard trimmings (U.S. EPA, 2016). Compared to other
lignocellulosic biomass primary resources, MSW is smaller in scale, but it may be one of
the best lignocellulosic biomass resources for bioenergy production because of the already
existing infrastructure and well-developed collection system that make it a reliable and
relatively low-cost feedstock.
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A U.S. Department of Energy study indicated that around 680 million tons of
lignocellulosic biomass can be supplied as raw materials for the bioproducts industry by
2030 using the four primary resources (agricultural residues, the forest remains, waste
materials, and energy crops) (Langholtz et al., 2016). This amount of biomass is sufficient
to produce around 54 billion gallons of ethanol (four folds of corn ethanol produced in the
United States 2010). It should be noted that the average lignocellulosic ethanol yield of 8587 gal/Mt (320-330 L /Mt) (Aden et al., 2002; Muth et al., 2013) is close to the average
yield of starch ethanol (90- 110 gal/Mt )(Eckert et al., 2018; Perrin et al., 2018). Globally,
The World Energy Assessment Project stated that a considerable fraction of global energy
needs can be supplied using the biomass-derived energy; and by the year 2050, bioenergy
can supply nearly one-fourth of the global energy demand (Ragauskas et al., 2006). By
considering only one half of the available lignocellulosic biomass in the world, 10-50
billion tons (dry weight) can be used in industry (Zhao et al., 2009).
Bio-based chemicals had been introduced into many industries to cover the demand for
chemicals and /or to improve the features of the composite materials. Polyvinyl alcohol,
for instance, can be used to lighten composite materials for the automobile industry
(Algidsawi, A. J., Hashim, A., Algidsawi, 2011; Ali Demirci et al., 2002; Isikgor and
Becer, 2015). Bio-based chemicals such as acetone, lactate, and succinate were proposed
to replace a number of petrochemicals using lignocellulosic feedstock (Becker et al., 2015;
Kumar and Murthy, 2012; Rajendran and Murthy, 2017; Werpy et al., 2004). Also, the use
of cellulosic sugar in construction as cement retarder additive has been considered a
promising alternative given its superiority over other commercial sugar(Hou and Bao,
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2019). Bio-based chemicals can completely replace petrochemicals and fully cover the
chemicals market if the biomass conversion processes are sufficiently effective (Bisaria
and Kondo, 2014). Furthermore, lignocellulosic biomass helps to address food vs energy
conflict and gives the opportunity to stop biofuels competing for arable land that should be
used to grow food crops and cattle feed.
Although the lignocellulosic biomass is promising, lignocellulosic biomass conversion
has many challenges. These limitations and challenges stand in the face of the bioproducts
production from lignocellulosic biomass, thus the commercial success is yet to be realized
(Hamelinck et al., 2005; Hess et al., 2007; Himmel et al., 2007).

2.5. Challenges of lignocellulose conversion.
The conversion of lignocellulosic biomass into commercially valuable products
requires optimized production processes. Many of the proposed lignocellulosic processing
methods are energy-intensive processes that can yield only dilute sugar streams (<10%
w/w) due to difficulties in handling high solids contents (Jørgensen et al., 2007; Liu et al.,
2010; Zhang et al., 2010). Sugar concentration of >100g/L is essential for the economic
viability of the use of lignocellulosic feedstock due to the need to achieve an economically
viable minimum of 40-50 g/L final ethanol concentrations (Huang et al., 2013; Jørgensen
et al., 2007; Zhu et al., 2018). High ethanol concentration enables ethanol recovery through
the use of commercially proven technologies such as distillation (Kang et al., 2015). This,
in turn, reduces the energy requirements and thus the operating costs. Such high sugar
concentration requires biomass loadings of (> 20% w/w) during high solid enzymatic
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hydrolysis (HSEH), or simultaneous saccharification and fermentation process (SSF)
(Koppram et al., 2014). But then, high solids content impedes enzyme activity and
mobility, and reduces chemicals reactivity due to the limited amount of free water within
the mixture. Also, free water availability facilitates the distribution of mass and energy and
helps the solubilizing of substances, which increases enzyme productivity. According to
Weiss et al.(2019) the solids loading adversely affects the yields if it exceeds 15-18 %,
mainly due to the lack of free water and low self-diffusion rates in water. Furthermore,
mixing at solids loadings of >15% becomes problematic due to long mixing time for
ensuring homogeneity, high energy consumption, and increased maintenance requirements
(Hodge et al., 2009; Huang et al., 2013; Kadhum et al., 2018; Rajendran and Murthy, 2017).
Lack of water leads to viscous slurries and increases shear stress since water acts as a
lubricant and reduces internal friction of particles in the mixture.
In general, the solution that could enable the widespread utilization of lignocellulosic
biomass for biofuels and biochemicals production is the demonstration of >150 g/L glucose
concentrations during hydrolysis (Kadhum et al., 2019a, 2017; Modenbach and Nokes,
2013). Three key factors govern the quality of the enzymatic hydrolysis process, namely
the cellulose enzyme complex, reactor configuration, and processing strategies. Enzymatic
hydrolysis process requires an enzyme capable of releasing a higher glucose concentration
at a minimum process time (high conversion rate) (Garcia et al., 2018; Srivastava et al.,
2018). Efforts are underway to find enzymes help to produce commercially viable ethanol
from lignocellulosic biomass, but the enzymes are still too expensive for large scale
commercialization. The optimization of the enzymes, their mixtures, and dosage and
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characteristics have been studied extensively (Bilal et al., 2018; Ramteke et al., 2017;
Singhania et al., 2017; ZHU et al., 2012) but are not the focus of this paper. Effective
enzymatic hydrolysis, in addition, requires a well-designed reactor capable of providing
optimal operating conditions, minimal energy requirements, and a minimal level of
maintenance, and is discussed in section 2.7.
Logistics, pretreatment, hydrolysis, fermentation, distillation and products recovery are
the main processes involved in the production of bio-based chemicals (Fig.2.3.). Although
each process has its own obstacles and limitations, hydrolysis is considered as the principal
bottleneck of the biochemical production (Modenbach and Nokes, 2013). Therefore, this
paper is intended mainly to address the intrinsic constraints associated with the hydrolysis
process towards a goal to achieve high glucose titers (>150 g/L). Various strategies and
approaches to implement the hydrolysis and fermentation have been conducted and
investigated to determine the optimal operational conditions. The following section
illustrates the commonly used approaches to implement the hydrolysis and fermentation.

2.6. Standard approaches for converting lignocellulosic materials to biochemicals
The conversion of lignocellulosic biomass into biochemicals is a set of processes that
aimed at depolymerization of lignocellulosic polymers (mainly the cellulose and
hemicellulose) and release monomers (mainly glucose and xylose). Glucose is the basic
unit used for building the structure of many biochemicals including bioethanol which can
be used as biofuels.
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Fig. 2.3. Schematic of bioethanol refinery.

2.6.1. Hydrolysis and Fermentation processes.
The enzymatic hydrolysis and the microbial fermentation are concerted processes that
can be conducted either separately using (two reactors, or one reactor but sequentially), or
simultaneously (same reactor and the same time). This step is typically performed after the
biomass pretreatment process and the importance of biomass pretreatment process is to
make the cellulose accessible to enzymes.
Separated Hydrolysis and Fermentation (SHF) is the method when the enzymatic
hydrolysis is implemented prior to the fermentation process for a specific period of time.
SHF approach enables the release of an adequate amount of sugar to be used for
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fermentation (Dahnum et al., 2015). Higher levels of glucose concentration can be reached
if SHF is used, and glucose concentration would exceed 200 g/L when high solids loading
is implemented (Kadhum et al., 2017). However, a glucose concentration of more than 150
g/L reduces the enzyme's productivity due to the inhibitory effect of glucose (Saha, 2004;
Shihadeh et al., 2014). On top of that, during the fermentation, yeast accumulates high
concentrations of intracellular glycerol to mitigate the high osmotic pressures due to high
extracellular glucose concentrations. Sugar concentration higher than 150 g/L inhibits
yeast growth and prevents yeast growth if exceeded 330 g/L (Murthy, 2006; Murthy et al.,
2012; Thatipamala et al., 1992). It is worth mentioning that in the newer generation of
cellulases such as Ctec2, resistance to inhibitory effects of reaction products has been
reasonably improved (Weiss et al., 2019). The optimum temperature and pH for SHF
method are (50° C, 4.8 pH hydrolysis; and 32° C, 5.0 pH fermentation) (Chen et al., 2019a;
Dahnum et al., 2015; Dien et al., 2018; Menon and Rao, 2012; Pin et al., 2019). Hydrolysis
process can be as short as 48 hours (Chen et al., 2019a; Hou et al., 2018; Pin et al., 2019),
and also can be as long as 170 hours (Ghosh et al., 2018a). However, most studies do not
exceed 72 hours for hydrolysis process (Alfani et al., 2000; Dahnum et al., 2015; Dien et
al., 2018; Rana et al., 2014). The hydrolysis time of 72 hours seems reasonable since studies
have shown that the glucose curve tends to flatten after 48 - 72 hours depending on the
solids loading(Kadhum et al., 2017; Wanderley et al., 2013; Weiss et al., 2019). Similarly,
the fermentation process can be run for only 24 hours (Alfani et al., 2000), or it may reach
96 hours (Rana et al., 2014); and in a few cases, up to 300 hours (Larsen et al., 2008).
Nevertheless, in most cases, the fermentation process can only last 48 -72 hours, during
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which glucose is depleted (Novy et al., 2015; Wang et al., 2018). In addition, the toxic
level of ethanol (13-17% w/v) in which the yeast cannot survive limits the concentration
of ethanol that can be reached (Murthy, 2006; Pratt et al., 2003; Techaparin et al., 2017).
The other common method for biomass processing is Simultaneous Saccharification
and Fermentation (SSF) where the hydrolysis and fermentation occur in the same reactor
simultaneously. This results in tradeoffs in operating conditions which are mostly
optimized for yeast growth rather than enzymatic hydrolysis during the SSF process.
Dahnum et al.(2015) has used 32° C temperature for SSF method, while Zhu et al. (2012)
and Alfani et al.(2000) have used a 37° C temperature. However, the new trend of
genetically modified organisms (GMO) has succeeded to find thermotolerant yeast able to
produce ethanol at 40 - 45°C temperature (Nonklang et al., 2008; Techaparin et al., 2017).
The new strains of yeast enable conducting the SSF Method at a temperature close to the
optimum temperature of the enzymes, thereby increasing enzymes productivity. The
distinctive advantages of the SSF process result in its wider adoption compared to SHF
process. Continuous fermentation of sugar, for instance, limits the inhibitory effect of
glucose by maintaining a low sugar level. This, in turn, increases enzyme productivity and
thus high glucose and ethanol yield (Rana et al., 2014). Besides, the energy requirements
of SSF are lower than SHF due to lower process temperature and shorter retention time
(Drissen et al., 2009; Thontowi et al., 2018). Additionally, bacterial infections are less
frequent in the SSF process compared to SHF process due to lower glucose concentrations.
To avoid the inhibitory effect of high glucose concentration, shorten process time,
minimize energy consumption, and achieve high ethanol yield, researchers suggested pre-
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hydrolysis (Hoyer et al., 2013; Koppram et al., 2014; Molaverdi et al., 2019) followed by
simultaneous saccharification and fermentation method (PH-SSF). Palmqvist et al.(2011)
named this process "hybrid SSF process". This method consists of two steps, hydrolysis
process (12-24 hours) depending on the initial solid contents, followed by SSF (Kadhum
et al., 2019a; Tomás-Pejó et al., 2008; Zhu et al., 2015). This method is preferable
especially when high solids loadings are to be processed to give enough time for the
substrate to be hydrolyzed and thus reduce apparent viscosity. This method benefits from
the high conversion rate that occurs during the first 24 hours due to high enzymes activity
and substrate availability.

2.6.2. Effect of ethanol on the fermentation process.
Whilst, SSF and PH-SSF try to solve glucose problems, challenges due to high ethanol
(>10%) concentration problems also emerge at high solid concentrations due to its toxicity
to yeast and other microorganisms. Techaparin et al.(2017) proposed a new genetically
modified yeast strain that tolerates a high ethanol concentration of up to 130 g/L thus
mitigating some of these issues. Other studies have proposed a vacuum distillation system
to continuously/periodically remove ethanol from the SSF reactor to keep its
concentrations below the toxicity threshold. (Fig.2.4). This system has been proposed to
be a preferable choice for high solids operations (Andlar et al., 2018; Kumar et al., 2018;
Shihadeh et al., 2014). Reducing the toxic effect of ethanol on yeast enhances the yeast
vitality and increases the conversion rate of sugar to ethanol leading to the reduced
inhibitory effect of glucose on the enzyme.
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Fig .2.4. Vacuum distillation system connected to the fermenter.

2.6.3. Effect of additives (surfactants) on hydrolysis and fermentation process.
For further enhancements of the hydrolysis and fermentation processes through
facilitating the interaction of the enzymes and substrates, the use of surfactants has been
proposed (Shokrkar et al., 2018). The surfactant is used to improve the rheological
properties of lignocellulosic slurries for the purpose of reducing energy consumption
accompanying with achieving better mixing. The surfactant acts as a lubricant when added
to the lignocellulosic slurries; accordingly, surfactants reduce friction between particles
(Samaniuk et al., 2015) and significantly reduces the viscosity and stress yield of the slurry
(Lin et al., 2017). Surfactants can reduce yield stress by 36%, and reduce the slurry
viscosity by 75% compared to the initial viscosity of slurry achieving a reduction of up to
80% in mixing torque (Modenbach and Nokes, 2013). Surfactants effect is even more
distinct in the case of high solids loading, and it can be observed by low mixing torque.
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Bhagia et al.(2018) stated that the surfactants are less effective without stirring, stressing
the importance of some amount of mixing.
Binding of enzymes to lignin was considered a major cause of the low rate of cellulose
depolymerization due to limiting enzyme mobility during the enzymatic hydrolysis (Pan et
al., 2005). Surfactants were also proposed to address the challenges of nonproductive
binding of hydrolytic enzymes. The contribution of surfactants in enhancing the enzymes
productivity and the conversion rate has been cited in many studies. Different types of
surfactant, molecular weight, and concentrations have been investigated (Hsieh et al., 2015;
Qing et al., 2010). Although studies have reported differences in glucose concentration
based on the structure and molecular weight of surfactants, other studies have found no
evidence for these effects (Hsieh et al., 2015). A wide range of surfactant concentrations
was investigated starting with 0.25% of dry biomass (Kadhum et al., 2018) to 20 % (0.2 g
surfactant /1g substrate)(Yao et al., 2007). However, from an economic viability
perspective, surfactant concentrations > 2% are not profitable (Fig.2.5) due to a dramatic
increase in surfactant costs (Kadhum et al., 2018).
Although a clear vision of how surfactants interact with enzymes and/or substrates has
yet to be developed, possible mechanisms for interactions have been proposed. The first
hypothesis is that surfactants interact with the substrate improves the enzymatic hydrolysis
by three possible mechanisms. 1)Surfactants remove hydrophobic compounds such as
lignin from the surface of pretreated biomass and facilitate cellulose accessibility
(Escalante et al., 2005). 2) Surfactants prevent the adsorption of the enzyme (adhesion)
onto the lignin by forming a layer around the lignin thus increasing the enzyme availability
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for a productive binding (Qing et al., 2010). 3) Börjesson et al.(2007) and Badawi et
al.(2012) mentioned that surfactants capability to bind onto lignin comes from hydrogen
bonds in addition to the hydrophobic interactions. Interestingly, Li et al. (2012) proposed
a different mechanism when they reported an improvement in enzymatic hydrolysis using
biomass without lignin, indicating that surfactants had an effect on (influence) cellulose
rather than lignin. This paper attributed the improvement in hydrolysis to the ability of the
surfactant to removal amorphous cellulose. The second hypothesis is surfactants able to
improve enzymes activity and mobility by 1) Surfactants encase enzymes by forming
reverse micelles preventing enzymes denaturation (Qing et al., 2010). 2) Surfactants serve
as a dispersion agent to prevent enzyme aggregation, especially in the case of HSEH.
Accordingly, surfactants help enzyme clusters to dissipate and spread over a wide space,
increasing the enzymes freedom to move and bind productively with the substrates (Lin et
al., 2015). 3) Also, surfactants help to limit the cellulase deactivation induced by changes
in the air-fluid interface; and reduce the effect of shear stress on enzymes leading to
increased cellulose conversion (Bhagia et al., 2018).
Additionally, surfactants serve to improve the fermentation efficiency by inhibiting the
bacterial activity and avoiding competition for sugar and other nutrients, leading to better
yeast growth. Nalawade et al.(2015) mentioned that surfactants like polyethylene glycol
(PEG) and propylene glycol act effectively against bacteria. Polyethylene glycol (PEG)
and Tween are the most widely used surfactants (Hsieh et al., 2015), and non-ionic
surfactants like PEG is the most effective ones (Lin et al., 2015).
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Fig. 2.5. The increase in production cost with the increase of PEG after 2% (Kadhum et
al., 2018).

2.7. System design overview.
The enzyme productivity and enzymatic hydrolysis efficiency are directly linked to the
quality of mixing performance (Bals et al., 2014). Mixing performance, in turn, is governed
by the reactor elements such as the reactor and impeller type. Another critical factor in the
reactor design is the ability of the system to operate under a wide range of operating
conditions while maximizing conversion rate and glucose concentration (Kadhum et al.,
2019b). In addition, maintenance requirements must be minimal to assure economic
performance. Industrial reactors design is constrained by many factors such as reactants
properties, reaction conditions, and the budget. Excluding laboratory glassware, studies
have reported two types of reactors that are commonly used to process lignocellulosic
biomass, namely vertical reactors, and horizontal reactors.
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2.7.1. Vertical reactors.
Vertical reactors are more likely to be used with Newtonian fluids including highly
soluble solids mixtures. The vertical reactor is also preferable for high-pressure reactions
and continuous reactions that need fast mixing and short retention time and have high
reaction rates. Efficient mixing in vertical reactors necessitates the expansion of vertical
vortices to mix the upper and bottom layers in the reactor (Fig.2.6) at sufficiently high fluid
velocity to enable efficient mixing (Doran, 1995).To attain these conditions, impeller
rotation speed (rpm) is kept high to enable the vertical eddies to overcome the force of
gravity and ensure adequate mixing of the top and bottom layers.

Fig. 2.6. Vertical reactor and vertical vortices

42

The other option is to use a larger impeller diameter (D) which can also enlarge vertical
eddies in the mixture due to higher peripheral velocity. However, large impeller interrupts
the upward flow. These strategies are not completely effective in assuring homogeneity of
the mixture, and there are always differences in components concentrations between the
upper and lower layers depending on the mixture viscosity (Benz, 2011).
Impeller power consumption equation indicates that these options increase the power
consumption considerably, and may not be feasible (Palmqvist et al., 2011; Russ et al.,
2015).

P = NP ρ N3 D5

P: power
N : rotation speed

NP: impeller power number

ρ: density

D : impeller diameter

For example, a 10% increase in the impeller diameter results in a 60% increase in
power, while an increase of 10% in the rotation speed increases the power consumption by
more than 30%. Nevertheless, the recommended ratio of impeller diameter to reactor
diameter (D/T) is 1/3 (Montante et al., 2001), and the rotation speed is dependent on the
time required for the optimal homogeneity. High impeller speed has another disadvantage
in terms of deactivation of enzymes caused by shear stress (Bhagia et al., 2018).
The equation also indicates that the density of the mixture (ρ) and the impeller power
number (NP) have an effect on the mixing power. This implies, in the process of biomass
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conversion, increasing the solids content of the mixture increases the mixing power as it
increases the density of the mixture. The power number (NP) is the ratio of the resistance
force to the inertia force (dimensionless value). NP is a function of impeller parameters,
geometric configurations of the system, and Reynolds number (Re). Elements involved in
the design of impellers such as blades area exposed to the mixture, blades shape and
thickness, blades angles and curvature, and the nature of the blade’s surface are responsible
for the value of NP. Geometric parameters of the system such as the impeller to tank
diameter ratio (D/T), distance from reactor base to the impeller, and the reactor structure
also affect the NP value (Chapple et al., 2002; Ma, 2014; Parvizi et al., 2016). NP remains
constant and independent of (Re) in turbulent flow (Re > 2 x10 4), but NP is inversely
proportional to Re (NP ∝ 1/Re) in the laminar flow (Re < 10 -100). However, the majority
of researchers reported that NP is dependent mainly on the rotational speed and the total
area of the blades (Parvizi et al., 2016).
Aside from high energy consumption, high rotation speed causes technical problems
such as intense mechanical stress on the shafts, bearings, seals, and other stirrer's parts,
which imposes increased maintenance requirements. Moreover, at high rotational speeds,
centrifugal forces on the particles push them away from the center causing separation of
mixtures into high and low concentration regions. At the industrial level, vertical reactors
pose more challenges for lignocellulosic biomass due to the issues described above
especially at the large reactors required for the commercial production of biochemicals.
Building a large industrial reactor is very expensive, and this is mainly due to the expensive
suspension points that must withstand the heavy agitators and must be perfectly sealed.
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Besides, vertical reactors require additional energy for raw materials to be loaded at the top
of the reactor, which adds more expenditure.
The tank height (H) is typically 2 -3 times of tank diameter (Davis, 2010); and the
height of the mixture (h) in vertical reactors is limited by the reactor diameter and should
not exceed 1.25 of reactors diameter (1:1 is recommended) (Doran, 1995; Montante et al.,
2001). In addition, if the process requires the use of high solids loading strategy as required
for commercially viable products, vertical reactors will result in high processing cost
(Knutsen and Liberatore, 2009; Stickel et al., 2009). A change of the solids loading from
10% to 15% corresponds to a 22% increase in energy consumption compared to a 53%
increase in energy when increasing the solids loading from 15% to 20% (Bondancia et al.,
2018). Hodge et al.(2009) stated that the conventional vertical reactor is not a preferred
option for solids concentration above 15 %. In the same context, Bondancia et al.(2018)
mentioned that the integrated production strategy using vertical reactors to process
lignocellulosic biomass of 10% solids loading contributes to the development of the future
bioproducts industry. However, the industrial-scale vertical reactor is expected to consume
2–10 megawatt when the high-solids loading strategy is implemented, and this may not be
commercially feasible (Russ et al., 2015).

2.7.2. Horizontal reactors.
Horizontal reactor configuration is preferable for pseudoplastic and viscous mixtures
(non-Newtonian fluids) such as cement, paper pulp, and lignocellulose (Jørgensen et al.,
2007). The reaction rate is lower in this case and retention time is longer compared to
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Newtonian fluids reactions. Therefore, it is enough time for such mixtures to be stirred
slowly during the reaction. Consequently, the impeller does not need high speeds for
adequate mixing, resulting in lower energy requirements. The rotational speed can be as
low as 2 rpm while providing good mixing (Dasari et al., 2009). For viscous mixtures,
horizontal reactors can also provide better heat transfer as the impeller blades scrape the
material from the walls of the reactor. The horizontal reactor is also able to handle larger
quantities but has a larger footprint in the plant. Table 2.1 summarizes the main advantages
of using the horizontal reactor compared to the vertical reactor.

2.7.3. Mixing quality and reactor configurations.
The mixing process is a mechanical process to increase the homogeneity of the mixture.
Better mixing performance improves mass and heat transfer, accordingly increasing the
exposure of reaction components to the desired conditions such as temperature, and
catalysts. Additionally, proper mixing helps to partially overcome the lack of free water
during biomass hydrolysis process by providing better mobility for enzymes and other
substances (Bals et al., 2014). On the other hand, the high solids loading leads to a poor
mixing performance and this arises mainly due to increased viscosity affecting mass and
heat transfer quality (Dien, 2010; Nieves et al., 2016; Palmqvist et al., 2011). Mixing takes
place through distribution and dispersion mechanisms which increase the diffusion of
molecules within the mixture. Distribution mechanism occurs through developing large
vortices capable of transporting the substrates in bulk around the reactor, while dispersion
arises mainly due to small eddies that move and mix the materials locally.
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Table 2.1: Comparison of the main features of the horizontal reactor and the vertical
reactor.
The properties Horizontal reactor
Vertical reactor
Type of mixture Recommended for
nonNewtonian mixtures
Reaction Reactions that need slow

Recommended for Newtonian
mixtures
Reactions that need fast

mixing and long retention

mixing and short retention

time

time

Impeller (rpm) Lower

Higher

mixtures velocities Lower

Higher

Energy Lower

Higher

consumption
Np > 4
D/T 0.8 - 0.9 , could reach 0.98
Heat transfer for good

0.1 to 3
0.3 recommended
Poor

viscous slurry
Working volume Close to full capacity
Quantities of Handles larger quantities

Limited by h/T =1-1.25
Processes smaller quantities

processed materials
Project area Takes a larger plot space
Maintenance Lower

Needs a smaller plot space
Higher

requirements

Although the small vortices generated at the edge of the impellers are useful for
material dispersion, the presence of small vortices affects the distribution mechanism by
interrupting the path of the long vertical vortices and reducing the impeller flow efficiency
(Kumaresan and Joshi, 2006). Nevertheless, it is possible to deal with small vortices by
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manipulating system configurations and settings. Mixture height, for instance, higher than
the recommended ratio (1 - 1.25: 1 of reactor diameter (Montante et al., 2001)) hinders
mixing materials with upper layers due to the insufficient velocity of the mixture. The
material leaves the impeller tip with about 30% of the peripheral velocity of the impeller
(Kumaresan and Joshi, 2006). The D/T ratio can also alter the flow pattern (Montante et
al., 2001). Small D/T ratios generate eddies at the edges of the impeller that intersect with
the up-flow pathway. D/T of 0.2 has reduced the up flow by 22% (Kumaresan and Joshi,
2006). Likewise, the high D/T, which leaves a small clearance between the impeller and
the reactor wall, interrupts the trajectory of the vertical vortices and creates small local
eddies that limit the distribution mechanism. Power number (NP) of the impeller, which is
mainly related to the impeller design, has a significant effect on mixing performance as
well (Kumaresan and Joshi, 2006). High NP impeller is more efficient in moving material
to distant points given the ability to develop long vortices pathways even at low rotation
speeds. While impeller with lower NP provides higher local mixing through the dispersion
mechanism (Moucha et al., 2003). However, excessive speeds cause intensive local
turbulence induced by small local eddies at the impeller ends and the reactor walls which
limits mass transfer and prevents good distribution (Moucha et al., 2012, 2003).
Optimal mixing time(tm) is subjected to the reaction conditions such as reaction rate
and retention time (Shah et al., 2012), physical and chemical characteristics of reactants
such as viscosity and reactivity of substrates, reactor and impeller dimensions, and
rotational speed. The mixing time (tm) is an important criterion for determining the rotation
speed necessary to achieve the desired degree of homogeneity and maintain low power
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consumption. It is also used to calculate the mixing efficiency (specific energy
consumption required for a specific degree of homogeneity) of the impellers. Mixing time
can be estimated by monitoring the tracer concentration at different points using sensors,
and it is the time required to reach the concentration within ±2% of the final tracer
concentration (Kumaresan and Joshi, 2006). The time needed to reach 95% of the mixture's
final temperature was also considered to represent the mixing time (Bondancia et al., 2018).
Efficient mixing can be attained by manipulating reactor configurations such as impeller
type, rotation speed, and reactor design and baffles.

2.7.3.1.Mixing performance and slurries rheological properties.
Similar to many mixtures in bioprocessing, lignocellulosic slurries are pseudoplastic
mixtures and behave as a non-Newtonian fluid. The apparent viscosity of these slurries is
dependent on the shear rate, and decreases with increasing shear rate i.e. shear thinning
fluids (Humbird et al., 2011). Two different viscosity zones can be determined in the rector
in this case. High apparent viscosity zone near the reactor walls where the shear rate is low,
and low apparent viscosity zone near the impeller where the shear rate is relatively high.
To avoid the local thinning and non-homogeneity of pseudoplastic mixtures, the use of
large diameter impellers to sweep the entire surface of the reactors at low rotational speeds
are recommended (Ghosh et al., 2018b).
During enzymatic hydrolysis, the rheological properties of the lignocellulosic biomass
mixture change over time. By cellulose and hemicellulose depolymerization, soluble
monomers are released causing a remarkable decrease in mixture viscosity, especially
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during the first hours of the hydrolysis process (Kadhum et al., 2019a; Liguori et al., 2016).
The other reason for this viscosity drop is the destruction of the complex matrix of
lignocellulosic biomass components leading to the release of trapped water in the particle
pores. Free water availability reduces the friction resulting from direct contact of the
substrate particles in the mixture. In fact, the conversion of insoluble polymers to soluble
monomers makes the slurry approach the behavior of Newtonian fluids (Kadhum et al.,
2019b; Liu et al., 2015); and the mixture viscosity decreases as the enzymatic hydrolysis
progresses with a nonlinear relationship.
The change in viscosity and the drop time are dependent on the initial solids loading.
In the case of very low solids loading, the change in viscosity is marginal but this change
is significant for high solids content (Liu et al., 2015). Most of the drop in viscosity occurs
within the first 24 hours, notably the first three hours due to the high conversion rate in this
period of time. Mixture's viscosity often decreases by 50% during the first three hours of
enzymatic hydrolysis. For example, the viscosity of corn stover decreased by 75% when
solids content was 10%; and the viscosity has dropped by 86% when the solids loading of
20% was used (Um and Hanley, 2008). Roche et al.(2009) observed that the mixture of
20% solids loading requires 40% conversion to be pourable i.e. about 16 % solids loading.
Nevertheless, the highest energy consumption happens during this time due to the high
viscosity induced by the initial solids loading.
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2.7.3.2.Impeller types.
A large variety of impellers types used in bioprocessing industries can be classified
under five main categories: paddle agitators, anchor agitators, propeller agitators, helical
agitators, and turbine agitators (Fig.2.7). Impellers designs have been modified and
improved to minimize the power consumption, control the flow pattern, and reduce the
impact of shear stress on the micro-organisms (Montante et al., 2001). Although many
types of agitators can be used for vertical reactors, few types of impellers are used in
horizontal reactors. Paddle blades agitators, anchor agitators, and helical agitators are the
most recommended types to be used in horizontal reactors (Doran, 1995).

Fig. 2.7. The main types of impellers.

Despite the low power consumption of horizontal reactors, impellers used in horizontal
reactors have higher power numbers (NP) given the larger surface area of their blades
(wings). Normally, the impeller NP used for horizontal reactors is about 5. While NP of
impellers used for vertical reactors varies from low NP ~0.1 for laminar flow to NP >3 for
turbulent flow (Kumaresan and Joshi, 2006). The mixing performance and flow pattern in
the reactors are affected by the ratio of impeller diameter to the tank diameter (D/T)
(Montante et al., 2001). The D/T ratio of 0.33 - 0.35 is recommended for vertical reactors
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(Kumaresan and Joshi, 2006) and 0.8 - 0.98 for the horizontal reactors (Van Der Gulik,
2002).

2.7.4. Operational conditions and approaches.
Although the operational conditions and settings of any bioprocess at large industrial
scale are dependent on the experimental findings, operational settings must be accurately
calculated because they may not be identical to those in pilot or bench scale. However,
maintaining identical conditions for all points in large reactors is not an easy task without
considering other operating conditions, especially those that control mixing performance.
Typically, in industrial reactors, the mixing time is longer, the fluid velocity is much lower
and agitation specific power (power/volume, P/V) is much higher than that in the
experimental domain (Benz, 2008; Patwardhan and Joshi, 1999). Although, after building
the reactor, the only factor controlling the mixing performance is the impeller rotational
speed.

2.7.4.1.Impeller rotational speed.
The impeller's rotation speeds strongly affect the hydrolysis process, and the hydrolysis
rate increases with increasing rotation speed (Palmqvist et al., 2011). For vertical reactors,
the effect of five rotational speed ranging from 25 to 500 rpm was investigated by
Palmqvist et al.(2011). Using 2.5 liter reactor, pitched-blade impeller, and a solids content
of 10 %, they found that the change of the impeller speed from 25rpm to 500rpm has
doubled the conversion rate. Other studies also emphasized that the rotation speed
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influences the hydrolysis process such as Kadić et al.(2014) when they studied the effect
of three impeller speeds (100, 300, and 600 rpm) on the hydrolysis efficiency, and Bals et
al.(2014) when they used 1,000 rpm for fed-batch enzymatic hydrolysis. Except for some
studies, the range of rotation speed is very low for horizontal reactors. Jørgensen et
al.(2007) have used 3.3–11.5 rpm to evaluate the horizontal reactor performance. In
contrast to this, Du et al.(2014) used 100 rpm in the horizontal rotating bioreactor at 25%
solids loading.

2.7.4.2.Solids loading.
Various levels of solids loadings have been investigated. Rana et al.(2014) have studied
solids loadings of 5% and 10% using SHF method and 150 rpm impeller speed. While
Chen et al. (2019b) have used 15% and 30% solids loading, and Kadhum et al. (2017) have
investigated 20, 30, and 45% solids loadings. Biomass concentrations of more than 15%
are considered high solids loading (Modenbach and Nokes, 2013; Wang et al., 2018).
While the solids concentration of more than 32% has been referred to as “concentrated
slurries” (Ehrhardt et al., 2010).

2.7.4.3.Fed-batch approach.
Fed-batch is a widespread approach used in many industrial applications at high
insoluble solids loading (Bals et al., 2014) to achieve high concentrations of sugar
exceeding 210 g/l (Kadhum et al., 2017; Liu et al., 2015). The fed-batch regime gives time
for biomass to hydrolyze and liquefy before adding the following batch of biomass (Lan et
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al., 2013). In addition, the progressive batching consumes less mixing energy due to the
low initial viscosity, and facilitates the diffusion of the product reducing their inhibitory
effects (Zhang et al., 2010).
Despite the crucial role of fed-batch approach in optimizing the entire process, only a
few attempts have been made to formulate an appropriate scheme for fed-batch
implementation using lignocellulosic biomass. Liu et al.(2015) have proposed a feeding
regime using the viscosity as an indicator to determine the suitable time for substrate
batching when solids loadings of 15% - 36% is used at 250 mL scale. The mixing torque
was also employed to propose batching schemes for a range of solids loadings (20, 30, and
45%) using a three-liter reactor (Kadhum et al., 2019b). Considering the potential of the
fed-batch method, further investigations are needed.

2.8. Monitoring and assessment tools.
Systems and processes assessment helps decision makers to adopt, reject, or modify
any new improvement. The monitoring tools to track the experiment's progress and the
assessment tools to evaluate the expected impacts are essential to evaluate processes.

2.8.1. Tools for process monitoring.
In order to control the system and optimize the process, appropriate tools are mandatory
to monitor the process dynamics and quantify the rate of change. Similar to other
production processes, a large variety of tools and instruments are used for measuring the
differences and monitoring the process kinetics.
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2.8.1.1.Monitoring of hydrolysis and fermentation.
For optimal production, it is essential to monitor the dynamics of the process and
control the conditions. In addition to the temperature sensor, pH meters, ethanol sensor,
CO2 sensor, and other types of detectors, there is an important instrument commonly used
to determine the quantities of the components using spectrophotometry method. This
method basically depends on the measurement of light intensity passing through a sample
and the proportion of light absorbed by the contents of the solution. For biofuel and
bioproducts, HPLC with refractive Index and Diode Array Detectors are used for
measuring sugars, ethanol, organic acids, and other product concentrations (Liu et al.,
2012; Ma et al., 2014; Santasalo-Aarnio et al., 2011; Zhu et al., 2017). Although HPLC
gives highly reliable measurements, HPLC operation time is relatively long in addition to
the time needed for samples preparation. This makes the use of HPLC impractical for realtime estimation. Magnetic resonance imaging (MRI) was used by Lavenson et al. (2012)
to monitor the progress of cellulose liquefaction based on the fact that the MRI signal is
dependent on the proportion of free water in the mixture that can be mathematically linked
to the stage of cellulose conversion (Modenbach and Nokes, 2013). However, MRI can
only be used for experimental purposes but not in the industry since this apparatus is
extremely expensive.

2.8.1.2.Real-time estimation methods.
Real-time optimal control of bioprocesses, in most cases, requires fast measurements
even at the cost of accuracy. In this concept, methodologies that can provide an
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approximate guide will be helpful in optimizing the hydrolysis and fermentation process.
Mixture viscosity, for instance, was used as an indicator to predict the degree of cellulose
liquefaction. Different types of viscometers were utilized to formulate a model correlates
the viscosity of slurry with the degree of cellulose hydrolysis (Liu et al., 2015; Samaniuk
et al., 2012). Yet, the viscosity measurement option is still slower than the system control
requirements. In a recent study, Kadhum et al.(2019b) mentioned that the mixing torque
can be used as an indication of the hydrolysis progression since the change in mixing torque
can be correlated to cellulose decomposition. This study proposed a model for estimating
the instantaneous solids content and glucose concentration depending on mixing torque,
mixer rotational speed, and initial solids loading.
Gaseous sensors for ethanol and CO2 concentration measurement can be used to
monitor the fermentation process but are susceptible to the overhead space conditions
Moreover, they require calibration for each working volume that the mixture can occupy
during the process. Methods that enable estimating solids contents and products
concentration would be a valuable tool for formulating a suitable scheme to supply batches
in optimal times and optimum quantities.

2.8.1.3.Control of reactor energy consumption.
For a commercially successful investment, optimal energy consumption is a major
factor that needs to be constantly considered. In hydrolysis and fermentation, the mixer
rotation speed is the only factor that can be manipulated to reduce power consumption in
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the reactor. Strategies based on the solids loading and the retention time to manage the
mixer speed can be used for optimizing of mixing power as mentioned earlier.

2.8.2. Techno-economic analysis and life cycle assessment.
The decision of investing in any process at the industrial level is usually taken after
intensive studies. Operational conditions of the process at the experimental scale (bench
and pilot scale) and prototypes performance determine the optimal conditions needed to be
run on the industrial scale, for the purpose of achieving the highest possible returns
(Rajendran et al., 2018). In the bioproducts industry, this evaluation is performed
depending on the technical feasibility, economic viability, environmental impact of the
process, and increasingly the social acceptability (German et al., 2011). Techno-economic
analysis (TEA) provides an important criterion for any new technology to be taken into
consideration, particularly in the early stages to identify potentially feasible alternatives
(Gnansounou and Dauriat, 2011).
Investment in ethanol production is subject to many technical and economic factors of
different importance levels. Factors related to biomass logistics and preparation,
production methodology and technology, products and byproducts, marketing and pricing,
and capital and operating costs determine the unit production cost of biofuels (Brown et
al., 2014). Bioethanol production is highly sensitive to the change in ethanol selling price
and even small changes in ethanol prices can significantly affect the profitability of the
investment (Cuong and Tabil, 2018; Kadhum et al., 2018). Cuong and Tabil (2018) listed
the minimum ethanol selling prices (MESP) in various papers between 1999 and 2018
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showing the increasing trend by time in two decades. Although the price of ethanol is
governed by many factors such as raw materials prices and availability, demand for the
product, subsidies, taxes, and many other elements, crude oil prices seem to have a

Price ($/Gallon)

considerable impact on the general trend of ethanol price (Fig.2.8).
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Fig. 2.8. Gasoline retail price and E85 price in the US from 2000 to 2018, adapted from
(U.S. Department of Energy, 2019)

Based on the 1999 economy and prices, Wooley et al.(1999) found that MESP was
$0.38 /L when the crude oil price was $20.03 / barrel (U.S. Energy Information
Administration, 2019). While Ou et al.(2014) stated that MESP should be $0.99/L
depending on 2012 prices and crude oil of $111.44/barrel (U.S. Energy Information
Administration, 2019). Indeed, the upward trend of petroleum price leads to an increase in
the prices of all elements and formations of any investment such as raw materials,
chemicals, apparatus, energy, in addition to increased labor cost. Therefore, the increased
MESP over the years can be attributed to the rise in the oil price despite persistent efforts
to reduce the cost of ethanol production. The price of raw materials comes second in term
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of the economic importance of investment (Cuong and Tabil, 2018; Kadhum et al., 2018;
Pedersen et al., 2018). Typically, the price is dependent on the type and availability of raw
materials, and is a function of time and location resulting in a wide range of prices for the
biomass feedstock. Langholtz et al.(2016) and Lynd et al.(2017) stated that biomass can be
supplied at $60-80/dry ton. While Pedersen et al.(2018) estimated wood residue at
$41.5/ton. Mandegari et al.(2018) have reported a low price of $19/ton due to the
availability of nearby bagasse. Municipal solid waste (MSW) can contribute to the supply
of low-cost lignocellulosic biomass due to low handling requirements (Bozorgirad et al.,
2013) (locally processed and locally consumed), and enabling the expansion of plant
capacity.
In spite of the increase in the fixed cost and operating costs, the larger plant capacity is
more cost-effective (Yang and Rosentrater, 2015) due to economies of scale. However, the
availability of raw materials and logistics can be a limiting factor in a large-scale biofuel
refinery and therefore the economies of scale principle may have limited applicability for
biorefineries. Therefore, the concept of the flexible system that accepts a wide variety of
inexpensive local feedstock has recently emerged to enable the expansion of plant capacity,
helping biofuel refineries compete with existing petroleum industries (Clark et al., 2012;
Poliakoff and Licence, 2007). In addition to that, other factors such as by-products prices
and enzyme price have remarkable effects on return on investment (ROI) (Cuong and
Tabil, 2018). In contrast, fluctuations in yeast, surfactant, and acids prices do not have a
large influence on investment returns (Kadhum et al., 2018).
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Sims et al.(2010) stated that lignocellulosic ethanol will become competitive with
petroleum-derived fuels when crude oil price reaches 80-100 USD /barrel. Besides, the
techno-economic analysis is a useful tool to assist in determining the limiting step in the
bioethanol production process that needs to be addressed. Authors revealed that the
hydrolysis process is a major concern in the production of bioethanol in terms of
expenditure and time, followed by the pre-treatment process (Arantes and Saddler, 2010;
Modenbach and Nokes, 2013).
The decision to adopt any possible resource or process must consider the environmental
consequences and must be assessed compared to other available alternatives (Simonen,
2014). In addition to the products, the production at a commercial-scale requires several
elements to be considered carefully such as by-products, raw materials processes
technology, etc. Life Cycle Assessment (LCA) is a tool that can be used to assess the
environmental impacts resulting from different products; and helps identify the best
resources and technology paths to be adopted (Rivela et al., 2004). The robustness of life
cycle assessment comes from the ability of this technique to provide systematic rules to
compare the product's impact on the environment over its life cycle (cradle to grave), and
to quantify pollutants and emissions resulting from different processes (Baral et al., 2016;
Tabatabaie and Murthy, 2017). However, very few studies have employed this powerful
tool to investigate the concept of bio-refineries that can alter products according to market
needs using a range of feedstock types. Instead, studies have focused on specific scenarios
rather than comparing different potential options (Khoshnevisan et al., 2018). Although
lignocellulosic ethanol industry has not yet been established, LCA has provided evidence
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that this industry can improve the environment in various aspects (Kim and Dale, 2005;
McManus and Taylor, 2015) such as greenhouse emissions (GHG) and human health.

2.9. Conclusion.
Recent advances in engine technology ensure that the performance of ethanol is
comparable or even exceeds gasoline in SI engines in terms of improved combustion and
flame characteristics, volumetric efficiency, and brake thermal efficiency. The high-octane
of ethanol enables its use as a fuel enhancer and increase the profitability of the refineries.
additionally, bioethanol reduces the impacts of exhaust gas emissions on the ecosystem.
Significant attention has been paid to lignocellulosic biomass as a sustainable resource
to produce fuel and chemicals. However, lignocellulosic ethanol confronts many
limitations especially the hydrolysis process, the most expensive step. High solids loading
which is necessary for sugar concentration of >100g/L imposes challenges such as poor
mixing, high energy consumption, low conversion yield, and other mechanical problems.
This calls for solutions in terms of the operational strategy and the system design. The PHSSF method combined with the fed-batch approach is the recommended strategy to attain
high glucose and ethanol concentrations, and reduce mixing energy requirements.
Horizontal reactors have several advantages compared to vertical reactors such as better
mixing and reduced mixing energy especially for high solids enzymatic hydrolysis
(HSEH). Additionally, horizontal reactors could be easily scaled up.
Monitoring tools are essential to evaluate the process and assess the impacts. However,
real-time monitoring tools to optimize the process performance are needed For scaling the
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process up, tools such as TEA and LCA are important to be used to evaluate the predicted
consequences.
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3.1. Abstract.
This study explores the effect of high-solids loading for a fed-batch enzymatic
hydrolysis and fermentation. The solids loading considered was 19%, 30% and 45% using
wheat straw and corn stover as a feedstock. Based on the experimental results, technoeconomic analysis and life cycle assessments were performed. The experimental results
showed that 205±25.8 g/L glucose could be obtained from corn stover at 45% solids
loading after 96h which when fermented yielded 115.9±6.37 g/L ethanol after 60h of
fermentation. Techno-economic analysis showed that corn stover at 45% loading yielded
the highest ROI at 8% with a payback period less than 12 years. Similarly, the global
warming potential was lowest for corn stover at 45% loading at -37.8 gCO2 eq./MJ ethanol
produced compared with gasoline.

Keywords:
solids loading; enzymatic hydrolysis; fermentation; lignocelluloses; techno-economic
analysis; environmental impacts.
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3.2. Introduction.
The need for liquid fuels is increasing the global oil consumption expected to reach 100
million barrels by 2019 (US Energy Information Adminisitration, 2017) and ethanol is one
of the promising alternatives to replace fossil fuels. Though the in-field feedstock
availability is high between 10-50 billion tons (dry weight) (Rajendran & Taherzadeh,
2014; Zhao et al., 2009) the challenges range from harvesting and transportation logistics,
process challenges such as complexity of biomass structure and overall hydrolysis
efficiency. Several attempts were made in the past decades to produce ethanol at an
economically competitive prices however, there are several hurdles such as increasing the
efficiency of the enzymes, efficient release of glucose during hydrolysis, decreasing the
energy consumption during pretreatment step, and availability of commercial scale
equipment (Mussatto et al., 2010). Considerable efforts were made with respect to the
conversion of lignocelluloses to ethanol including developing various pretreatment
methods, studying the enzyme interactions with cellulose and lignin, increasing the solids
loading during enzymatic hydrolysis and several types of process integration
improvements such as separate hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF) (Brodeur et al., 2017; da Silva Martins et al., 2015;
Hahn-Hägerdal et al., 2006; Jin et al., 2017; Liu et al., 2015; Margeot et al., 2009).
Solids loading during enzymatic hydrolysis is usually in the range of 10- 20% w/w
basis (Humbird et al., 2011) however some studies considered a higher solids loading
between 25-40% (Jørgensen et al., 2007; Zhang et al., 2010; Zhu et al., 2011). Few
concerns with the high-solids loading are that the mixing of the materials becomes very
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difficult beyond 20% solids due to unavailability of free water, dead zone formation due to
improper mixing, available free water decreases with time as the sugar concentration
increases and the product inhibition of the cellulases has a significant effect on the
hydrolysis efficiencies (Zhang et al., 2010). To address these concerns, fed-batch methods
were proposed where solids were loaded at regular intervals so that the mixing is not
impacted and can yield more glucose at high-solids loaded (da Silva Martins et al., 2015;
Liu et al., 2015). To the best of our knowledge, no previous work reported solids loading
exceeding 40%.
The overall goal of this study was to provide a holistic view of the effect of solids
loading for the lignocellulosic ethanol production through experimental, economic and
environmental perspectives. The first objective of this study was to evaluate the effect of
solids loading (19%, 30%, and 45%) on lignocellulosic biomass (Corn stover and wheat
straw) for enzymatic hydrolysis and ethanol fermentation. The second objective was to use
the experimental data from this work in conjunction with other reported literature and
develop process models to analyze the techno-economic feasibility of a biomass processing
facility with a capacity of 60,000 dry MT/year. Sensitivity analysis was performed on the
several factors including, capacity, ethanol price, biomass cost, and enzyme cost. The third
objective was to use the mass and energy balance data from the techno-economic studies
to investigate environmental impacts through a life cycle assessment.
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3.3. Materials and methods.
3.3.1. Biomass.
Wheat straw (WS) and corn stover (CS) were considered for the enzymatic hydrolysis
and fermentation studies including. The dilute acid pretreated biomass was obtained from
a pilot facility at Boardman, Oregon. The composition of the pretreated biomass was
measured according to the NREL procedures (Sluiter et al., 2008; Sluiter et al., 2012). The
obtained biomass was washed with three folds’ water (W/W) and the pH was adjusted to
5.5 using sodium hydroxide. The pH adjusted and washed biomass was squeezed with hand
press to remove additional water and air dried at ambient temperatures until the moisture
content was 30% (W/W) (Sluiter et al., 2008; Sluiter et al., 2012). This air-dried biomass
was used for all the experiments and further analysis. All experiments were conducted in
triplicates.

3.3.2. Reactor.
A stainless reactor with 3 L working volume was used for enzymatic hydrolysis and
fermentation. The overall volume was 3.5 L with an internal diameter of 14.5 cm and a
height of 21.5 cm. A helical impeller with 10.16 cm diameter was used in the reactor to
support complete mixing (Fig. 3.1). The helical impeller was driven by IKA impeller drive
(model: EUROSTAR 60 CS1) which could control impeller speed. The impeller rotational
speed was set at 150 rpm for hydrolysis process (He et al., 2014). The reactor was placed
in a water bath at 50°C for enzymatic hydrolysis, and 30°C for the fermentation process.
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3.3.3. Enzymatic hydrolysis.
Three fed-batch enzymatic hydrolysis experiments were conducted for the two
biomasses (WS and CS). The first experiment used WS with a final solid loading of 19%
w/w. The experiment was started with 10% solids and remaining biomass was added in
two increments of 4.5% w/w at 3h intervals. For the second experiment, WS was initiated
with 20% (W/W) solids and then remaining biomass was added in two increments at 3h
intervals to reach a final solids content of 30% (W/W). Third fed-batch enzymatic
hydrolysis was conducted using corn stover initiated with 30% (W/W) solids. The
remaining biomass was added at 4h intervals to make up to 45% solids. The cellulose
enzymes were donated by Novozymes (Ctec2) and were added at the rate of 20 mg
protein/g glucan in a single dose at the start of the experiment. The hydrolysis was high at
the rate of 12.4 g/L.h during the first 12 hr due to the sufficient enzyme amount. The big
enzyme dose helped increase the cellulose conversion to dissolved form (glucose) and
saved free form of water in the slurry that helped the unrestrained enzyme's motion. All the
experiments were conducted in triplicates and samples were taken at every 3h for the first
24h; subsequently, the sampling frequency was decreased to one sample every 24h. The
samples were centrifuged at 10,000 rpm for 5 min and the supernatant was stored at -20°C
until further analysis using HPLC.
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Fig. 3.1. Schematic diagram of the reactor used in this study to carry out enzymatic
hydrolysis and fermentation.

3.3.4. Fermentation experiments.
Active dry yeast, Saccharomyces cerevisiae, from BIO-FERM® XR was inoculated at
a concentration of 1.0 g/L to the enzymatically hydrolyzed slurry. Urea (1.0 g/L) was added
to provide nitrogen requirements of the yeast. Tetracycline (stock solution: 5mg in 70%
ethanol) was added at a rate of 400 μl/L from the stock solution to limit the bacterial
activity. After inoculation with yeast and other chemicals as described above the
enzymatically hydrolyzed slurry was fermented at 30°C for a maximum period of 120 h.
The rotational speed of the impeller was reduced from the enzymatic hydrolysis
experiments to 30 rpm. Samples were taken every 3h for the first 24h and subsequently
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once in a day. The samples were centrifuged and stored until further analysis as described
above.

3.3.5. Analytical methods.
The stored samples from enzymatic hydrolysis and fermentation experiments were
analyzed for various sugars and ethanol concentration using HPLC. Biorad Aminex HPX87H column was used for the analysis which was equipped with an appropriate guard
column. Sulfuric acid (5 mM) was used as an eluent, at a flow rate of 0.6 mL/minute and
the column temperature was maintained at 60°C. A statistical evaluation was carried out
for the three different experiments using T-test with a 95% confidence interval. The
glucose and ethanol concentrations in the various experiments were used to the run the
statistical evaluation in Minitab 16 software.

3.3.6. Techno-economic analysis.
The experiments conducted in this study was modeled to understand the effect of solids
loading on enzymatic hydrolysis and fermentation. Eight scenarios were simulated
including the three experimental studies described above and other literature reported
values for wheat straw and corn stover. The scenarios were labeled based on their feedstock
and solids loading, for example, CS45 refers to corn stover at a solid loading of 45%.
Similarly, wheat straw was labeled as ‘WS’, and Banagrass was labeled as ‘BG’. The
process simulations were carried out using Intelligen Superpro Designer V8.5.
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The process model was developed based on NREL (Humbird et al., 2011) and Kumar
and Murthy (2011). The composition of biomass used in different scenarios is mentioned
in Table 3.1.

Table 3.1: The composition of various biomass used on the wet and dry basis.
WS
BG
EC
CS
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
basis
basis
basis
basis
basis
basis
basis
basis
(Jørgensen et
(Shekiro III et
Reference
al., 2007)
Pilot study
Pilot study
al., 2014)
Ash
6.0%
7.1%
2.6% 9.6%
1.9% 6.5%
6.8% 9%
Cellulose
29.6% 34.8% 10.2% 37.5% 10.1% 33.4% 29.6% 37%
Extractives
13.0% 15.3% 3.6%
13.1% 7.9% 26.4% 10.2% 13%
Hemicellulose 21.4% 25.2% 6.4%
23.4% 6.4% 21.2% 21.4% 27%
Lignin
15.0% 17.6% 4.5%
16.4% 3.8% 12.6% 12.0% 15%
Moisture
15.0%
72.7%
70.0%
20.0%

Figure 3.2 shows the schematics of the different processes used in the techno-economic
analysis. The composition of Banagrass and Energycane were obtained from a pilot facility
in Oregon, whereas the composition of WS and CS was obtained from Jørgensen et al.
(2007) and Shekiro III et al. (2014) respectively. The biomass produced from the
agricultural fields were transported to the processing facility where it was stored for 10
days before further processing. The stored biomass was washed with recycled water from
the process to remove any dirt or debris and comminuted using a knife mill. Dilute sulfuric
acid at 0.75% (W/W) was added to the size-reduced biomass to carry out pretreatment at
158°C and 0.55 Mpa for 10 min. After pretreatment, the slurry was centrifuged to separate
solid and liquid fractions. The cellulose-rich solid stream was washed with three times
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water (Frederick et al., 2014; Rajan & Carrier, 2014) and the pH was adjusted to 4.0-6.0
pH before enzymatic hydrolysis. The liquid fraction rich in dissolved solids and
hemicelluloses were overlimed and pH adjusted to precipitate calcium sulfate as gypsum
(byproduct) using hydro-cyclone and purified through vacuum filtration.
The liquid stream after gypsum separation was combined with the solids stream and
cellulase enzymes were added at the rate of 20 mg protein /g glucan (Humbird et al., 2011).
After enzymatic hydrolysis, yeast, diammonium phosphate were added. Depending on the
process simultaneous saccharification and fermentation (SSF) or separate hydrolysis and
fermentation (SHF) the reactors were added to the process flow. The enzyme loading,
solids loading, hydrolysis conversion, ethanol conversion, hydrolysis time, and
fermentation time for the experimental studies and other reported literature used in
developing process models are mentioned in Table 3.2. The ethanol produced after
fermentation was distilled in three columns. Beer column is the first column in which
ethanol was concentrated to 37-40% (W/W), followed by stripper column where ethanol
was purified to 41-45% (W/W). The ethanol concentration reached 93% w/w after the
rectification column and 99.5% w/w purity was obtained using molecular sieves, to break
ethanol-water azeotrope. The pure ethanol was denatured using 1.0% gasoline before it
was sold as the primary product.
The solids from the distillation columns containing lignin were sent to the boiler for
steam generation and electricity production. The boiler was operated at 10% excess oxygen
and the steam was produced at 257°C and 4.5MPa (Mandegari et al., 2017; Singh et al.,
2016). The flue gas exit temperature was 200°C and the steam was expanded using gas
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turbine for electricity production. The waste water from different sections was collected
and sent for wastewater treatment including anaerobic digestion, aerobic oxidation, and
belt filtration. About 25% of the liquid fraction was split to the multi-effect evaporator and
process water was recycled back to the process. A fraction of the high-pressure steam
produced was consumed in pretreatment reactor.

3.3.6.1.Assumptions and assessments.
The plant was designed based on a feedstock capacity at 60,000 dry MT/year with an
annual operation of 7,920 h and a 20-year life. The economic assumptions used in this
study are listed in Table 3.3. The cost of gypsum was based on Statista (2016). The salvage
value for the equipment was assumed to be 5.0% of its installed cost and straight-line
depreciation method was employed (depreciation period – 10 years) (Kumar & Murthy,
2011). The tax rate was kept at 40%, while the interest rate was set at 9.0% and the utility
prices were based on earlier studies (Kazi et al., 2010; Kumar & Murthy, 2011;
Kwiatkowski et al., 2006; Laser et al., 2009).

3.3.6.2.Sensitivity analysis.
A sensitivity analysis was carried out for the three experimental treatments to assess
the impact of important parameters on plant economics. The factors considered with a
±10%, and ±20% variation in the parameter values for sensitivity analysis were the price
of ethanol, biomass cost, enzyme cost and capacity of the plant. Return on investment
(ROI) was used an indicator to check the sensitivity.

95

Table 3.2. Various process parameters used in this study to carry out the process simulation.
Type
Solids
Enzyme
Hydro. Ferm. Ethanol Hydrolysis Ethanol
Scenario
of
loading
loading
(h)
(h)
(g/L)
Conversion conversion
process
WS19
19%
SHF
20 mg/g
78
60
46.8
76%
97%

Total
conver.
74%

WS20

20%

SSF

7 FPU/gDM

96

48

31.9

66%

80%

53%

BG20
EC20

20%
20%

SSF
SSF

20 mg/g
20 mg/g

72
72

48
48

44.6
37.9

81%
81%

95%
95%

77%
77%

CS25

25%

SSF

15 FPU/gDM

12

72

49.34

85%

94%

80%

WS30

30%

SHF

20 mg/g

72

60

81.9

80%

98%

78%

WS40

40%

SSF

7 FPU/gDM

96

48

47

37%

90%

33%

CS45

45%

SHF

20 mg/g

48

96

115.9

80%

98%

78%

Reference
This study
(Jørgensen
et al., 2007)
Pilot plant
Pilot plant
(He et al.,
2014)
This study
(Jørgensen
et al., 2007)
This study
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Fig. 3.2. System boundary used in this study to develop process models and life cycle assessments. The green box represents the
techno-economic analysis boundary while the dotted lines represent the life cycle assessments boundary. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).
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Table 3.3. List of assumptions used in this study.
Type
Assumption
Capacity
60,000 dry MT/year
Biomass cost
$80/ dry MT
Gypsum cost
$30/MT
Ethanol cost
$0.95/kg
Enzymes cost
$0.517/kg
Sulfuric acid cost
$35/MT
Electricity cost
$0.07/kW-h
Gasoline cost
$0.8/kg
Discount rate
2%
Annual hours
7920 h
Depreciation method Straight line
Salvage value
5%
Depreciation years
10 years

3.3.7. Life cycle assessments.
3.3.7.1.Goal, scope and system boundaries.
The main goal for the life cycle assessments was to develop a cradle-to-gate life cycle
inventory and estimate the different environmental impacts for the three experimental
studies carried out. This functional unit for the ethanol production was 1 MJ ethanol and
system boundary for this LCA study is shown in Figure 3.2. Within the system boundary,
agricultural inputs including fertilizers, water, electricity, machinery harvest, and
transportation were included as a part of biomass preparation. The biomass processing
includes the use of sulfuric acid, enzymes, yeast, gasoline, fermentation, and emissions
from the processing plant. The byproducts such as excess electricity and gypsum were
considered as avoided products and physical allocation was used. Open LCA (Version
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1.6.0) was used to perform LCA (Open LCA, 2017), while eco-invent (V 3.1) database was
used for integrating the lie cycle inventory (LCI), and TRACI 2.1 was used as the impact
assessment method (Bare, 2011; Bare et al., 2012; Bare, 2002). The system expansion
method was used to avoid allocation and the coproducts such as electricity or gypsum were
considered as avoided products. For LCA, this method is preferred as per the ISO 14044
(2006) standards (ISO. Technical Committee ISO/TC 207, 2006).

3.3.7.2.Life cycle inventory.
The data from the techno-economic evaluation including mass and energy details were
imported for inventory analysis. The consumption of different raw materials and
production of products from the techno-economic analysis scenarios were used for the LCI.
For the yeast production, a separate process was built based on Dunn et al. (2012). The
biomass details including crop yields, irrigation, harvest, and emissions were based on Li
et al. (2012) (WS) and Murphy and Kendall (2013) (CS). The data imported were analyzed
using Ecoinvent database and integrated processes were used to conduct an impact
assessment.

3.3.7.3.Life cycle impact assessment.
Tool for the Reduction and Assessment of Chemical and other environmental impact
(TRACI 2.1), developed by USEPA (Ryberg et al., 2014), was used as impact assessment
method. Ten various categories were included in TRACI of which seven indicators are
environmental related and the other three are human health related. The impact categories

99

are as follows: acidification, ecotoxicity, eutrophication, global warming, ozone depletion,
photochemical ozone formation (POF), resource depletion – fossil fuels, carcinogenics,
noncarcinogenics and respiratory effects.

3.4. Results and discussion.
3.4.1. Experimental studies.
Three experiments were carried out varying the feedstock (wheat straw and corn stover)
and solids loading. The wheat straw was loaded at 19% and 30% whereas the corn stover
was loaded at 45% in the fed batch hydrolysis reactor. Wheat straw and corn stover were
chosen as the substrate as they have high cellulose content and are available across the
globe (Barten, 2013; Liu et al., 2005). The cellulose content in the pretreated corn stover
was 60.9% (W/W) and that of wheat straw was 54.6% (W/W). The results of the
composition were in agreements with the other literature reported by (Kumar et al., 2009;
Pakarinen et al., 2014 ). Figure 3.3 shows the glucose released during enzymatic hydrolysis
and ethanol concentration during fermentation.
During the enzymatic hydrolysis, the highest glucose release was obtained in CS45 and
the final concentration after 96h was 205±25.8 g glucose/L. In the first 12h, the
productivity of glucose was high at the rate of 12.4 g/L.h and declined to 0.7g/L.h until the
end of hydrolysis. Jørgensen et al. (2007) used wheat straw as a substrate at 40% solids
loading and reported a 37% hydrolysis efficiency, whereas in this study CS45 had 80%
conversion efficiency (Table 3.2).
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Fig.3.3. (A) glucose concentration at different solids loading for the two different biomass
considered for the experimental evaluation in this study. The WS and CS correspond to
wheat straw and corn stover whereas the succeeding numbers correspond to solids loading.
(B) ethanol concentration in g/L for the three different experiments conducted.
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Similarly, WS19 and WS30 had a peak glucose concentration of 95.6±3.2 g/L and
166±15.7 g/L after 114 and 144 h hydrolysis. Achieving this high glucose concentration
could be mainly attributed to the fed-batch strategy used for loading the biomass. Other
researchers (Saha et al., 2011) reported a glucose release of 86 g/L using wheat straw
loaded at solids loading of 15%, whereas this study reported 11% higher hydrolysis
efficiency at a 4% higher solids loaded to the system.
The enzymatically hydrolyzed samples were fermented using yeast to produce ethanol.
WS30 reached a final ethanol concentration of 81.9±1.2 g/L after 60h of fermentation and
the productivity was highest at 3.2 g/L.h in the first 24 hours decreasing to 0.14g/L.h, since
most of the glucose was consumed in the first 24 h. WS19 had a peak ethanol concentration
of 46.8±1.0 g/L after 60h of fermentation and results were comparable with literature
reported: He et al. (2014) reported 48.7 g/L after 72h fermentation using corn stover as a
raw material for a solids loading of 25%. Pakarinen et al. (2014) used wheat straw at solids
loading of 20% and had a final ethanol concentration of 75 g/L which could be due to the
addition of polyethylene glycol in that study, which binds to lignin and increases the
accessibility of enzymes increasing hydrolysis efficiency and resulting in higher ethanol
production. Jørgensen et al. (2007) reported an ethanol concentration of 47 g/L at 40%
solids loading whereas CS45 reported the highest ethanol concentration of 115.9±6.7 g/L
which could be due to: 1. The lower enzyme loading by the other study (7 FPU/gDM), 2.
The fed-batch loading in this study, and 3. The duration of hydrolysis in the other study
was lower (48 h) whereas for CS45 the hydrolysis went until 96h. The progressing
hydrolysis produces an additional glucose amount during the fermentation process due to
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the cellulose availability and the enzyme's existence in the mixture. As a result, ethanol
concentration was higher than the theoretical ethanol that can be yielded from 205g/L
glucose.

3.4.2. Techno-economic analysis.
The process schematics and overall mass balance for the eight scenarios are presented
in Figure 3.4. The complete process model is provided in appendix A. For the experimental
scenarios, the results showed that higher the solids loaded higher the ethanol produced. The
ethanol production was highest for CS45 where 347.9 L/dry MT was produced which was
16.5% higher reported by NREL at 20% solids loading (298.6 L/dry MT)(Humbird et al.,
2011). Table 3.4 shows the list of raw materials used in the process simulations for various
scenarios. The water consumption ranged between 230,000 to 300,000 MT/year. Most of
the consumption occurred during the washing biomass after pretreatment with three times
the volume of the pretreated biomass. Many laboratory studies indicate that this step is
critical to achieving high enzymatic hydrolysis efficiency but is unfortunately largely
ignored in techno-economic studies reported in the literature. This is a critical step as
washing the pretreated biomass removes toxic substances such as phenolics and other
inhibitors formed during pretreatment procedures (Frederick et al., 2014; Rajan & Carrier,
2014).
Compared with WS20, WS19 (this study) produced 29% higher ethanol production
which could be attributed to the lower enzymes loading in WS20. The lower enzyme
loading decreased the glucose release efficiency by 10% which was reflected in ethanol
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production and overall conversion. The overall conversion for WS20 was 53%, while it
was 74% for WS 19 (this study). Similarly, WS40 had a lower enzyme loading which
produced the lowest ethanol (7,356 MT/year) in contrast to CS45 which had the highest
ethanol production at 16,492 MT/year for an identical feedstock processing capacity of
60,000 dry MT/year. Table 3.5 shows the utility consumption and electricity production
from lignin and other solids. As the solids loading increased, the electricity consumption
increased, which decreased the net electricity produced from the process (Fig. 3.4). The
highest electricity production was seen in WS40 (13,499 MWh/year) which (the lowest
ethanol production scenario) could be attributed to higher amounts of the unfermented
solids sent to boiler resulting in higher electricity production.

WS19

Wheat straw
60,000 dry MT/yr

Size reduction
and washing

Dil. Sulfuric acid
pretreatment
T=158°C
P= 0.55 Mpa

WS30

Wheat straw
60,000 dry MT/yr

Size reduction
and washing

Dil. Sulfuric acid
pretreatment
T=158°C
P= 0.55 Mpa

CS45

Corn stover
60,000 dry MT/yr

Size reduction
and washing

Dil. Sulfuric acid
pretreatment
T=158°C
P= 0.55 Mpa

Gypsum
3,416 MT/yr

Energy
11,470 MWh/yr

Fermentation
T=35°C

Distillation and
Molecular
sieves

Gypsum
3,246 MT/yr

Energy
10,803 MWh/yr

Fermentation
T=35°C

Distillation and
Molecular
sieves

Gypsum
2,818 MT/yr

Energy
8,331 MWh/yr

Fermentation
T=35°C

Distillation and
Molecular
sieves

Ethanol
15,379 MT/yr

Ethanol
15,767 MT/yr

Ethanol
16,492 MT/yr

Fig. 3.4. Overall mass balance for different scenarios at different solids loading.
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Table 3.4. Number of different raw materials used in this study.
Unit (MT)
WS19
WS20
BG20
EC20
CS25
Water
267,877 285,832 148,361 191,913 237,886
Gasoline
146
113
148
140
140
Calcium hydroxide
1,557
1,466
1,806
1,925
1,293
Sulfuric acid
2,273
2,140
2,636
2,809
1,880
Biomass (dry MT)
60,000
60,000
60,000 60,000 60,000
Cellulase
3,957
1,979
4,259
3,800
6,307
DAP
20
20
20
20
20
Yeast
50
50
50
50
50
*The values mentioned above were rounded off to the nearest metric tons.

WS30
279,920
150
1,477
2,155
60,000
3,957
20
50

Table 3.5. List of different utilities consumed for different solids loading and biomass.
WS19
WS20
BG20
EC20
CS25
Power Consumption
3,909
3,869
6,864
6,251
3,653
(MW-h)
Power Production
15,379
16,481
12,714
17,983
12,942
(MW-h)
Steam (MT)
145,000
127,000
157,000
163,000
109,000
Cooling Water (MT) 9,244,000 7,790,000 9,689,000
9,583,000 7,822,000
Chilled Water (MT) 1,508,000 1,684,000 1,345,000
1,111,000 1,372,000
CT Water (MT)
6,467,000 5,864,000 6,592,000
6,773,000 6,249,000
Steam High P (MT) 22,000
21,000
26,000
28,000
18,000

WS40
296,584
70
1,933
2,821
60,000
1,979
20
50

CS45
280,333
157
1,272
1,856
60,000
4,205
20
50

WS30

WS40

CS45

3,866

4,777

4,180

14,669

18,276

12,511

85,000
7,108,000
1,524,000
5,868,000
21,000

46,000
3,726,000
1,847,000
6,044,000
21,000

52,000
5,996,000
1,337,000
5,799,000
18,000
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Of the electricity produced, between 25-30% was consumed on the site except for
BG20, EC20, and CS45. BG20 and EC20 had high moisture content which increased the
power consumption, while CS45 consumed 33% of the power produced which was due to
the higher solids loaded.
The capital investments for the different scenarios ranged between $33-48 Million. The
CS45 scenario had the lowest capital investment ($33 Million) which could be mainly
attributed to the smaller size of the reactor used at 45% solids loading (Fig 3.5A). The
working volume for WS19 stood at 6,000 m3 whereas for CS45 it was 42.5% lower. This
reduction in mainly attributed to the higher solids loading resulting in reduced overall
CAPEX of the plant. The production cost ranged between $ 0.8-1.1/L except WS40 (Fig
3.5B). Due to the low enzyme loading, high solids and low ethanol yield the production
cost of WS40 was $1.74/L. The production cost was lowest for CS45 at $0.8/L ethanol.
The OPEX to CAPEX ratio ranged between 0.4-0.5 and was highest for CS45. The most
profitable scenario was CS45 which yielded 8.06% ROI after 20 years of operation (Fig.
3.5B).

The production cost for the all the scenarios except WS40 were in the range of $0.841.13/L and the results were comparable with other studies reported in the literature
(Gnansounou & Dauriat, 2010; Kazi et al., 2010; Kumar & Murthy, 2011; Wingren et al.,
2003; Wingren et al., 2004) which reported between $0.6-1.2/L. Compared with literature,
the production cost reported from the simulations were higher which could be attributed to
the two reasons: 1. The capacity of the plant considered at 60,000 dry MT/year while most

106

of the plant capacities reported in literature were 150,000-250,000 MT/year; 2. The cost of
biomass used in this study $80/dry MT, while most literature reported $60/dry MT as the
feedstock acquisition price.

A

WS20

BG20

EC20

CS25

WS30

WS40

CS45

$1

$16
$13
$16
$15
$15
$16
$8
$17

$19
$17
$19
$18
$18
$18
$16
$17

$44
$42
$45
$46
$38
$38
$34
$33

WS19

OPERATING COST TOTAL REVENUES

NPV

$(14)

CAPITAL
INVESTMENT

B

ROI

10%

$3

ROI (Before Taxes)

5%

$2

0%
WS19

WS20

BG20

EC20

CS25

WS30

WS40

CS45

$2

-5%

$1
-10%
-15%

-20%

$1

Production cost ($/kg)

Production Cost

$-

Fig.3.5. Different economic indexes for various solids loadings and substrates. (A)
Investments, operating costs, and revenues in million dollars. (B) Unit production cost in
$/kg and Return on investment in percentage for different scenarios.
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3.4.3. Sensitivity analysis.
The crucial factors which affect the overall economics such as selling price of ethanol,
purchase cost of biomass and capacity of the plant considered were varied by ±10% and
±20%. The sensitivity analysis was performed for the three experimental studies. The
selling price of ethanol was the most crucial factor and increasing the price by +20% for
CS45 increased the ROI to 14.2%. The capacity of the plant is the second most important
factor, wherein increasing the capacity by 20% from the 60,000 MT/year base case
increased the ROI to 7.6% for the WS30 scenario. The biomass cost is the third most
important factor wherein a 20% reduction in the biomass cost from the $80/ dry MT base
case value increased the ROI to 4.8% in WS19 scenario (Fig.3.6). The ethanol price follows
the crude oil prices and therefore the crude oil prices indirectly affect the overall
profitability of the plant. When the crude oil price increase to more than $80/barrel most
of the ethanol processing plants using lignocelluloses are profitable, whereas reducing the
crude oil prices adversely affect the profits (data not shown).

3.4.4. Environmental impacts.
3.4.4.1.Carbon balance.
The elemental carbon balance was performed for the experiments carried out in this
study (Fig. 3.7). The carbon dioxide sequestration while cultivation of wheat straw and
corn stover for every ton of biomass was 378 kg and 345 kg respectively. The sequestered
carbon was partially captured in the ethanol product, while remaining carbon was releases
in different forms during ethanol production. Out of sequestered carbon for WS19, 14.5%
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was released from the fermentation process, 55.6% from the boiler and 29.5% was retained
in the ethanol produced. Similarly, for CS45, 16.1% of sequestered carbon was released
from fermentation, while the carbon fractions from boiler and ethanol were 50.9% and
32.5% respectively.

Fig.3.6. Sensitivity analysis on different facto affecting the
ROI for the three experimental studies.
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Fig. 3.7. Carbon balance in the ethanol production process using 45% solids loading of corn stover (CS 45) and 30% solids loading
of wheat straw (WS30). Carbon balance per unit of biomass weight.
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3.4.4.2.Life cycle assessments.
The inputs from the techno-economic analysis were used for life cycle inventory, and
LCA was conducted using Open LCA (V1.6). TRACI 2.1 was used an impact assessment
method, and the functional unit was 1MJ ethanol. Ten environmental impacts for the three
experiments are shown in Figure 3.8. In general, a decreasing trend of all environmental
impact metrics was observed with the increase in the solids loading which was the result
of increasing ethanol production with increasing solids loading without a concomitant
increase in plant energy requirements.
Global warming indicator is measured as kg CO2 eq. releases per functional unit. The
global warming in WS19, WS30 and CS45 was 17.9, -4.5 and -37.8 g CO2 eq. The GREET
(2016) reported a global warming potential of 30.8 gCO2 eq./MJ from corn stover ethanol
which was higher than the value reported in this study. This could be mainly attributed the
higher ethanol production from CS45 (16.5%) compared with GREET and NREL. Similar
results by other studies were comparable to the results from this study, where Luo et al.
(2009) reported 50 g CO2 eq./MJ ethanol produced and Cavalett et al. (2013) reported of
24.2 g CO2 eq./MJ ethanol. Acidification refers to the increase in the hydrogen ion
concentration which increases the addition of acids in the environment, and it was
measured in kg SO2 equivalent (Bare et al., 2012). The acidification was highest for WS19
at 5.7×10-4 kg SO2 eq. The other environmental indicator eutrophication refers to the
increase of aquatic systems like algae or weeds due to the nutrients release from the process
which was measured in kg N Eq. Eutrophication was lowest in CS45 1.9×10-4 kg N Eq.
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Fig. 3.8. Life cycle assessments for the three experimental studies carried out.
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3.5. Conclusion.
Three experiments were conducted using wheat straw and corn stover as feedstocks.
Corn stover at 45% solids loading (CS45) released highest glucose concentration at
205±25.8 g/L and a peak ethanol concentration of 115.9±6.7 g/L. The results from the
experiments and other reported literature were used in the techno-economic analysis which
showed that CS45 could yield the highest profit with a payback period less than 12 years
at an ROI of 8.06% after 20 years of operation. Regarding LCA, global warming potential
decreasing trend with an increase in solids loading and it was lowest for CS45 with -37.8
gCO2 eq./MJ ethanol compared with gasoline.
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4.1. Abstract.
A process strategy to aid in optimal enzymatic hydrolysis through the addition of
polyethylene glycol (PEG6000) was tested for separate hydrolysis and fermentation (SHF)
and simultaneous saccharification and fermentation (SSF). Pretreated wheat straw at 30%
solids (w/w) loading was enzymatically hydrolyzed with 0, 0.5, 1, 1.5, 2 and 2.5% of
PEG6000 through SHF and SSF. During SHF, bioethanol concentration of 107.5g/l (2.5%
PEG6000) was achieved. SSF ethanol concentration were about 113 g/l at 1.5% PEG6000
addition. A techno economic feasibility showed a return on investment (ROI) of 8.13 %
using 0.5 % PEG6000 for SHF (96 hours) and 12.25% ROI for SSF control (72 hours).
Life cycle assessment for the various scenarios indicated higher environmental gains for
best cases of SSF over SHF. The study shows the SSF approach (0% PEG6000; 72 hours)
facilitates higher process efficiencies; technoeconomic gains and high environmental
sustainability for future scale up and commercial realization.

Keywords:
Bioethanol, Glucose, High solids, Polyethylene glycol, Separate Hydrolysis and
Fermentation, Simultaneous Saccharification and Fermentation, Techno-economics, Life
cycle assessment.
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4.2. Introduction.
Despite several efforts, commercialization of second-generation biofuels has faced
several technological and economic challenges. Optimization of enzymatic hydrolysis is
the most crucial challenge in biomass conversion to bioethanol. High glucose concentration
is key to economically viable bioethanol production that in turn depends upon high solids
loading (Kumar and Murthy, 2013). The solids loadings beyond 15% have been considered
as high solids (Palmqvist and Liden, 2012; Modenbach et al., 2013) and solids loading
beyond 32% have been regarded as concentrated slurry (Ehrhardt et al., 2010). High
bioethanol concentration (>40g/L) is essential for ethanol recovery through commercially
proven distillation process (Zhu et al., 2018) requiring >20% solids loading. Economically,
bioethanol production system is highly sensitive to changes in the solids loading (Kazi et
al., 2010). High glucose concentration, which is crucial for bioethanol production, depends
upon the type of substrate, enzyme efficacy and dosage, enzyme and biomass interactions
and mass transfer effects. High solids loading coupled with effective enzymatic activity
improves process yield resulting in high profitability (Sotaniemi et al., 2016). An increase
in solids loadings from 5 to 8% reduces the unit production cost by 19% (Wingren et al.,
2003). However high solids content leads to poor mixing performance and high mixing
energy consumption. High mixing energy along with expensive enzymes are responsible
for incurring high operational cost during bioethanol production (Kadhum et al 2019).
Enzymatic hydrolysis is one of the most decisive operations for the commercialization
of bioethanol that accounts to >30% of the total operational cost (Valdivia et al., 2016).
Fed batch method is effective to conduct high solids enzymatic hydrolysis (Sotaniemi et
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al., 2016). Our earlier studies have shown appropriateness of the fed batch approach for
high solids loading that aids in increased glucose yield (Kadhum et al., 2017).
High solids loading often results in inefficient enzyme action due to high amount of
lignin (Jin et al., 2012; Conde-Mejía et al., 2013; Jönsson et al., 2013; Wang et al., 2014).
In this context, studies have investigated the role of surfactants to improve the enzymatic
action (Li et al., 2016). Surfactants mediated hydrolysis enhancement by reducing enzyme
lignin interaction specially at high solids loading, resulting in high productivity and
economic benefits (Palmqvist et al., 2000a,b). Additive amendments comprising of noncatalytic proteins and surfactants (Xing et al., 2016) have been used for improving
hydrolysis by lowering unproductive binding of the enzymes resulting in increased efficacy
(Eriksson et al., 2002). A number of studies have been conducted with different surfactants
type and concentration using diverse biomass varieties for high bioethanol yields (Seo et
al., 2011; Boyce and Walsh, 2015; Li et al., 2016). However, most of these studies have
been performed under low solids loading, nullifying all the aforementioned improvements
for scale up. The impact of surfactant concentrations at 20% (w/w) solids content and its
associated economic gains have been studied by our group earlier and have shown a
significant improvement in bioethanol concentration (Kadhum et al., 2018). This provides
insights for investigating the economic implications using surfactant at high solids loading.
The two most common approaches in biomass hydrolysis and fermentation are separate
hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation
(SSF). SHF involves initial hydrolysis followed by fermentation, wherein the glucose
produced in the first step (hydrolysis) in subsequently fermented in the later stages
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(Dahnum et al., 2015). While in SSF, the hydrolysis and fermentation occur simultaneously
in the same reactor. In SSF, the optimal temperature for hydrolysis, is compromised at the
cost of growing yeast that needs a relatively low temperature (Zhu, 2012). The SSF
approach helps in decreasing the inhibitory effect of glucose due to its immediate
fermentation to bioethanol and is thus a preferred approach in industrial settings (Rajan et
al., 2014). The SSF process have been marginally modified by delaying the fermentation
for some time to allow rapid hydrolysis taking advantage of peak hydrolysis rates. This
alteration in the initial stage helps in negating the inhibitory effect of high glucose
concentration, reduce the process time, and accomplish high ethanol yield, and has been
therefore coined as pre-hydrolysis (Hoyer et al., 2013; Koppram et al., 2014). Subsequently
the fermentation up in the modified SSF approach and in termed prehydrolysis-SSF (PHSSF). The same process have been variably called as "hybrid SSF process” (Palmqvist, et
al., 2011). When surfactants were used in hydrolysis and fermentation, the SHF approach
showed an improvement in bioethanol concentration (PEG 6000; Khadum et al., 2018).
However, it is not clear if the benefits of surfactant addition only accrue in the SHF process
or if they extend to the SSF process.
A number of studies have been conducted to address some of the other challenges in
hydrolysis such as selection of microbial strains for scrutiny of new cellulolytic enzymes
(Yanase et al., 2012; Kuhad et al., 2016) and enzyme reusability (Karimi and Taherzadeh,
2016). In addition, minimization of the enzyme dosage through composition optimization
(Kumar and Murthy, 2017) and enzyme engineering, increasing hydrolysis and
fermentation efficiency are some of the strategies investigated to increase glucose titers
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and reduce the overall product cost. However, these strategies are not under the purview of
this study.
While strategies as fed batch, surfactant addition, and SHF vs. SSF have been reported
to be effective, it is not clear if these strategies could be combined to achieve greater
synergies and thus reduce the overall costs further, especially at higher solids loading.
Presently, industrial scale bioethanol productions from lignocellulosics are yet to
become a reality due to high capital expenditures (CAPEX) and operational expenditures
(OPEX; Lynd et al., 2017). Therefore, it is imperative to consider the techno-economic
feasibility of the process for its commercial realization. The technical feasibility, economic
viability in addition to environmental sustainability can be evaluated with techno-economic
analysis (TEA) and life cycle assessment (LCA). These tools ensure identification of the
process constraints and estimates practical benefits in the early stages of the technology
development and deployment. Thence, TEA and LCA provides ample scope for improving
the processes and supporting the resource utilization to reduce environmental impacts
(Tabatabaie and Murthy, 2016). Therefore, the environmental impacts of surfactant
addition at high solid loading is essential and being investigated in this study.
Our lab has conducted a series of studies that led to interesting findings that paved the
way for the present study. The fed batch approach was found as a successful strategy that
facilitated enzymatic hydrolysis at high solids loading (upto 45%) and thus achieved high
glucose concentration (>200 g/l). Consequent studies revealed that PEG6000 >2% (w/w)
is not economically beneficial, despite greater glucose and ethanol yields. Further studies
were conducted for real-time estimation of insoluble solids and glucose concentrations
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during enzymatic hydrolysis of biomass, and one of the outcomes recommended a
particular fed-batch scheme at 30 % scolds loading. It is important to apply the main
findings of the earlier investigations using 30% solids loading and economically evaluate
its implications with SHF and SSF.
The key hypothesis of this manuscript is “combination of approaches involving
surfactants addition at high solid enzymatic hydrolysis and fermentation using fed batch
technique will improve the economic performance and reduce the environmental impacts
of the overall process”. The hypothesis will be tested through 1) set of experiments to
measure the improvement in glucose titers at the end of high solid (30% w/w) fed batch
hydrolysis of pretreated lignocellulosic biomass with various concentrations (0-2.5% w/w)
of PEG6000 using SHF and SSF approaches for high process efficiency; 2) comprehensive
techno-economic analysis using the experimental data to assess the economic performance
and; 3) quantifying environmental impacts using the life cycle assessment technique.

4.3. Materials and methods.
4.3.1. Cellulosic substrate
Dilute acid pretreated wheat straw was donated by Zeachem Inc, from their Boardman,
OR pilot bioethanol facility. Pretreated wheat straw was washed with thrice the amount of
distilled water (dry wt. basis) with the help of mixer (3 minutes duration). After careful
washing the biomass was sieved (No. 50-0.3 mm), the sieved biomass was manually
squeezed. The entire washing procedure was repeated thrice. The collated wet biomass was
checked for pH and pH was adjusted to 5.5±0.25 using 0.1 M NaOH solution (Rajan and
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Carrier, 2014). The biomass was re-washed to remove any salt left out of the neutralization
process using the aforementioned procedure. The biomass was then air dried for 48 hours.
The biomass was preserved in sealed conditions to avoid any moisture imbalance until
further use. For moisture content analysis, three replicates samples were dried at 105 °C in
a hot air oven (VWR; Model No. 1370FM, Sheldon Manufacturer, OR) for 24 hours to
check the difference in weight before and after drying. The biomass composition analysis
was determined using the NREL protocol (Sluiter et al., 2008; 2012; Humbird et al., 2011).
The cellulose content of pretreated biomass was 54.6% (w/w), and other sugars were <5%.
Air-dried wheat straw was stored and used in all subsequent experiments.

4.3.2. Chemicals and Apparatus.
For the experiments involving enzymatic hydrolysis and fermentation vis. SHF and
SSF, PEG6000 (Sigma-Aldrich) was used (based on optimization studies conducted by
Kadhum et al., 2018) at various concentrations comprising 0, 0.5, 1, 1.5, 2 and 2.5 % on a
dry wt. basis compared to biomass. For enzymatic hydrolysis, the cellulase enzyme (Ctec2,
Novozymes, USA) was added at 20 mg protein/g glucan in one dose at the beginning of
the experiments (Humbird et al., 2011). Bradford assay was used to determine the enzyme
protein concentration, which was 96 mg/ml. As inoculum, Saccharomyces cerevisiae
(active dry yeast, BIO-FERM® XR) was used in the fermentation experiments at 2.0 g/L.
Urea at 2.0 g/L was used as the nitrogen source during fermentation for the growth and
development of stable yeast culture. To inhibit bacterial activity, tetracycline at a
concentration of 400 μl/L was added from the stock solution of 5mg tetracycline in 70%
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ethanol. Erlenmeyer (EM) flasks (250 ml) were used for the biomass hydrolysis and
fermentation. EM flasks were incubated in a shaking water bath (Polyscience shaking water
bath Model no. 40800). After hydrolysis and fermentation, the samples were centrifuged
with the help of micro centrifuge (Labnet, Hemle Model No. Z233M-2). HPLC was used
for the determination of glucose and ethanol (HPLC; Agilent Technologies; Bio-Rad
Aminex HPX-87H column; Mobile phase (0.005M H2SO4) at a flow rate of 0.6 ml/min at
65° C was used).

4.3.3. Experiment
Various surfactant doses have been used as per our earlier studies (Kadhum et al. 2018)
and from studies by Hsieh et.al (2015) for conducting enzymatic hydrolysis using dilute
acid pretreated WS. Subsequently, the glucose release was subjected to fermentation for
the production of bioethanol via a) SHF and b) SSF approaches . For the SHF, the
enzymatic hydrolysis was carried out for 96 hours followed by 96 hours of fermentation.
Triplicate samples (2 ml each) were centrifuged at 15000 rpm for 5 min and the supernatant
was used for HPLC analysis. The samples for analysis were taken at 0, 3, 6, 12, 18, 24, 48,
60, 72 and 96 hours. For both the approaches i.e. SHF and SSF the total solids loading was
maintained at 30% (w/w) and the enzymatic hydrolysis and fermentation were conducted
at 50°C and 30°C respectively using a shaking incubator (150 rpm). The solids were loaded
in three intervals during the initial phase of the experiment, where 15% of solids were
initially loaded and the remaining 15% was equally split into four hours intervals based on
recommendations (Khadum et al., 2019) to make the final slurry weight 100 g. For the SSF,
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the fermentation were initiated after 12 hours from the start of hydrolysis. The operating
conditions including temperatures for enzymatic hydrolysis, fermentation, enzyme
loading, solids loading, sampling frequency were similar to SHF experiments, while the
overall process time was reduced to 168 hour from 192 hour (SHF experiment). Statistical
analysis involving analysis of variance (ANOVA) was performed using Minitab version
16.2.4 to identify differences in glucose and bioethanol concentrations at various surfactant
loading for both the SHF and SSF approaches. Hierarchical cluster analysis was performed
using PAST version 1.86b for grouping the various scenarios for ethanol concentrations
using different PEG percentage. The results of the experimental analysis were then used
for TEA and LCA as discussed in detail later, to maximize economic gains and minimize
environmental impacts associated with surfactant loading at high solids loading.

4.3.4. Model and Software.
Model development, simulation and analysis for the technical, economic feasibility of
the developed bioprocess, was performed by Intelligen Superpro Designer (V 8.5), and
Environmental impacts and associated risks were derived through Open LCA (V 1.6.3).
For the life cycle assessment, the Ecoinvent database 3.1 was used for inventory and
TRACI 2.1 was used for impact assessment.

4.3.5. TEA model development and Treatment process.
The techno-economic model was developed using Intelligen Superpro Designer (V8.5)
based on previously developed models (Kadhum et al., 2017; Humbird et al., 2011; Kumar
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and Murthy, 2011). The TEA was simulated for various time periods for SHF and SSF
processes to critically asses the economic gains by analyzing the return on investment
(ROI), considering it as an indicator of economic viability of the process. Outcomes from
the TEA and LCA for the control case (without surfactants) was used as the base case for
comparing the performance in the two different approaches at high solids loading. This
eventually aided in arriving at maximizing economics gains (ROI) and minimizing
environmental impacts as compared to the base case. The entire exercise of directing the
experimental findings into a simulation and modeling platform enables one to choose the
best technology pathway even at a very early stage of process development. This would in
turn facilitate technology development prima facie, focusing on realistic commercialization
routes, bringing down the time and effort in laboratory stage optimization (Khadum et al.
2018).
The plant was designed based on the annual processing capacity of 235,000 MT/year.
The plant lifetime was considered to be 20 years with an annual operational time of 7920h.
A 5% salvage value and a straight line method of depreciation with 10 year horizon were
used. The interest rates on the project funding was calculated to be 9%, and corporate taxes
were calculated at a tax rate of 40%. Moreover, miscellaneous costs and the costs of the
utilities were based on the previous literature (Kazi et al., 2010; Humbird et al., 2011). The
construction period of the plant was assumed 24 months with a start-up time of six months.
The cost of biomass, PEG 6000, enzymes, sulfuric acid, electricity, and gasoline were
$68/dry MT, $1800/MT, $0.517/kg, $35/MT, $0.07/kW-h and $0.8/kg respectively were
obtained from Kadhum et al. (2018). Similarly, the price of gypsum and ethanol were
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$30/MT and $0.75/kg respectively and were obtained from Kadhum et al. (2018). All
prices were based on 2017 US dollars.

4.3.6. Sensitivity analysis.
A sensitivity analysis was carried out for the two different approaches (SHF and SSF)
to assess the impact of important parameters on plant economics. Return on Investment
(ROI) was used as an indicator for sensitivity and was evaluated by varying the price of
ethanol, surfactant cost, biomass cost, enzyme cost and capacity of the plant by ±10 and
±20%.

4.3.7. Life cycle assessments.
Results from the TEA were used as inputs to the LCA modeling which was performed
in OpenLCA V1.6.3 software using ecoinvent 3.1 database for inventory and TRACI 2.1
for impact assessment.

4.3.7.1.Life cycle goals and system boundaries.
The main goal of the Life cycle assessment exercise was to carry out a cradle to gate
life cycle inventory for the production process and estimate the various environmental
impacts based on the laboratory experimental trials to arrive at a process stream with
minimal environmental impacts. The functional unit was taken as one MJ ethanol for the
study. The system boundary includes feedstock farming, fertilizer applications, agriculture
machinery, electricity, harvest, water and transportation for the wheat straw production.
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Gypsum and electricity derived from the process were considered avoided coproducts and
physical allocation method was employed. Open LCA (Version 1.6.3) was used to
undertake the life cycle studies and ecoinvent database (V 3.1) have been used for the
inventory. As an impact assessment method TRACI 2.1 was used (Bare et al., 2002; 2011;
2012) based on physical allocation and co-product consideration as per ISO 14044 (2006)
standards.

4.3.7.2.Life cycle inventory.
Various outcomes of TEA i.e. feedstock quantity, raw material consumption, energy,
product yield, byproducts etc. including mass and energy balances was used as the input
data for the life cycle inventory. The inoculum (yeast) production process has been added
separately based on studies conducted by Dunn et al. 2012. The crop growth, agricultural
inputs (irrigation water and nutrients), emissions, yield have been referred from our earlier
studies (Kadhum et al., 2017; 2018).

4.3.7.3.Life cycle impact assessment.
Tool for the Reduction and Assessment of Chemical and other Environmental Impact
(TRACI) 2.1 developed by USEPA has been used as an impact assessmenet method to
calculate various enevironmental impacts. This includes several impact indicators as a)
acidification; b) ecotoxicity; c) eutrophication; d) global warming; e) ozone depletion; f)
photochemical ozone formation (POF); g) resource depletion-fossil fuels, and human
health related indicators as h) carcinogenics; i) non-carcinogenics and j) respiratory effects.
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4.4. Results and Discussions.
The final solids loading during the investigations was 30% and would be considered to
be a concentrated slurry according to Ehrhardt et al., (2010). The compositional analysis
of the pretreated WS showed 54.6% cellulose; 4.7% xylose 24.2% lignin; 11.3% ash and
5.2% others (w/w). The surfactant concentrations were optimized for the SHF and SSF
approaches and are detailed in the further sections.

4.4.1. Optimization of surfactant concentration for Bioethanol production
The results of the SHF showed significant correlation between the final product and
various PEG concentrations i.e. 0, 0.5, 1, 1.5, 2 and 2.5 % similar to an earlier study
(McIntosh et al., 2017). Figure 4.1.A indicates grouping of PEG trends for both hydrolysis
and fermentation, supported by hierarchical clustering analysis. Highest conversion rate
was recorded at 24 hours for all cases. The effect of PEG was not prominent until 12 hours,
therefore the increasing glucose concentration trends looked similar for all the cases (Fig.
4.1.A) and were distinguishable after 12 hours (Table 4.1). Highest glucose concentration
was observed at 96 hours for PEG 2% (176±5.9 g/l) which was close to PEG 2.5% (173±1.3
g/l) and were significantly higher than PEG 0% (151.6±0.1 g/l). The results show the
glucose concentrations do increase after 72 hours, making this an important time marker
critical for technoeconomic analysis in the subsequent section.
The clustering analysis was performed at 96 hours of fermentation for ethanol, as
ethanol quantities are necessary for technoeconomic analysis. Based on the clustering
approach, three groups are apparent namely a) PEG 0% b) PEG 0.5, 1.0 and 1.5 (%) and
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c) PEG 2 and 2.5%. The clustering analysis aids in identifying similar patterns and help
minimizing time for optimization of the surfactant. PEG 2.0 and 2.5% have no significant
difference between them and hence PEG 2.0 % was considered in all TEA and LCA
analysis. Cluster c) yielded high ethanol concentrations (105.4-107.5 g/l) at 2.0% PEG
compared to other groups a) and b) at 96 hours fermentation (total process run for 192
hours). The lowest ethanol concentration (91.1±1.35 g/l) was observed at PEG 0%
(control). Sharp increase in ethanol concentration was observed during 36 hours of
fermentation (132 hours of the process i.e. 96 hours of hydrolysis followed by 36 hours of
fermentation). Thereafter, the ethanol concentration increase was slower after 72 hours of
fermentation, and is similar to the observations made in an earlier study (Liu et al., 2011).
Our earlier studies too showed significant effect of surfactant addition on ethanol
concentrations (6.5 g/l increment at 20% solids loading) in concurrence with earlier studies
(Li et.al 2016; Hsieh et.al 2015). As an outcome of the hydrolytic process, the xylose
concentration ranged from 3.8 to 5.3.
During the first 12 hours for SSF, the highest glucose concentrations were observed
after which the PEG concentration had significant effect similar to SHF case. However,
amongst these, the relative differences in glucose concentrations were observed due to
influence of various PEG concentrations (Fig. 4.1.B).

High glucose concentration

(107.1±0.64 g/l) was observed at 12 hours for PEG 2.5%. Low values (99.5±0.63 g/l) of
glucose were observed with PEG 0% (Table 4.1). Using rice straw as a substrate for dry
SSF process for 120 hours, Molaverdi et al. (2018) achieved a glucose concentration of
137 g/l at 30% solids loading. Studies conducted by Jørgensen et al. (2007) reported
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glucose concertation of 86 g/L at 96 hours, with 40% solids loading. The xylose
concentration ranged from 2.1-3.7 g/l.

Table 4.1. Glucose and Ethanol concentrations at various PEG6000 concentrations for
SHF and SSF approaches.
PEG6000
Control-0%
0.5%
1.0%
1.5%
2.0%
2.5%

SHF (96 hr)
Glucose g/L
Ethanol g/L
at 72 hr
at 24 hr
160.0±1.84
82.9±0.93c
163.6±3.98
88.8±0.86b
164.6±6.78
90.5±1.94b
165.6±5.27
91.7±0.5b
168.5±3.83
97.1±1.01a
168.8±2.42
95.9±2.86a

SSF (72 hr)
Glucose g/L
Ethanol g/L
at 12 hr
at 60 hr
99.5±0.63
95.3±0.78b
90.6±15.7
97.3±0.72b
99.0±10.16
100.9±0.33ab
105.0±0.52
102.0±1.06a
106.3±1.72
103.4±0.54a
107.1±0.64
103.6±0.54a

*Note: The values of glucose and ethanol are based on Technoeconomic analysis after
which the increments in ROI is negligible
* SHF process (72 hrs- hydrolysis and 24 hrs- fermentation, 96 hrs- total process)
* Superscripts: a,b,c refer to different statistical groups.

Bioethanol concentrations during SSF process were similar to SHF at various PEG
concentrations and could be similarly grouped. Similar clustering approach was applied for
SSF at 96 hours of fermentation and two main groups could be identified. A PEG 0 and
0.5 (%) and B the rest of PEG % . The cluster B comprised of two sub-clusters B1 (PEG 1
and 1.5%) and B2 (PEG 2 and 2.5%). The PEG concentrations positively affected the
ethanol concentrations (Fig. 4.1.B). Highest ethanol concentrations (104.3-108.8 g/l) were
observed in cluster B and were significantly different from cluster A (99.1 -100 g/l). The
ethanol concentrations rapidly increase during the first 24 hours of process followed by a
slower rate of increase until 72 hours followed by a stationary phase (Fig. 4.1.B). Liu et al.
(2011) also observed stationary trend after 72 hours. The highest bioethanol concentration
of 113±0.85 g/l was observed with 2% PEG at 168 hours.
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Fig. 4.1. A. SSF at various PEG concentrations (0%, 0.50%, 1%, 1.5%, 2% and 2.5%) depicting changes in glucose and ethanol
concentrations B. SHF at various PEG concentrations (0%, 0.50%, 1%, 1.5%, 2% and 2.5%) depicting changes in glucose and
ethanol concentrations. The comparative account of the C. Glucose and D. Ethanol yields at select PEG concentrations i.e. 0
(control) and 2% (optimal).
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Molaverdi et al., (2018) reported low ethanol concentration (83 g/l) at 30% solids
loading, despite having high glucose concentrations compared to the results reported here.
High bioethanol concentration in the present study is attributed to the SSF approach with
an initial 12-hour hydrolysis followed by initiation of the fermentation, ensuring maximum
glucose conversion to bioethanol and preventing inhibitory glucose levels, thereby
increasing the overall cellulose conversion. In another study, using amphipathic lignin
derivative on fed batch SSF, an ethanol concentration of 88 g/l (72 hours) at 30% was
reported (Cheng et al., 2017). The reported ethanol concentration were also less than our
results, as only 5% of the solids load was used for the first 12 hours (pre-hydrolysis) after
which the solids were gradually added (25 %) during the fermentation process, that
decreased the net cellulose conversion.
One-way ANOVA model and pairwise comparison tested with Tukey’s model revealed
three groups for SHF and two groups for SSF that were significantly different (p<0.0001)
from the rest of the PEG concentrations that also matched the outcomes of the hierarchical
cluster analysis . The statistical test confirms the hypothesis that with an increase in PEG %
there is a significant increase in glucose and ethanol concentrations for both approaches as
reported by other studies (Tu et al., 2009; Badawi et al., 2012). The analysis showed a
significant difference between SHF and SSF ethanol concentrations. However, the
interaction between the approaches (SSF, SHF) and the PEG concentrations were not
statistically significant (p=0.346).
Interestingly, the SHF process required 196 hours to reach the same bioethanol
concentration as that of SSF at 108 hours. The concentration of ethanol in SSF (108±1.34
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g/l) is significantly higher than SHF (99±1.36 g/l) at 108 hours and PEG 2.5%. During SSF
at 132 hours for the controls (PEG 0%), a significant improvement in the ethanol yield was
observed (100±1.22 g/l) compared to the controls for the SHF case, which was only
91±1.35 g/l at 192 hours. Moreover, the concentration of ethanol at 108 hours for SHF
(82.9±0.92 g/l) is lower than SSF (99±1.0 g/l) for the similar extent of time in the control.
This difference in bioethanol concentration in case of SHF is attributed to inhibition of
glucose evident from the high glucose concentrations (176±5.91 g/l; Fig. 4.1.C) as it
surpasses the glucose inhibitory levels of 15-16% w/v (Shihadeh et al., 2014). On the
contrary, for SSF, the glucose levels were 107±0.64 g/l i.e. lower than inhibitory levels and
was therefore responsible for high ethanol yield (Fig. 4.1.D). Furthermore, the addition of
surfactant acts as an antibacterial agent facilitating optimal yeast activity (Nalawade et al.,
2015). The high ethanol yielding SSF process have been further considered for technoeconomic analysis and discussed in the subsequent sections.
The results show a positive influence of PEG concentrations on facilitating enzymatic
hydrolysis and fermentation for both SSF and SHF cases which is apparent from the
difference in the final glucose and ethanol concentration at various PEG concentrations
(0.5-2.5%) compared to the controls (PEG 0%). This is attributed to surfactant activity
through various mechanisms as suggested by earlier studies (Palmqvist et al., 2000a,b;
Eriksson et al., 2002; Modenbach et al., 2013; Xing et al., 2016).
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4.4.2 Techno-economic Assessment.
A detailed technoeconomic model was established for bioethanol production
considering various PEG concentrations at five different retention times (RT) for both the
cases (SHF and SSF) at an average plant size of 235,000 metric tons. Based on the regional
WS supply resource provided by NREL Biomass Atlas, the WS availability in the selected
region (Grant county, Washington) is 575,000 Mt/yr., and the plant size was designed
based on 40% of the bioresource availability within a radius of 38.5 km. The ethanol price
used for the analysis is calculated as a median of the ethanol prices over the last 10 years
($2.24).
Simulations indicate that the return on investments (ROI) becomes positive after 96
hours (process time) for all PEG concentrations (Fig.4.2.A). ROI increases slightly after
96 hours indicating only marginal gains for the overall process until 168 hours. Therefore,
96 hours is the optimal process time for carrying out SHF process. The technoeconomic
analysis also indicates the 0.5% PEG addition as the best case for maximum ROI (8.13%)
through SHF. On the other hand, the SSF shows a positive ROI at just 48 hours and
marginally increases till 72 hours. From 72 hours onwards, the increase in ROI is negligible
for most of the cases (Fig.4.2.B) . Therefore, the optimal process time for maximum ROI
gains (12.25%) is 72 hours (PEG 0%) for SSF process as compared to other cases.
However, the economic performance benefits of surfactant addition are largely confined to
the SHF process. Unlike SHF process, SSF process does not benefit from surfactant
addition regardless of the fermentation times. Therefore, at 30% (w/w) solids loading using
SHF, addition of 0.5% PEG6000 achieved higher ROI that supports the main hypothesis
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of the proposed study. However, it is not required to use surfactants to achieve high ROI
when SSF is implemented. Comparing both approaches the ROI for SSF is high with an
advantage of less process time compared to SHF. Interestingly, the ROI values for all PEG
concentrations (except 2.5%) at 72 hours (best process time) in case of SSF are higher than
SHF (PEG 0.5% at 96 hours). Wingren et al. (2003) reported application of SSF method
leads to a more profitable investment, attributed to lower capital cost, higher ethanol yield,
and lower energy consumption due to shorter process time compared to SHF (has high
production cost). According to earlier studies conducted by Gubicza et al. 2016, van Rijn
et al.2018, the minimum ethanol selling prices should be above 0.69 US$/L (2.6 US$/gal)
for the process to become profitable. In the present study the ethanol prices 2.24 US$/gal
were observed to be profitable attributed to higher ethanol yield. The increase in solids
loading increases ethanol concentration reduces the unit production cost and enhances the
profitability (Wingren et al., 2003). SHF at 0.5% PEG concentration yielded 288.68 L/Mt
of bioethanol whereas SSH at 0% PEG concentrations yielded 302.6 L/Mt (higher yield
corresponds to low expenditures). The detailed material balance for the best cases of SHF
and SSF have been elucidated in Figure 4.3.
For the SHF the CAPEX results show a gradual increment with process time (67.01 to
71.18 M$) from 96 hours until 168 hours for all the cases on an average. Similar trends
were observed for SSF; however, the magnitudes of the CAPEX were low as shown in
Figure 4.2 C and D. The CAPEX in case of SSF increases linearly from 62.44 M$ at 48
hours to 68.88 M$ at 168 hours. However, in case of SHF the slope is higher (m=0.061)
compared to SSF (m=0.054) indicating more flexibility for extending process time of SSF

138

over SHF. The shift in CAPEX is primarily attributable to expansion of the infrastructures
associated with increased process time. For all levels of PEG addition, the CAPEX was
high for SHF compared to SSF.
Considering the OPEX, SHF results shows a marginal increment with process time
(46.75 to 47.31 M$) from 96 hours until 168 hours for all the cases on an average. In
accordance to the previous results from CAPEX, same trends were observed for SSF and
the OPEX were low as shown in Figure 4.2. E and F. On the other hand, OPEX in case of
SSF slightly increased from 45.98 to 46.69 M$ with a process time of 48 to168 hours.
Although, OPEX trends were insignificantly different for the various process time, the
increment in slope in SHF (m=0.0078) is higher than SSF (m=0.0059). The increase in
OPEX values are directly linked to the commodity cost of the surfactants (PEG prices) and
higher OPEX were associated with higher PEG concentrations. In all the PEG
concentrations the OPEX were marginally high for SHF compared to SSF.
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Fig. 4.2. ROI for all PEG concentrations at - A. 84, 96, 120, 144 and 168 hours for SHF B. 60, 72, 96, 120 and 168 hours for SSF; CAPEX for all PEG concentrations at various
process time for C. SHF and D. SSF and OPEX as E. SHF and F. SSF
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Fig. 4.3. Material balance for the best cases a) SHF – PEG 0.5 % and b) SSF – PEG 0%
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4.4.3 Life Cycle Assessment.
Using the TEA results for the best scenarios i.e. 0 and 0.5% PEG and for the process
times (72-168 hours), an LCA was performed. Mass and energy balances from the TEA
results were used to develop the life cycle inventory (LCI). Additional data for LCI was
obtained from the ecoinvent 3.1 database. TRACI 2.1 was used as the impact assessment
method.
The SSF case showed lower GWP for all process times (e.g. -3×107 kg CO2 eq. at 120
hr.) compared to SHF as shown in Figure 4.4. Longer process times had lower GWP due
to production of higher amounts of ethanol. LCA compares the predicted effect of ethanol
compared with the effect of gasoline.

Global Warming
96 hr 120 hr 144 hr 168 hr

72 hr

96 hr 120 hr 168 hr

0.00E+00

Kg CO2 eq

-5.00E+06
-1.00E+07
-1.50E+07
-2.00E+07
-2.50E+07
-3.00E+07

SHF

SSF
PEG 0%

PEG 0.5%

Fig. 4.4. Life cycle assessment of various inventories for the experiments undertaken
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Similarly, the magnitude of all other the environmental impacts progressively increased
with increasing process times. Therefore, SSF process with lowest economically viable
process time is suggested as an option for simultaneously maximizing economic viability
and minimizing the environmental impacts.

4.4.4 Sensitivity Analysis.
Based on previous studies (Rajendran and Murthy, 2018), factors that have a large
impact on the economic performance are a) biomass cost b) enzyme cost c) PEG cost d)
plant capacity and e) ethanol price (EP). These parameters were tested within a range of
variations spanning ± 10% and ± 20%. The sensitivity analysis was performed for various
cases SSF and SHF. The results of the sensitivity analysis showed the EP followed by
biomass and enzyme cost are the most sensitive parameters that effect the economic
sustainability of the plant. A decrease in 10% EP, decreases the ROI by 48% and 52% for
SSF and SHF respectively, whereas an increase in 10% EP increases the ROI significantly
to 38% and 32% respectively. Contrary to this, the biomass cost (BC) shows a reverse
trend, where a decrease in 20% of the cost increases the ROI by 28% and 26% for SSF and
SHF respectively. However, when the BC is increased by 20% the ROI decreases by 31%
and 42% for SSF and SHF respectively. In addition to EP and BC the enzyme cost (EC),
PEG cost and plant capacity (PC) also affected the unit production cost, however they were
not as significant as BD and EP (Fig. 4.5.).
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8.13%

12.25%3

Fig. 4.5. Sensitivity analysis of key influential parameters affecting the economic gain
(ROI) for both approaches A. SHF and B. SSF
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4.4.5 Influence of ethanol prices on ROI; Historic prices and its implications.
The economic gains and the market success of the bioethanol capacity in primarily
governed by the ethanol prices. To understand the implication of ethanol price variations
on the TEA feasibility, a trend analysis was performed considering the ethanol prices for
last two decades which ranged from 0.26-0.8 $/L (1.0–3.0 $/gallon) with a median value
0.6 $/L (2.24$/gallon). The results show a positive ROI when ethanol prices are > 0.52 $/L
(2.0 $/gallon) (Fig. 4.6). Ethanol prices below 0.52 $/L are unsustainable for lignocellulosic
ethanol production bioprocesses. In all cases, the SSF approach consistently showed higher
ROI values compared to SHF indicating better process feasibility and larger economic
gains.

145

A

SHF-PEG 0.5%
30
20

ROI %

10
0
60

80

100

120

140

160

180

-10
-20
-30

-40

Time hr
1.0$

1.5$

B

2.0$

2.24$

2.5$

3.0$

SSF-PEG 0.0%
30

20

ROI %

10

0
20

40

60

80

100

120

140

160

180

-10
-20
-30
-40

Time hr
1.0$

1.5$

2.0$

2.24$

2.5$

3.0$

Fig. 4.6. ROI trend analysis at various ethanol prices 1.0, 1.5, 2.0, 2.24 (median), 2.5, 3.0
and $/gallon for the best cases A. SHF (0.5%) and B. SSF (0.0%).
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4.5. Conclusion
There is a significant difference in the final glucose/ethanol titers when PEG is added
to the fed batch SHF and/or SSF processes. The SSF approach had maximum ethanol
concentration (113 g/l; 2.0% PEG; 168 hr) compared to SHF (107.5 g/l; 2.5%; 192 hr). The
TEA indicated that PEG 0.5% at 96 hours (8.13% ROI) and 0% PEG at 72 hours (12.25%
ROI) as the optimal conditions for the SHF and SSF process respectively. LCA indicated
lower impacts for PEG0% SSF compared to the SHF. The ethanol price and biomass cost
have highest impact on the economic performance measured.
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CHAPTER 5

Novel System Design for High Solid Lignocellulosic Biomass Conversion
Part I: System Design and Construction

Haider Jawad Kadhum, Ganti S. Murthy
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5.1. Abstract.
This project aims to develop techniques that address the constraints of glucose
production from lignocellulosic biomass, and consequently the technical limitations of
biofuel and biochemicals production. A novel system was designed and constructed for
enzymatic hydrolysis at ultrahigh solids content by promoting better mixing using low
energy consumption. This was achieved through the building of a horizontal reactor with
a new impeller design and a controllable feeding unit. System performance was evaluated
through conducting a series of enzymatic hydrolysis and fermentation experiments, and
ethanol is used as an indicator. Side experiments were conducted to identify the suitable
adjustments and calibrations to operate the system. Three minutes run with a 30-second
interval was found an appropriate pattern to run the mixer. Feeding rate of the feeding unit
is 380 g/min, and accordingly, the feeding unit was controlled. The system has shown a
significant reduction in energy requirements that make the system applicable on an
industrial scale.
The novel design of the system was successfully able to provide effective mixing and
different fed-batch schemes and operating conditions. Therefore, the system can be used
efficiently for lignocellulosic biomass conversion to achieve high concentrations of
glucose to be used for biochemicals and biofuels production.

Keywords:
Reactors design, Controlled Systems, Lignocellulosic biomass, Bioethanol and
Biochemicals,
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5.2. Introduction.
Lignocellulosic ethanol represents one of the promising alternatives given availability
of significant quantities of raw material worldwide. There are however several technical
and systemic challenges for the utilization of this feedstock. Conversion of lignocellulose
into biochemicals involves a series of processes, and hydrolysis is the most limiting process
because of the technical challenges that need to be managed (Modenbach and Nokes,
2013).
High glucose concentration is essential to the production of biochemicals and biofuels at
high titers for economically viable operations necessitating the use of a high solids content.
However, an initial solids content of >15% (w/w) causes increased viscosity and shear
stress due to lack of free water. The availability of free water is necessary for the enzyme
productivity as free water leads to a better distribution of enzymes and chemicals (Hodge
et al., 2009; Huang et al., 2013; Kadhum et al., 2018; Rajendran and Murthy, 2017). The
viscous slurry needs time to be homogenous, requiring high energy consumption and more
maintenance (Hodge et al., 2009; Huang et al., 2013; Kadhum et al., 2019; Weiss et al.,
2019).
Proper mixing is essential for enzymatic hydrolysis enhancement, particularly when
high solids enzymatic hydrolysis (HSEH) is conducted (Bals et al., 2014; Larsen et al.,
2008). Better mixing performance ensures mixture homogeneity and distribution of
materials and enzymes inside the reactor. Additionally, mixing performance increases
enzyme-substrate interaction (Pino et al., 2018), and mitigates the products inhibitory
effects by facilitating the diffusion of the product. (Huang et al., 2013; Zhang et al., 2010).
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High mixing performance necessitates a well-designed reactor with a particular attention
to the impeller design for minimizing the mixing energy.
The reactor and agitator design, and operating methodology affect the hydrolysis
efficiency, conversion rate and the energy consumption; and should be carefully selected
depending on the substrate and the product characteristics. Vertical reactors are
recommended for Newtonian mixtures due to relatively low viscosity, allowing the upper
layers to be mixed with the lower layers. Vertical reactors run at high impeller rotational
speeds (rpm), which consumes high energy (Benz, 2011), and requires continuous
maintenance to keep these reactors functioning (Bals et al., 2014). Therefore, insoluble
solids loadings up to 15% (w/w) are appropriate for vertical reactor designs (Hodge et al.,
2009). The other commonly used reactor is the horizontal reactor, which is often used for
non-Newtonian mixtures that have a pseudoplastic nature such as cement, paper pulp, and
other viscous mixtures (Jørgensen et al., 2007). The reaction rates are often lower, and the
retention time is longer. Therefore, the horizontal reactor can be operated at low speeds to
move the mixture back and forth inside the reactor, resulting in good mixing. Accordingly,
horizontal reactors able to provide gentle mixing, thus preventing enzyme disruption
caused by shear stress. Due to the small clearance between the mixer and reactor wall,
horizontal reactors can efficiently transfer heat from the heating system to the mixture as
the mixer blades sweep the inner surface of the reactor, and ensures better distribution of
enzymes and chemicals while preventing the local accumulation of particles (Dasari et al.,
2009; Du et al., 2014; Shokrkar et al., 2018).
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The reactor geometry, in addition to the nature of the mixture, determines the type of
agitator to be used. For most lignocellulosic biomass processes, impellers should be able
to sweep the mixture from the reactor's internal surface. Therefore, a large diameter
impeller is mandatory in this case to leave a small clearance between the impeller wings
and reactor wall. Hence, anchor, helical and paddle impellers are the most suitable types
(Doran, 1995; Jørgensen et al., 2007).
The low rotational speed associated with the small space between the impeller edges
and the internal surface of the reactor enables the horizontal reactor to provide better
mixing at lower power consumption. Energy consumption in horizontal reactors is lower
than vertical reactors that can provide the same mixing quality. The horizontal reactor can
perform effective mixing even at 2 rpm (Dasari et al., 2009). As is apparent from the
impeller power equation, impeller power can be reduced by ≈ 30% when the rotation speed
is reduced by 10%. (equation 1).

P = NP ρ Ni3 Di5
P: power

NP: impeller power number

Ni: rotation speed

(1)
ρ: density

Di: impeller diameter

Additionally, in any mixing apparatus, it is essential to make a balance between the
solid loading and the power required for mixing, and this more critical in large scales since
the content of solids considerably impacts the energy requirements for mixing (Palmqvist
et al., 2011; Palmqvist and Lidén, 2012). Studies have reported a significantly high energy
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consumption when using 30% solids loading; and mixing power requirements of about 4
kW/ton of slurry (Zhang et al., 2010). On the other hand, using a horizontal reactor, studies
have shown a lower power requirement for mixing (0.56 KW/m3) when 25% solids
loading is used and operated at 2 rpm (Dasari et al., 2009).
Despite the larger footprint of horizontal reactors, such reactors are capable of
processing a large volume of materials each time and require less maintenance.
Economically, the aforementioned technical advantages of the horizontal reactor give it
superiority over the vertical reactor when processing lignocellulosic biomass (Dasari et al.,
2009; Roche et al., 2009).
The fed-batch approach is an important method to avoid some of the obstacles induced
by high solids content. This approach facilitates the use of high insoluble solids loading
while maintaining low energy consumption due to lower initial solids loading, making the
production of high sugar concentrations possible (Bals et al., 2014). The sequential feeding
method gives sufficient time for the biomass to be hydrolyzed before providing another
batch (Lan et al., 2013). If a well-designed fed-batch scheme is implemented, the low
viscosity of the slurry results in less mixing energy, better temperature control inside the
reactor, and makes high conversion rate possible (Hodge et al., 2009; Liu et al., 2015;
Zhang et al., 2010). In addition, the progressive rendering of substrates has other
advantages such as facilitating enzymatic hydrolysis by maintaining high enzyme to
substrate ratio that achieves high conversion rates; and reduces the inhibitory effect of
sugar due to the more smooth propagation caused by low viscosity (Liu et al., 2012, 2015;
Wanderley et al., 2013).
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The main goal of reactor engineering optimization is increasing the business revenues
by controlling the operational conditions to achieve higher productivity, reduce the
retention time, minimize the required energy, and limit maintenance requirements
(Henriques et al., 1999). The achievement of high products concentrations while
maintaining a low level of energy consumption is the main target of this project. To achieve
this objective two major developments in the design were carried out: First, the
construction of a horizontal reactor with a novel impeller design "angled paddle”, which
integrates the functionality of the paddle wheel and helical impellers at the same time, to
address mixing problems and minimize energy consumption was performed. Second, a
controllable feeding system with the ability to deploy a wide range of fed-batch schemes
was developed. The objective of this part of the project were three folds:
1) Reactor construction
Develop (design and construct) a controllable horizontal reactor capable of
producing high concentrations of products during high solids enzymatic hydrolysis
(HSEH), and minimizing mixing power consumption by:
a) Building a novel impeller design that combines the action of both paddle wheel
and helical impeller capable of moving the slurry under the influence of the forces
acting in different directions inside the reactor, thereby providing an effective
mixing at low rotation speeds..
b) Building and installation a controllable feeding module capable of providing
the required amount of biomass at optimum timing.
2) Calibration of reactor units and energy monitoring:
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a) Calculation of appropriate operating time of the mixer and the stopping period to
be used to control the mixer.
b) Estimate the feeding unit operating time to provide the required amount of biomass.
3) Measurement of the mixing power required for the reactor and the mixing energy
required for the process.
The system performance will be evaluated later on (Chapter 6) through conducting a
series of experiments to produce glucose as a cornerstone of bio-based chemicals and
biofuels, and ethanol will be used as an indicator. Different methods and approaches will
be implemented to identify the most appropriate strategies to be used for the purpose of
achieving high concentrations of products.

Fig.5.1. The controllable system constructed and used for biochemical production.
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5.3. Materials and methods.
5.3.1. System design and construction.
The system shown in Figure 5.1. was structured as follows:

5.3.1.1.Main reactor.
The reactor (Fig.5.2) was constructed mainly of an aluminum tube (item 1) with
dimensions D= 6 inch (15.24 cm), L= 16.5 inch (41.9 cm) forming a reactor volume of
(V=7643 cm3, 7.64 liters).Two inches from the first edge of the aluminum tube, an elliptical
hole was made (d1=4.24 inch, d2= 3 inch) to form the slot of the biomass entrance. From
the other edge of the aluminum tube and on the opposite side of the ellipse position, a
circular opening with a diameter of D= 3 inch was made as an outlet (Fig.5.2-A). A PVC
adapter (D=3"; item 2) was inserted into the outlet slot and fixed with a special type of glue
(STEELSTIK EPOXY; item 24), which was used later to connect most parts of the reactor.
A PVC plug was used to control the outlet (item 2). A PVC Wye (6"×6"×3"; item 3) was
cut into two sections, and the ends of the aluminum tube were inserted inside the two PVC
Wye sections. The aluminum edge containing the ellipse slot was fitted inside the PVC
Wye section, which has a 3-inch inlet, making the 3-inch inlet and the ellipse slot form the
base of biomass inlet. While the other end of the aluminum tube was inserted into the
second part of the PVC Wye using the same glue (STEELSTIK EPOXY) to form the main
body of the reactor (see Fig.5.2 and Fig.5.3). Three 1-inch diameter holes were drilled on
the middle top of the reactor at a distance of 9 inches from the edge of the aluminum tube.
Two PVC pipe riser extensions (D=0.50", item 10) were interpolated inside two of those
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holes, which were later used for sampling and holding the sensors. The third 1-inch hole
was used to hold a brass ball valve (item 11). The STEELSTIK EPOXY was used to set
the items inside the holes. To rotate the mixer smoothly, a spherical plain bearing (ID=1",
OD= 1.625"; item 5) has been installed inside a PVC reducer bushing (2" × 1.5"; item 6)
with the help of a lathe (the spherical bearing was inserted into the non-threaded side). An
oil seal (25mm×41.25 mm×6 mm; item7) was placed in the threaded side of the PVC
Reducer Bushing to prevent liquid leakage. The seal was fastened with the help of PVC
Reducer Bushing (1.5"×1.0"; item 8). This part (Reducer Bushing 2"×1.5", Spherical
Bearing, Oil Seal, Reducer Bushing 1.5"×1.0") was installed inside a 2-inch diameter
cavity in a Reducer Bushing Flush Style (6"×2"; item 4), forming the main structures that
hold the impeller (Fig.5.2-B). Silicon seal was used to prevent any possible leakage from
the parts connecting points. The bearings structures were assembled with the main body of
the reactor, after placing the impeller into the main body and inserting the two terminals of
the impeller through the spherical bearings of the main bearing’s structures. The silicone
seal was used for these areas to ensure accurate closing as well. The steps of the installation
method are illustrated in Figure (5.3). A detailed bill of materials is provided Appendix B
as identified by the item numbers indicated in the description here.

5.3.1.2.Impeller design.
The novelty of the impeller design is in the idea of integrating the functionality of both
the paddle wheel and helical impeller to create a mixer capable of sweeping the slurry
around the interior surface of the reactor, while simultaneously moving the slurry back and
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forth (merge the action of two motions in two directions, circular and linear motion)
(Fig .5.2-C).

Fig. 5.2. The system during the construction phase. A) the aluminum tube with inlet and
outlet openings, B) The main structures that hold the impeller, C) The angled- paddle
impeller of the reactor, D and E) The main reactor.

An aluminum round tube (OD=1.0", ID=0.50", THK=0.25", L=32"; item 19) was used
to build the impeller. Four 0.25" holes were drilled on the aluminum tube at a distance of
6, 12, 15, and 21 inches from the edge, and with angles of 0, 18, 27, and 45° degrees
respectively. Four screws (5.5"×0.25"; item 27) were inserted into the holes and were
tightened by nuts from the middle of each screw. The connection points were covered by
an epoxy layer and a coating layer using seal paint spray to prevent leakage. Four pieces
of 7-inch aluminum angle bar (W=0.5", THK=0.05"; item 20) were used to make the
angled paddles for the impeller. Each piece was mounted on two adjacent screws. Finally,
the constructed impeller placed inside the reactor, and the impeller ends were inserted into
the spherical bearings of the main bearing structures (Fig.5.3).
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The reactor was connected to a reversible gear motor (12V DC, 5 rpm: item 9) to run
the mixer. Then, the reactor and the motor were fixed on a wooden base using U shape bolt
clamp (item 26) after installing the heating system.

5.3.1.3.Heating system.
A heating tape was wrapped around the metal part of the main body of the reactor
to provide the necessary heat for the process (item 22). The heating tape is controlled by
BriskHeat SDC temperature controller through a type J thermocouple installed on the
reactor surface. In order to isolate the reactor from the surrounding conditions and to
preserve the heat, an exhaust heat wrap, and fiberglass pipe wrap were applied (item 23),
by which workers are protected from high temperature.

5.3.1.4.Feeding system.
The feeding system was mounted on the reactor to provide biomass according to the
required regime. An ABS Wye hub (3", 45°; item 12) was used to form the main frame of
the feeding module.
A sealed ball bearing (ID=1.0", OD=2.0", THK=0.5"; item 14) was fitted inside an
ABS hub flush bushing (3", 1.5"; item 13) using a lathe. The use of this part is to facilitate
the rotation of the auger (3"×12"; item 18), which controls the supply of biomass. The
auger, the ball bearing, and the hub flush bushing were then assembled together and
installed inside the main frame of the feeding module.
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Fig.5.3. Detailed parts of, A) Main reactor, B) Mixer, C) Feeding system.
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The feeding module is operated by a high torque reversible gear motor (12V DC, 6rpm;
item 15). A straight PVC reducer connector (6", 4"; item 17) was mounted on the main
frame of the feeding module through a PVC pipe (4"×15"; item 16) to shape the biomass
reservoir. The feeding module was attached to the main reactor through a piece of PVC
pipe (3"×2"; item 16) and was reinforced with the help of a wooden holder mounted on the
main wooden base of the reactor (Fig.5.3). Detailed information on the parts used in the
system was provided in Appendix B.

5.3.2. Calibration and adjustment of reactor units.
The system was calibrated based on parameters values obtained from side-experiments
conducted during and after the system construction stages. These values were loaded into
the control unit to control the subsequent hydrolysis and fermentation process.

5.3.2.1. Periodic runtime and pause time for the mixer.
The rationale of running the mixer clockwise and counterclockwise is to force the slurry
to move back and forth and thus improve the mixing quality. The mixer run time was
calculated through an experiment using 1 cm diameter plastic beads. A set of 10 beads
were dropped from the feeding inlet and the time was calculated as the interval between
the dropping of the beads to the arrival of the last bead at the outlet. The experiment was
repeated ten times and the average time was used as the mixing time for the horizontal
reactor.
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Although lowest mixing rates that provide bulk mixing as determined above are
preferable to minimize the energy use, it is also important to assure that adequate mixing
takes place to disperse the glucose molecules and prevent localized increases in glucose
concentrations. Additionally, very high impeller speeds may inhibit enzyme activity by
preventing the enzyme from binding to the substrates, especially at high rotation speeds
(Bhagia et al., 2018). Therefore, the design of the operating intervals is necessary due to
its advantages such as energy saving, giving time for the enzyme to settle down, and proper
glucose diffusion. For normal diffusion, diffusion time can be calculated from the
following equation (Berg et al., 1981; Lutsko and Boon, 2013; Zhang and Fang, 2005).

𝑡=

𝑥2
2𝐷

(1)

Where (t) is the time required for particle diffusion to a specific distance (x), and D is
the particle diffusion coefficient. The value of the glucose diffusion coefficient (D) ranges
from 6–7×10-6 cm2/sec (Cronenberg and van den Heuvel, 1991; Ribeiro et al., 2006;
Suhaimi et al., 2015). This value decreases with increasing viscosity of the mixture to be
5.6 ×10-6 cm2/sec (Zhang and Fang, 2005), and increases with the temperature and might
reach 9.8×10-6 cm2/sec at 39°C (Ribeiro et al., 2006). The biofilm thickness formed by
water is between 100–300 µm (Lubnow et al., 2018). From the above mentioned
information, the values used in the calculations were D=6.5×10-6 cm2/sec (average glucose
diffusivity) ; and x =300 μm (highest thickness of water film). This indicates that the time
required for glucose to spread away from the substrate is around 30 seconds. Since this was
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less than the three minutes bulk mixing time, the reactor was operated in three minutes
cycles with a maximum of 30 sec interval between the reversals of the impeller direction.

5.3.2.2.Operating time required for feeding unit.
The biomass feeding rate of the feeding unit was determined by a sub-experiment. The
feeding unit was installed separately, and the biomass was collected every 15 seconds for
120 seconds and weighted to determine the feeding rates. The results were plotted to obtain
the regression equation to be used as a reference to control the feeding unit.

5.3.2.3.Control unit.
In order to provide optimal operating conditions for the process, a control unit was
designed to direct the system's units to operate according to a particular routine. The
Arduino platform was used to build an electronic controller to control the conditions of
various operations using the reactor (For Arduino code, see Appendix E). Arduino UNO
microcontroller (item 28) and 8-channel relay module (item 29) were mainly used to build
the electrical circuits of the controller. The program regulates the heating system to
maintain a temperature between 50 - 53 °C during the enzymatic hydrolysis process and
between 30 - 34 °C during the fermentation. A thermocouple (item 21) was connected to
the Arduino microcontroller to measure the real-time temperature of the mixture inside the
reactor. The thermocouple was installed in the reactor through the dedicated slots for
sensors. Other parameters needed to control the system’s modules were provided to the
controller according to the results of the above-mentioned experiments.

169

5.3.3. Measurement of the mixing power required for the reactor and the mixing
energy required for the process.
To monitor the power required for mixing during the process and the energy consumed
for mixing throughout the entire process, a power and energy meter (DROK DC 6.5-100V
100A Volt Amp Power Energy Tester; Fig.5.4) was installed. During the fed-batch process,
power measurements were taken every three hours to see the effect of the biomass addition
on mixing power and every six hours after that to track the trajectory of the mixing power.
The energy required for the process was measured at the end of the process.

Fig. 5.4. Power and energy meter type DROK used for monitoring the mixing power.

5.4. Results and Discussion.
In line with our premise, the practical use of the system has shown ease in controlling
the process by controlling the system's modules in a simple way. This, in turn, will
undoubtedly increase the concentration of the bio-based products and enables the provision
of economically viable products.
Based on the experiment of the plastic beads, the average time required to move
material inside the reactor from side to another was 2:46 (min:sec). However, the results
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were ranging from 2:18 to 3:06 (min:sec Therefore, three minutes period was used to run
the mixer clockwise and anticlockwise periodically for the purpose of ensuring the transfer
of the majority of slurry. For the stop time of the mixer, the average value of glucose
diffusivity (D) is 6.5×10-6 cm2/sec, and the highest thickness of water film is 300 μm. Using
equation (1), the result indicates that the time required for the spread of glucose away from
the substrate is approximately 30 seconds. This value was specified to be the mixer stop
period. These parameters were provided to the controller to run the mixer periodically
every three minutes with a 30-seconds pause intervals.
The result of the feeding unit was obtained from the collected biomass during running
the feeding unit for 2 minutes (15 second periods). Weight of biomass samples were
plotted to determine the equation of the regression , and the equation was used as a
reference to control the feeding unit (Fig.5.5). In general, the average of the feeding rate
was found to be 380 g/min. The formula used to calculate the operating time of the feeding
unit is:

Tf = 0.1577 Sb + 0.1104
Tf: Operating time required for one batch (sec).
Sb: Biomass amount needed to be provided in one batch (g)

(2)
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Fig.5.5. The relationship between the biomass weight and the operating time of the feeder
(feeding rate).

The system has shown a considerable increase in power requirements for mixing. With
the end of the first batch, the mixing power was 2.67 watt. Then, the power decreases until
the following batch to be 2.54, then 4.01, and 6.55 watt with the last batch. For the next 24
hr, there was a steep decline in mixing power trajectory after which the trend of mixing
power tends to gradually decrease (Fig. 5.6.). This transitions in the trend of mixing power
can be attributed to the rapid breakdown of lignocellulosic structures during the first hours
of the hydrolysis and the release of the absorbed water (Rosgaard et al., 2007; He et al.,
2014). This, in turn, reduces the apparent viscosity of the mixture gradually with the
progression of enzymatic hydrolysis (Wiman et al., 2011, Palamqivst et al., 2011). The
mixing energy required for one kilogram of the slurry was 43.2Wh. which is significantly
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low compared to the observations of previous studies that used lower solids contents
(Dasari et al., 2009; Zhang et al., 2010).

Fig.5.6. Mixing power required for 4 kg of slurry during the hydrolysis and fermentation
process.

With a final solids content of 40 %(w/w), a fed-batch scheme was applied to run a
hydrolysis and fermentation experiment, through which the system performance was
assessed. Based on the recommended scheme, the experiment is initiated with15%,
followed by 10% after three hours. The addition of 15 % biomass were split evenly to be
provided at three hours intervals (the last batch was added at the end of 12th hour) (Kadhum
et al., 2019). Since the feeding rate of the feeding unit is 380 g/min, the runtime of the
feeding unit must be adjusted to provide the appropriate amount of biomass for the reactor
during the enzymatic hydrolysis process according to the desired fed-batch scheme. All
these patterns can be modified through the program, depending on the operating conditions
that scientific research may recommend. The hourly feed pattern can be used, for instance.

173

5.5. Conclusion.
Optimization of enzymatic hydrolysis process requires the integration of an appropriate
reactor design with the optimal operating strategy could be a game-changing technology
for the production of biochemicals and biofuels using lignocellulosic biomass. The
horizontal reactors represent the solution that allows better mixing and low energy
especially for high solids enzymatic hydrolysis (HSEH) in addition to the potential of
scaling them up.
Through the high flexibility and simplicity of controlling the system, the novel system
design can be efficiently used for lignocellulosic biomass conversion to achieve high final
glucose concentration through efficient mixing system, and fermenting the resulting
hydrolysate. In addition, the feeding module of the system is able to provide a wide range
of fed-batch patterns that can be efficiently used to meet the requirements of different
process approaches, and the run time can be determined using the aforementioned formula.
Moreover, the system can be controlled to satisfy the operating conditions of different
processes according to the requirements of the final product.
Energy consumption and mixing power of the system were found to be economically
promising due to the considerable reduction in energy requirements achieved through the
use of the novel system.
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Novel System Design for High Solid Lignocellulosic Biomass Conversion
Part II: Evaluation of System Performance

Haider Jawad Kadhum, Ganti S. Murthy
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6.1. Abstract.
This study was performed to evaluate the performance of the novel system when using
a combination of approaches to achieve high concentrations of bioproducts. System
performance was evaluated by running enzymatic hydrolysis and fermentation experiments
using 40% (w/w) solids loading of pretreated wheat straw. The utilization of the horizontal
system achieved a high glucose concentration of 201.4 g/L. In addition, the use of 1%
PEG6000 helped increase the glucose concentration to be 219.7g/L. The horizontal system
achieved a high ethanol concentration of 127.1 g/L as well. Interestingly, the system has
shown higher efficiency when applying the SSF method, which was demonstrated by the
high ethanol concentration of 134.5 g/L. The SSF method gained an ROI of 12.21% in 72
hr and showed less impact on the environment, and this attributed to the high ethanol
concentration and short process time.
The study provides a holistic insight into the economic viability of biochemicals
produced from lignocellulose using the horizontal system, and their implications on the
environment. The experimental results showed that the novel system demonstrated high
mixing performance resulting in high glucose concentration. The experimental results in
addition to the economic analysis support the notion of implementing the system on a
higher scale.
Keywords:
Lignocellulosic biomass, Bioethanol and Biochemicals, Hydrolysis and Fermentation,
Techno-Economic Analysis and Life Cycle Assessment
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6.2. Introduction.
Considering the availability of lignocellulosic materials globally, the lignocellulosic
biomass has become the focus of attention as a resource for the provision of raw materials
in the bio-based chemical industry and biofuels. People are attracted, in addition, to
environmentally friendly products that mitigate the burden on the ecosystem. However, the
conversion of lignocellulose to valuable products confronts many challenges and obstacles
that need to be addressed, the hydrolysis process in particular (Modenbach and Nokes,
2013).
For a commercially successful process, production of biofuels and biochemicals
requires glucose concentration of more than 100 g/L, which in turn requires an initial
substrate content of more than 15% (w/w). The high solids content, in such cases, forms a
high viscous slurry due to lack of free water. Consequently, more time is needed for the
slurry to be homogenous, and more energy (Hodge et al., 2009; Huang et al., 2013; Kadhum
et al., 2018; Rajendran and Murthy, 2017). In addition, the lack of free water affects the
efficiency hydrolysis process due to the slow and limited distribution of chemicals and
enzymes (Hodge et al., 2009; Huang et al., 2013; Kadhum et al., 2019a; Weiss et al., 2019).
The system that provides high mixing performance is the key solution to most of the
high solids enzymatic hydrolysis (HSEH) problems.(Bals et al., 2014; Larsen et al., 2008).
The qualitative increase in mixing performance enhances the enzymatic hydrolysis due to
better mixture homogeneity which leads to a better substrate exposure to the enzymes and
chemicals (Pino et al., 2018). In addition, mixing helps to mitigate the inhibitory effect of
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the products by reducing the concentration of the product around the substrate (Huang et
al., 2013; Zhang et al., 2010).
In addition to the system design, the process implementation strategy plays an
important role in process efficiency and energy saving. The fed-batch technique, for
instance, has been proposed to avoid the challenges caused by the increased solids content
and to meet the need for high final concentrations of products. Sequential feeding used in
this technique contributes to effective hydrolysis by providing relatively small quantities
of biomass and gives the hydrolysis process time to work (Lan et al., 2013).Therefore, the
fed-batch method allows the production of high sugar concentration in the minimum
energy requirements (Bals et al., 2014).
High enzyme to substrate ratio is another advantage of the fed-batch method. Due to
low initial solids loading and subsequent batches, the enzyme/substrate ratio remains
relatively high, resulting in a faster and higher conversion rate (Liu et al., 2012, 2015;
Wanderley et al., 2013). For this reason , single-batch enzyme was found to be more
effective than multi-batches method because it produces higher concentrations of sugar
(Liu et al., 2015); and helps to reach stable viscosity (steady state) in a shorter time.
However, only a few researchers have investigated different fed-batch schemes to
determine the suitable plan for each solids loading. (Kadhum et al., 2019a; Liu et al., 2015;
Russ et al., 2015)
For enzymatic hydrolysis and microbial fermentation, there are two frequently used
methods namely Separated Hydrolysis and Fermentation (SHF) and Simultaneous
Saccharification and Fermentation (SSF). In the SHF, the enzymatic hydrolysis and the
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fermentation are performed sequentially. While in the SSF, the hydrolysis and fermentation
take place in the same reactor using enzyme and yeast at the same time. To achieve higher
bioethanol concentration, a pre-hydrolysis step was added to SSF (PH-SSF). This strategy
helps to reduce the effect of glucose inhibition and reduce energy consumption by
shortening the process time (Hoyer et al., 2013; Jørgensen et al., 2007; Kadhum et al.,
2019b; Molaverdi et al., 2019).
To improve the hydrolysis process, the use of surfactants has been suggested to enhance
the enzyme productivity (Hsieh et al., 2015; Qing et al., 2010; Yao et al., 2007). However,
the positive effect of surfactant on product concentrations might not be economically
beneficial if the surfactant exceeds 2% (w/w) since the unit production cost will
significantly increase (Kadhum et al., 2018).
New concepts or technologies are more reliable when associated with evidence that
supports the application of this technology at the industrial level. Techno-economic
analysis (TEA) helps to create a preliminary vision of expected results that guides the
decision makers during the early stages (Gnansounou and Dauriat, 2011; Rajendran et al.,
2018). The TEA is able to integrate the experimental results with the process model and
system design to deliver an economic assessment at high-scale. The environmental impact
of the new technologies must be carefully considered or the acceptance of any biomass
processing technologies. Life Cycle Assessment (LCA) is the commonly used tool that
helps to identify the environmental impacts induced by different processes, products, and
resources (Khoshnevisan et al., 2018; Rivela et al., 2004; Tabatabaie et al., 2018).
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A series of studies have been conducted to form the fundamental understanding of the
system design needed for the process and the operational requirements that must be met
(Kadhum et al., 2019a, 2019b, 2018, 2017). The fed-batch approach was found as a
successful strategy to facilitate the implementation of high solids enzymatic hydrolysis
(HSEH) if the fed-batch is performed in an appropriate scheme. A strategy involving the
fed-batch approach, surfactant addition of a suitable ratio, and the SSF method was found
to be an effective strategy that can produce high concentrations of products at a low level
of energy.
The objective of this study is to evaluate the system performance and assess the system
compatibility with the recommended approaches. This is mainly implemented by creating
a strategy that combines different methods to achieve high bioproducts concentration using
the novel system, and the evaluation will be in two aspects.
1) Reactor performance assessment:
Running the reactor to conduct SHF and SSF at high solids loading (40%w/w) of
pretreated wheat straw involving two levels of surfactant additions (PEG 6000 at 0% and
1%) to examine the reactor functionality by evaluating the resulting data (glucose and
ethanol concentration).
2) Economic and environmental impact:
A comprehensive techno-economic analysis was conducted based on the experimental
outcomes to estimate the economic impact of the system and the methodology. The impact
of the reactor on the environment was quantified using life cycle assessment (LCA).
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6.3. Experiment materials and methods.
6.3.1. Raw materials.
Wheat straw (WS) was considered for this experiment as a raw material to be used for
the hydrolysis and fermentation process. The lignocellulosic biomass was pretreated in a
pilot facility in Zeachem Inc (Boardman, OR) using dilute acid pretreatment, and was
processed at the Sustainable Technologies Laboratory-Oregon State University. The
pretreated biomass was subjected to a washing process for three minutes using distilled
water with a ratio of 3:1 (water: dry biomass); and this has been performed three times.
Using sieve No. 50 (0.3 mm), the excess water was removed from the washed biomass,
and then the biomass was manually squeezed. The pH was adjusted to 5.5±0.25 using 0.1M
NaOH solution 25 (Dahnum et al., 2015; Rajan and Carrier, 2014). The pH-adjusted
biomass was re-washed to remove the salt formed by neutralization using the same washing
steps described above. The washed biomass was air-dried at ambient temperatures for 48
hr and stored in sealed containers to maintain constant moisture and used in all subsequent
experiments and analyses. A gravimetric method was followed to determine biomass
moisture content using hot air oven (VWR; Model No. 1370FM, Sheldon Manufacturer,
OR) for 24 hr at 105 °C to measure weight change. A muffle furnace was used (575 ºC, 4
hr) for ash content determination (Sluiter et al., 2008). The structural analysis was
conducted carried out according to NREL protocol (Humbird et al., 2011; Sluiter et al.,
2012) to determine the carbohydrates and extractives of the pretreated, washed, and pHadjusted wheat straw (WS). All the experiments and analysis were conducted in triplicates.
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6.3.2. Experimental design of the process.
Several studies have pointed to the superiority of the SSF approach over SHF in term
of bioethanol production (Drissen et al., 2009; Rana et al., 2014; Thontowi et al., 2018).
Nevertheless, the use of the SHF approach has its own advantages for investigating factors
and critical points that limit the hydrolysis process and tracking the glucose formation
(Kadhum et al., 2019b; ZHU et al., 2012). Using the two systems built in the Sustainable
Technologies Laboratory, experiments were conducted with two levels of PEG6000
(Sigma-Aldrich) i.e. (1) SHF with 0% PEG and 1%PEG; (2) SSF with PEG 0% and PEG
1% (PEG percentage is based on the dry weight of biomass). The experiments were carried
out in triplicates for a total of 12 runs. A final solids content of 40 %(w/w) was achieved
using a fed-batch approach based on the recommended scheme of initializing the process
with 15% solids, followed by a 10% biomass addition after three hours. Three additions of
5% biomass were provided at three hours intervals with the last batch of biomass added at
the end of 12th hour (Kadhum et al., 2019a). The total pretreated biomass load per reactor
was four kilograms, with a working volume of 4.5 liter (61% of the total volume). The high
conversion rate that occurs in the first 24 hr of the hydrolysis makes this method useful
because it keeps the viscosity low, especially in cases of using high solids loading
(Koppram et al., 2014; Tomás-Pejó et al., 2008; Zhu et al., 2015).
In the SHF method, enzymatic hydrolysis was performed for 48 hr followed by
fermentation for 120 hr The SSF method was performed for 144 hr and this was preceded
by a pre-hydrolysis process for 24 hr (Tomás-Pejó et al., 2008; Zhu et al., 2015). The
recommended reaction conditions for the enzymatic hydrolysis (50°C, pH 5.5) were
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applied (Chen et al., 2019; Menon and Rao, 2012). The commercial enzyme mix (Cellic®
CTec2, Novozymes, USA) was used at a rate of 20 mg protein/g glucan as per
manufacturer’s recommendation. The enzyme was added in one batch at the beginning of
the experiment to take advantage of the high conversion rate due to high enzyme/substrate
ratio (Humbird et al., 2011; Liu et al., 2015). Bradford assay was used to determine protein
concentration in the enzyme mixture (Kumar and Wyman, 2008; Maeda et al., 2011).
Sampling was performed every 3 hr for the first 12 hr, then every 6 hr for the rest of the
hydrolysis process. Three samples were taken each time to obtain higher precision. Test
tubes (2ml) were used for sampling and centrifugation with the help of a microcentrifuge
(Model No. Z233M-2, 2007, Hermle, Germany) at 15,000 rpm for 5 minutes (Hsieh et al.,
2015; Kadhum et al., 2019b; Tran et al., 2013). The supernatant kept at -20°C for analysis
of contents using HPLC.
The fermentation was carried out at 30° C and pH 5.0 (Dahnum et al., 2015; Menon
and Rao, 2012). Saccharomyces cerevisiae (active dry yeast, BIO-FERM® XR) was at a
rate of 2.0 g/L. Urea was added at 2.0 g/L as a nitrogen source for yeast culture growth
during the fermentation process. Tetracycline was used to prevent the growth of bacteria
in the glucose-rich culture. A stock solution of 5mg tetracycline in 70% ethanol was
prepared and added to the hydrolysate at a rate of 400 μl/L. The fermentation process was
sampled at 0, 3, 6, 9, 12, 24, 36, 48, 72, 96, 120, and 144 hr.
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6.3.3. Analytical method.
Agilent Technologies HPLC was used for the quantitation of sugar, ethanol, and other
organic acids. The HPLC was set at 0.5 ml/min flow, 80 °C temperature, 2.0 Ul sample
volume, and 15 min resident time using 0.005M H2SO4 as an eluent (Reversed-phase
chromatography RPC). Phenomenex® Rezex™ column was used for components
separations. Recommended settings were modified to the values described above. The
settings recommended by Phenomenex were not applicable when testing samples with high
component concentrations due to overlapping peaks. Minitab version 16.2.4 was used to
analyze the experimental results statistically. Analysis of variance (ANOVA) was
performed to identify the significance of differences in glucose and ethanol concentrations
at the peak points. The general linear model was used to specify the time points at which
the product concentration reached its peak when different methods (SHF, SSF) and
different level of PEG6000 (0 %, 1%).

6.3.4. Techno-economic analysis.
6.3.4.1.Model development.
The expected economic impact associated with the application of this system on an
industrial scale was assessed using techno-economic analysis (TEA). A simulation for an
industrial lignocellulosic ethanol plant was designed using Intelligen SuperPro Designer
(V 8.5) software. The operational conditions of the model were set based on the operation
conditions of the experiment including the solids loading, enzyme loading, the temperature
of the hydrolysis and fermentation, and the addition of dry yeast. The processes time in the
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simulation was set specifically for each method according to the experiment's outcomes.
For the SHF method, the enzymatic hydrolysis retention time was determined at 48 hr (Hou
et al., 2018; Kadhum et al., 2019b), whereas fermentation was 72 hr based on statistical
results. However, the process was investigated at 96 and 120 fermentation due to the high
concentrations of ethanol. For the SSF, pre-hydrolysis time was 24 hr (Tomás-Pejó et al.,
2008; Zhu et al., 2015) and fermentation was 48 hr based on the statistical analysis. The
return on investment (ROI) was used as a parameter for the economic evaluation to
distinguish between experiments.

6.3.4.2.Model assumptions.
The simulation was designed according to the assumptions that the annual processing
capacity is 235,000 Mt (DM), which requires a running time of 7,920 hours per year (330
days, 24hr). The lifetime of the proposed project is 20 years. Salvage value of 5% was
assumed for plant equipment, and straight-line method of depreciation was applied using a
useful life of 10 years (Kumar and Murthy, 2011). A period of 24-months was considered
as the project construction in addition to a six months start-up time. Gypsum price was
$31/MT based on (Statista, 2019) and ethanol price ($0.75/kg) was the median of the last
ten years. The price of wheat straw was $94/Mt (DM) (average price in various commercial
websites, equal to $80/Mt biomass of 15% moisture). Other costs and prices were obtained
from previous studies (Humbird et al., 2011; ICIS, 2018; Kadhum et al., 2019b; Kazi et al.,
2010; Kumar and Murthy, 2011; Kwiatkowski et al., 2006; Laser et al., 2009). All prices
were based on 2019 US dollars.
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6.3.5. Sensitivity analysis.
Based on the TEA findings, the best scenario was used to assess the impact of price
fluctuations on project profitability through the implementation of sensitivity analysis. The
price of ethanol, plant capacity, enzyme cost, biomass price, and PEG6000 price were
tested under price fluctuations of ±10% and ±20% of the proposed value. Return on
investment (ROI) was the sensitivity level indicator(Kadhum et al., 2019b).

6.3.6. Life cycle assessments (LCA).
The main objective of conducting the LCA was to assess the impact on the environment
induced by the use of the new design of the bioethanol production system. The LCA was
performed depending on the best scenario resulting from the TEA. Cradle-to-gate life cycle
inventory was chosen to determine the scenario that would minimize the environmental
impacts, and the database (ecoinvent 3.1) was used. Open LCA (V1.6.3) was used for the
LCA, and TRACI 2.1 for impact assessing (Bare, 2012, 2011). In this study, two operations
were included in the system boundary, namely wheat straw farming and bioethanol
production. The wheat straw farming process includes all the agricultural requirements
such as water, fertilizers, machinery, energy sources, harvest, and transportation.
Bioethanol production includes production requirements such as chemicals, energy,
enzyme, and yeast. The functional unit used in this assessment was one MJ ethanol.
Gypsum and electricity production through this process were considered “avoided co-
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products” based on SO 14044 (2006) standards. System expansion and physical allocation
method were employed to avoid co-products considerations.

6.4. Results and Discussion.
6.4.1. Experimental results.
To assess the system performance, the SSF and SHF were conducted using a pretreated
wheat straw (WS). The structural analysis was implemented for the WS and the result
showed that the composition was cellulose 54.6 %; xylose 4.7 %; lignin 24.2%; ash 11.3%
and others 5.2% (w/w). The result of the experiments expressed the importance of
employing the system in the biochemicals production due to the high concentrations of the
resulting products in both SSF and SHF.
The SHF results showed a high glucose concentration after 48 hr of the hydrolysis
process. The average of the three replicates was 201.4±9.5 g/L and was slightly less than
what Kadhum et al. ( 2017) found (205 g/L). However, Kadhum et al. (2017) used a 45%
solid loading for 96 hr indicating a more efficient system design in this work. After this
point of time (48 hr), the glucose concentration curve declined due to the initiation of the
fermentation process (Fig.6.1). Conversion rate during the first 12 hr was 10.2 g/L.hr. As
expected, surfactant addition during the use of this system improved the hydrolysis process
and increased the glucose concentration. The glucose concentration was 219.7±11.1 g/L
within 48 hr of hydrolysis with a conversion rate of 11.6 g/L.hr for the first 12 hr (Fig.6.1).
With a difference of > 30 g/L, the statistical analysis using “Two-way ANOVA: Glucose
versus PEG%, Time” showed significant differences (p<0.0001) in glucose concentration
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caused by the addition of 1% PEG 6000. This was an interesting observation because unlike
our previous studies (Kadhum et al., 2019b, 2018) where no significant effect was observed
on glucose concentration using 1% PEG6000, but had an effect on ethanol concentrations.
This supports the theory that the influence of the surfactant on the enzyme productivity can
be observed more with the use of mixing rather than shaking (Bhagia et al., 2018).
Interestingly, within 24 hours of SSF, glucose concentrations reached 164.6 g/L and 169.5
g/L with 0, 1% PEG6000, the inhibitory glucose concentrations as reported Shihadeh et al.
(2014).
As expected, the use of the system has resulted in achieving high ethanol concentrations
for all scenarios. The SHF method and 0% PEG6000 has achieved an ethanol concentration
of 119.6 ± 5.6 g/L and was at 120 hr of fermentation (total process168 hr). While the
highest ethanol concentration was 127.1 ± 4.7 g/L using 1% PEG6000 and this was also at
120 hr (Fig.6.1). In contrast, the SSF method has achieved ethanol concentration higher
than the SHF method for both 0 and 1% PEG6000. Ethanol concentration was 130.1± 5.8
g/L and 134.5± 4.6 g/L using 0 and 1% of PEG6000 respectively and was in 144 hr of
fermentation (total process 168 hr) (Fig.6.1). The results of the statistical analysis were
consistent with the differences in ethanol concentrations. Statistical test using ANOVAGeneral Linear Model showed significant differences between different strategies in term
of ethanol concentrations. The SSF method has significantly (P-value <0.001) influenced
ethanol concentration compared to SHF method. In addition, the analysis showed a
significant difference (P-value =0.034) between PEG 1% and PEG 0% in ethanol
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concentration in both SSF and SHF and this indicates an effective mixing system (Bhagia
et al., 2018; Kadhum et al., 2019a).
The statistical analysis using one-way ANOVA and the Fisher method for grouping
was used to determine the critical time point of the fermentation to be considered for the
techno-economic analysis. For the method of SSF with 1%PEG6000, statistical analysis
showed no significant differences between ethanol concentrations at different time points
from 48 to 120 hr and were grouped into one group based on Fisher method while ethanol
concentrations varied between 130.5-134.5 g/L. Similarly, for the SSF method with 0%
PEG6000, Fisher method resolved the time points from 48 to 120 hr in one group with
ethanol concentrations ranging between 125-130.1 g/L. This analysis makes the time point
48 hr of fermentation (72 hr for the whole process) an important point that must be taken
into account for the techno-economic analysis.
The statistical analysis of the SHF results did not result in statistically significant
differences between ethanol concentrations at different time points from 72 to 120 hr.
Ethanol concentrations ranged between 121.2-127.1 g/L using 1% PEG6000, and between
110.0 -119.6 g/L when PEG6000 was not applied. The statistical analysis highlighted the
72 hr of fermentation (120 hr of the whole process) for the use in the techno-economic
analysis (see the statistical analysis in Appendix C).
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Fig. 6.1. The glucose and ethanol concentration using the controllable system and applying
A) SHF method, and B) SSF method.
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6.4.2. Techno-economic analysis results.
The techno-economic analysis was performed using Grant County, WA. USA as the
proposed region for the establishment of a biorefinery due to the availability of 585,000
Mt/yr wheat straw within a radius of 36.5 km (National Renewable Energy Laboratory,
2013). The processing capacity of the plant (235,000 Mt/yr (DM), 7,920 hr/yr) has been
designed assuming the use of 40% of the local wheat straw supply. Ethanol selling price
was set at $2.24/ gal ($ 0.58/ L) (Kadhum et al., 2019b).
The simulation model was designed based on the experimental parameters of the SSF
and SHF method using 0% and 1% of PEG6000. Seven time-points for SSF and four points
for SHF were evaluated to find the most economically beneficial point for each scenario.
Return on investment (ROI) was the criterion used to compare the scenarios. The TEA
results of the SSF using 1% PEG6000 revealed that ROI was negative at 48 hr then became
positive at 60 hr of the process. ROI curve peaked at 72 hr (48 hr of fermentation) and
reached 12.21%, and then, ROI remained virtually unchanged over time till to the end of
the process. Similarly, for 0%PEG6000 SSF process, the value of ROI peaked at 72 hr to
be 10.39 % and remained unchanged till the end of the process. These results were in line
with the results of the statistical analysis, which stated that there were no significant
differences in ethanol concentration from 72 hr onwards. The SHF and 1%PEG6000
strategy gained an ROI of 9.61% and 9.79 % at 144 and 168 hr of the process (96 and 120
hr of fermentation). While the highest values of ROI for the SHF and 0% PEG6000 were
7.66 and 7.5 % at the same time points. It should be noted, although statistical results of
the SHF method did not indicate significant differences between ethanol concentrations at
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different time points from 72 to 120 hr of the fermentation ( 120 to 168 hr for the whole
process), the low ethanol concentration at 72 hr resulted in a lower ROI compared to the
ROI at 120 and 144 hr , which certainly reduces the investment returns. Figure 6.2.
illustrates the differences in ROI% between the investigated scenarios. Table 6.1 shows the
superiority of the scenario SSF and 1% PEG6000 over other scenarios in terms of ROI%,
ethanol yield, unit production cost, and total process time.
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Fig. 6.2. Return on investment (ROI) at different time points during the fermentation
process for four scenarios using the controllable system.

In general, the SSF method requires lower capital cost and operating cost than SHF
method and this primarily attributed to simpler process infrastructure needs. This result is
in agreement with Wingren et al. (2008) observation that the implementation of the SSF
results in higher ethanol yield in a shorter time of the process, thus reducing capital cost,
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unit production cost, and energy consumption. Despite the low ratio of PEG6000, the
operating costs increased by approximately 4.5 million dollars. Unit production cost varied
between $0.587/L (SSF,1%PEG6000) and $0.65/L (SHF,0%PEG6000), and this was
within the range reported by Bechara et al. (2018) and Mendes et al. (2017) (Table 6.1).
For all scenarios, the unit production cost was less than $0.89/L and $0.99/L, the values
reported by Mendes et al. (2018) and Bechara et al. (2018) respectively. It was also lower
than the ethanol prices predicted by Kumar and Murthy (2011) in the case of using $94/ton
biomass. Gubicza et al (2016) and van Rijn et al (2018) have asserted that ethanol sale
price of more than $0.69/L ($2.6/gal) is closely related to the profitability of the investment.
However, the ethanol price of $0.59/L ($2.24/gal) proved the investment profitability in
this project, and this was attributed to the high ethanol yield. Figure 6.3. presents
schematics of the SSF scenarios and the mass balance of raw materials.
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Table 6.1. Economic criteria used in the techno-economic analysis to evaluate the four
scenarios that are used to operate the novel controllable system.
Evaluation parameters

SSF,1%PEG

SSF,0% PEG

SHF,1%PEG

SHF,0%PEG

Capital Cost
(million dollars)
Operating Cost
(million dollars/yr. )
Ethanol yield (L/dry MT)

61,774

59,059

68,145

64,695

48,813

44,186

49,931

45,196

413.7

357

398

344

Water consumption
(thousand tons)
Unit Production Cost $/L

310.16

284.33

309.87

284.92

0.59

0.62

0.62

0.65

Return On Investment

12.21%

10.39%

9.61%

7.66%

Payback Period (years)

8.19

9.63

10.41

13.06

Electricity consumption
(MWh/year)
Electricity production
(MWh/year)
Process time (hours)

8,056.2

7,802.4

8,143.3

7,975.9

49,054.8

50,496.9

50,768.1

51,891.8

72

72

144

144

Ethanol production
(thousand tons)
Specific energy
consumption
kW.h /ton(Eth)

65.28

56.06

62.81

54.07

123.4

139.2

129.7

147.5
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Fig.6.3. Schematics of the SSF method using 0% and 1% PEG6000 and the mass balance of materials involve in the process.
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6.4.3. Sensitivity analysis results.
The sensitivity analysis yielded comparable results to those of the previous studies. The
most crucial factor affecting the economics of the investment is the ethanol selling price
followed by the price of biomass, the plant's productive capacity, and enzyme price
(Fig.6.4-A). The plant economics were less sensitive to PEG6000 price fluctuation. In
addition to the important role played by the ethanol price in the profitability of the
investment, the low price of ethanol dramatically affects the success of the investment.
Figure 6.4-B shows a greater sensitivity to the low price rather than the high price of
ethanol. A 10% drop in the ethanol price reduces the ROI by 45.7%, i.e. changes ROI from
12.21% to 6.63%. Meanwhile, an increase of 10% in the ethanol price increases the ROI
by 38.4%, i.e. increase the ROI to 16.89 %. The differences are more pronounced with a
20% fluctuation in ethanol price. The biomass price affects investment in a balanced
manner. The fluctuation of biomass price by ±10% and ±20% leads to a change in ROI by
14.7% –15.8% and 30.6% –31.1% respectively. The plant's productive capacity has
unbalanced effects on investment profitability. Unlike plant expansion, plant capacity
reduction a noticeable impact on ROI in a negative way. A 10% and 20% reduction in plant
capacity lowers the ROI by 8.6% and 18.7 %. While 10% and 20% expansion in plant
capacity raises the ROI by 3.2% and 7.9% only. Enzyme and PEG6000 prices also impact
investment profitability in a balanced way. Changes in enzyme price and PEG6000 price
by ±10% affect ROI by 5.32% –5.90% and 2.54% –3.69% respectively. And changes of
±20% affect ROI by 11.79% –12.37% and 5.65% –6.22% respectively. Obviously, despite
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the high price of PEG 6000, it does not affect ROI significantly given its relatively small
contribution to the overall process operational costs.

Fig.6.4. Sensitivity analysis A) for price fluctuation of ethanol, biomass, enzyme, and
PEG6000; and sensitivity to changes in plant capacity. B) The rate of change in ROI
corresponding to ±10% and ±20% in the price fluctuation.

200

6.4.4. Life cycle assessment results.
The scenarios resulted from the analytical results of the experiments and the technoeconomic analysis were used to conduct the life cycle assessment. Results revealed that the
application of the SSF method and 1%PEG 6000 using the controllable system designed in
this project leads to an improvement in the environment impacts. In this study, LCA results
showed high potential in reducing global warming (GWP) for all cases ranging from 54.5
g CO2 eq/MJ Ethanol for SHF,0% PEG to 69.0 g CO2 eq/MJ for SSF,1%PEG (Fig.6.5).
This result is comparable to the observations of (Rathnayake et al., 2018) and Sebastião
et al. (2016) which were about 70 g CO2 eq/MJ, and higher than previous studies results ,
which ranged from 24 to 50 gCO2eq/MJ (Cavalett et al., 2013; Kadhum et al., 2017; Luo
et al., 2009; National Argonne Laboratory, 2016). This can be mainly attributed to the high
concentration of ethanol produced using this system, and this would result in a significant
reduction in global warming.
Similarly, for SSF,1%PEG scenario, LCA results showed a reduction in the magnitude
of environmental impacts categories such as ecotoxicity, acidification, eutrophication,
photochemical ozone formation, and respiratory effect compared to other scenarios.
However, SSF,0%PEG showed a better effect on human health (Fig.6.5.), and this can be
attributed to the use of the surfactants. (more information in the Appendix D).
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Fig. 6.5. Life cycle assessment for the four scenarios. A) Global warming potential
(GWP) compared with the effect of gasoline . And B) Human health and ecotoxicity.
Functional unit is 1 MJ ethanol.
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6.5. Conclusion.
The effectiveness of the system was demonstrated by high concentrations of products
resulting from different experiments. Glucose concentration was as high as 201.4 g/L and
219.7 g/L for SHF method using 0% and 1% PEG6000, respectively. Ethanol concentration
was another indicator of the system's successful performance. Ethanol concentration was
119.6 g/L and 127.1 g/ L at 0% and 1% of PEG6000 when SHF method was conducted.
While it was 130.1 g/L and 134.5 g/L with 0% and 1% of PEG6000 when SSF method was
conducted. Statistical analysis indicated that there were significant differences between the
experimental results of SHF and SSF as well as the use of the surfactant.
The techno-economic analysis showed a positive ROI for all scenarios at different
times. For SHF, ROI of the best cases were 7.66%, 9.61% using 0, 1% PEG6000 at 144 hr
of the process. The results for SSF were higher and at shorter times. In 72 hr, the process
gained an ROI of 12.21% and 10.39 % using 0% and 1% of PEG6000, respectively.
From sensitivity analysis, it can be observed that investment is more sensitive to the
decline in ethanol selling price than the rise in prices. However, ethanol price is still the
most crucial factor in project economics, followed by the biomass price and plant
production capacity.
Life cycle assessment results showed less impact on the environment due to higher
ethanol concentration using the novel design of the system. The results demonstrated the
system's potential in enhancing the ecosystem by reducing the magnitude of different
impact's categories such as GWP, acidification, ecotoxicity, and eutrophication, as well as
human health.
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Through the encouraging results of the experiments, the system is able to provide a
high-performance level of mixing that achieves high products concentrations. The system
can be easily controlled to meet the different operating conditions required for the
conversion process of lignocellulosic biomass. Therefore, the novel horizontal reactor
system was found to be technically feasible, economically viable with lower environmental
impacts compared to alternative designs.
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CHAPTER 7

7.1. General Conclusions.
Cellulose and hemicellulose are the most abundant polymers in the world and have not
been yet widely used for biofuels production, despite the great interest in lignocellulosic
biomass as a sustainable resource over the last decades. Lignocellulosic biomass is an
important feedstock that can replace edible biomass, such as corn and sugarcane, for the
production of bioethanol, and address the food-energy conflict. If the four primary
resources of the lignocellulosic biomass (agricultural residues, the forest remains, waste
materials, and energy crops) are used, about 30% of US demand for liquid fuel can be
satisfied.
Recently, advanced engines ensure high performance using ethanol compared to
gasoline. In SI engines using ethanol improves combustion and flame characteristics,
volumetric efficiency, and brake thermal efficiency. In addition, the high octane number
of ethanol gives it the potential to be used as a fuel enhancer and increase the profitability
of the refineries. The use of bioethanol reduces the negative impacts of exhaust gas
emissions on the environment.
However, lignocellulosic ethanol production faces many challenges, the hydrolysis
process particularly, the expensive step in terms of materials and time. Sugar concentration
of >100g/L, which is necessary for the commercially successful production of biofuels,
requires solids loading of more than 20%. This imposes several technical obstacles such as
poor mixing, high energy consumption, low conversion yield, and other mechanical

212

problems. This calls for solutions in terms of the operational strategy and the system
design.
Optimization of enzymatic hydrolysis process requires the integration of an appropriate
reactor design with the optimal operating strategy. Given the importance of glucose
concentration in the successful production of the biochemicals and biofuels, three
experiments were conducted, using wheat straw and corn stover as feedstocks at different
solids loadings (19, 30, and 45%), to study the possibility of producing high concentrations
of glucose and ethanol. The fed-batch approach was proposed to help achieve high final
solids loading due to its use in many industrial applications. Using 45% solids loading corn
stover, the released glucose concentration was 205 ± 25.8 g/L (at 96 hours) and a final
ethanol concentration of 115.9 ± 6.7 g/L (at 60 hours) indicating the potential of producing
a high concentration of bioproducts using fed-batch method.
Pre-hydrolysis followed by simultaneous saccharification and fermentation method
(PH-SSF) was proposed to avoid the inhibitory effect of high glucose concentration,
shorten process time, minimize energy consumption, and achieve high ethanol yield. PHSSF method is recommended for high solids loadings to give enough time for the substrate
to be hydrolyzed before fermentation. The PH-SSF method combined with the fed-batch
approach is the recommended strategy to attain high glucose and ethanol concentrations,
and reduce mixing energy requirements. In addition to that, surfactants have also been
suggested to increase enzymes productivity
Although fed-batch, SSF, and surfactants have been reported to enhance the enzymatic
hydrolysis, the synergistic effect of integrating different methods has not yet been clearly
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reported, particularly when high solids loadings are used. The project has investigated the
effect of the combination of approaches involving PEG6000 addition, fed-batch technique,
and PH-SSF method through a set of experiments using pretreated wheat straw at 30%
solids loading.
The results showed a significant difference in the final glucose and ethanol titers when
PEG is added using fed-batch method. However, increasing PEG concentration decreases
the return on investment regardless of the increase in ethanol concentration due to high
PEG price. SSF approach maximized the ethanol concentration to reach 113 g/L at 2.0%
PEG and 168 hours compared to SHF which was 107.5 g/L at 2.5% PEG and 196 hours.
For both cases, concentrations of PEG6000 <1% are recommended when considering the
economic aspects of production.
Horizontal reactors represent the solution of hydrolysis challenges due to many
advantages compared to vertical reactors. Horizontal reactors are able to provide better
mixing and reduced mixing energy especially for high solids enzymatic hydrolysis
(HSEH), in addition to their applicability at the industrial level. A system consisting of a
horizontal reactor with a special design of impeller that combines the functions of helical
impeller and paddlewheel was constructed. The system contains a feeding unit capable of
controlling the amount of biomass that is entered into the reactor. The reactor temperature
was controlled using electrical heating tape.
The system design successful as evidenced by the experimentally measured high
glucose and ethanol concentrations. The system had lower mixing energy requirements of
43.2Wh/kg.
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Using 0 and 1% of PEG6000, glucose concentrations of 201.4 g/L and 219.7 g/L
respectively were achieved. Ethanol concentration was another indicator of the system's
successful performance. Ethanol concentration was 119.6 g/L and 127.1 g/ L at 0% and
1% of PEG6000 when SHF method was conducted. While it was 134.5 g/L and 123.7 g/L
with 0% and 1% of PEG6000 when SSF method was conducted. This indicates that the
system provided an effective mixing and the feeding unit was well controlled. Based on
these results, fed-batch approach SSF method and 1%PEG is the optimum combination for
use with the horizontal system.
The techno-economic analysis also showed that this scenario achieved a return on
investment of 12.21 %, which is higher than all other scenarios, with a total process time
of 72 hrs. The techno-economic analysis also revealed that ethanol price is the most critical
factor in investment economics, followed by the biomass price and plant production
capacity; and the investment is highly sensitive to the decline in ethanol selling price. Life
cycle assessment results showed lower impact on the environment due to the high
production of ethanol. The results demonstrated the system's potential in enhancing the
ecosystem by reducing the magnitude of different impact's categories such as GWP,
acidification, ecotoxicity, and eutrophication, as well as human health.
To conclude, the novel system designed and constructed in the sustainable technology
laboratory, Biological and Ecological Engineering Department, Oregon State University
can be used efficiently for the conversion of lignocellulosic biomass into biochemicals and
biofuels, and achieve high product concentration through its effective mixing system.
Feeding unit of the system is capable of providing a variety of fed-batch patterns and can
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meet the requirements of the different processes conditions. Based on the experimental
results and the techno-economic analysis, the system was found to be technically feasible
and economically viable and has lower impacts on the environment.

7.2. System optimization and future work.
Several ideas for future work emerged during the course of this research. Modification
of the feeding unit for a more uniform flow of biomass during feeding will reduce the
uncertainties in the biomass addition. This could be accomplished by shortening the
biomass flow channel or utilizing pelleted biomass as the feed. New auger designs with
shorter pitch would also be useful in reducing the uneven biomass flow.
In this research, the mixing speed was reduced in the horizontal reactor to about 6 rpm
compared to >150 rpm for vertical reactors without loss of performance. However, there is
a scope to further reduce the speed of the impellers in the horizontal reactor. The speeds in
the range of 2-12 rpm must be studied in detail to further optimize the rotational speed of
the mixer. Simultaneously, there is scope for further optimizing the helical-paddle impeller
design with a special focus on the pitch of the impeller.
More than 34 g/l glucose still remained at the end of the SSF experiments even at long
fermentation times indicating a stuck fermentation. The most likely reason for the stuck
fermentation is the deactivation of yeast due to the toxic effect of the high ethanol
concentrations (>10% w/w). A vacuum distillation system is proposed to be attached to the
system to simultaneously remove ethanol (operated continuously or periodically) to
mitigate the effect of ethanol toxicity on the yeast (Fig.2.4). This strategy will also improve
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the productivity of enzymes by reducing the inhibitory effect of glucose due to the high
conversion rates of glucose into ethanol.
Washing and air drying pretreated biomass to produce a feedstock with low moisture
content for the high solid hydrolysis experiments was a significant challenge. The process
is time, energy and water-intensive and will not be practical at large scales. Therefore,
Low-moisture anhydrous ammonia (LMAA) pretreatment process is proposed to bypass
the washing and drying steps thus reducing water footprint and saving energy (Nghiem et
al., 2016; Guo et al., 2018).
The integrated system that consists of the improved horizontal reactor system, the
vacuum distillation system, and the LMAA will overcome the constraints we observed
during this work. This will results in a technically feasible, economically viable and
environmentally low impact process that is scalable to commercially relevant sizes.
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9. Appendices
Appendix A: Process flow diagram for CS45 scenario described in chapter 3.
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Appendix B: The items used for constructing the controllable system- chapter 5.
#
1

Item name
Aluminum pipe

2

-PVC DWV Hub-FIPT Female
Adapter
-PVC Sch. 40 Plug

Specifications
6" diameter , 0.1" thickness , 3’ length

PVC 3"
PVC 3"

3

DWV PVC Reducing Wye D601530

4

PVC Reducer Bushing Flush
Style Sch 40- Spig x Soc 437-528

PVC 6" x 2"

5

Spherical Plain Bearing

Dimensions:
ID=1", OD= 1.625

6

PVC Reducer Bushing Sch 40
SPGx-FPT

PVC 2" x 1.5"

7

Oil and Grease Seal , Rubber
Covered ,Double Lip w/Garter
Spring

TC 25mmx41.25 mm x 6 mm

2.1 PVC 6" x 6" x 3"

Item
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#
8

Item
PVC reducer bushing
Sch 40 MIPT

Specification

9

Reversible Gear Motor 12V DC
5RPM

Brand: Makermotor
Model: PN00113-C
12VDC Gear Motor: 42 N-m torque at 5 RPM.
Overall dimensions: 8.5" x 4.6" x 4.3"
Shaft dimensions:15mm diameter x 50mm (2.0") length

10

PVC Pipe Riser Extension Sch 40
MNPT
PVC Plug Sch 40

PVC 0.50"

11

Brass Ball Valve NPT Full-Port

Product dimensions: 4.75” Length, 1.125” Width
Inlet Diameter :0.50”
Outlet Diameter :0.50”

12

3" Hub ABS DWV 45° Wye

ABS 3"x 3" x3"

13

ABS DWV Spigot x Hub Flush
Bushing

ABS 3" x 1.5"

14

Sealed Ball Bearing

Dimensions:
ID=1.0", OD= 2.0", W= 0.5"

15

High Torque Reversible 12V DC
6RPM Gear Motor DPDT

Brand: Makermotor
Model: PN00113-6C
12VDC Gear Motor: 21 N-m torque at 6 RPM.
Overall dimensions: 8" x 8 " x 5"
Shaft dimensions: 15mm diameter x 50mm (2.0") length

PVC 1.5" x 1.0"

PVC 0.50"

Item
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#
16

Item

Specification

PVC Pipe
SCH 40 Thick

PVC 4"
and
PVC 3"

17

PVC Straight Reducer Adaptor
Connector Inline

PVC 6" to 4"

18

DIY Guru Auger

Dimensions:
D=3", L=12"

19

Aluminum Round Tube
T3R1250-6061

OD=1.0", ID= 0.50", Wall= 0.25"
0.70 lb/ft

20

Aluminum Angle Bar

0.5" x 0.5" , L=96", Thickness =0.05"

21

Digital temperature sensor

±0.5°C Accuracy from -10°C to +85°C
Usable with 3.0V to 5.5V power/data
Waterproof DS18B20

22

Heating system
Heating Tape (BWH) With SDC
Temperature Controller.

Company: BriskHeat
Model : SDCJFA-BWH101060L
Samox® Insulated Heating Tape with SDC Temperature
Controller, 1400°F Max, 1.00 in x 6 ft (25mm x 1.8m);
940 watts; 120V
J-Type Thermocouple 24in L

Item
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#
23

Item
-Titanium Exhaust Heat Wrap

Specification
1"x 100'

-Fiberglass Pipe Wrap Isolation

3"x1"x25'
Brand: J-B WELD
Tensile Strength 900 PSI
Set Time
5 Minutes
Cure Time
1 Hour

24

STEELSTIK EPOXY PUTTY
STICK

25

High Heat Silicone Seal

26

Round U Bolt Clamp

6" Zinc Plated Round

27

Hex Lag Screw

Screw 5.5" x 0.25"

28

The controller
ARDUINO UNO R3

Arduino boards
[Part Number A000066]

29

8 Channel Relay Module

DC 5V Relay Module for Arduino Raspberry Pi DSP
AVR PIC ARM

Item

252

Appendix C: Statistical analysis results of the system performance evaluation-chapter 6.
a- One-way ANOVA: Ethanol-SSF versus Time
Source
Time
Error
Total

DF
8
45
53

S = 6.927

Level
0
6
12
24
36
48
72
96
120

N
6
6
6
6
6
6
6
6
6

SS
115322.5
2159.4
117481.9

MS
14415.3
48.0

R-Sq = 98.16%

Mean
1.52
25.74
70.21
96.11
114.61
128.64
128.13
129.53
131.80

F
300.40

P
0.000

R-Sq(adj) = 97.84%

StDev
0.56
5.74
11.08
9.08
8.07
5.71
4.87
6.11
5.88

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(*-)
(*-)
(-*)
(*)
(-*)
(*-)
(*)
(*-)
(*)
-+---------+---------+---------+-------0
40
80
120

Pooled StDev = 6.93
Grouping Information Using Fisher Method
Time
120
96
48
72
36
24
12
6
0

N
6
6
6
6
6
6
6
6
6

Mean
131.80
129.53
128.64
128.13
114.61
96.11
70.21
25.74
1.52

Grouping
A
A
A
A
B
C
D
E
F

Means that do not share a letter are significantly different.
Fisher 95% Individual Confidence Intervals
All Pairwise Comparisons among Levels of Time
Simultaneous confidence level = 45.79%
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b- One-way ANOVA: Ethanol-SHF versus Time
Source
Time
Error
Total

DF
8
45
53

S = 7.186

Level
0
6
12
24
36
48
72
96
120

N
6
6
6
6
6
6
6
6
6

SS
102093.5
2323.7
104417.2

MS
12761.7
51.6

R-Sq = 97.77%

Mean
0.84
18.02
44.41
75.03
91.00
105.29
115.60
122.13
123.35

F
247.14

P
0.000

R-Sq(adj) = 97.38%

StDev
0.53
4.89
6.43
8.90
10.19
6.82
8.68
6.18
7.48

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(*-)
(-*-)
(-*)
(*-)
(-*-)
(-*-)
(-*-)
(-*-)
(*-)
-+---------+---------+---------+-------0
35
70
105

Pooled StDev = 7.19
Grouping Information Using Fisher Method
Time
120
96
72
48
36
24
12
6
0

N
6
6
6
6
6
6
6
6
6

Mean
123.35
122.13
115.60
105.29
91.00
75.03
44.41
18.02
0.84

Grouping
A
A
A
B
C
D
E
F
G

Means that do not share a letter are significantly different.
Fisher 95% Individual Confidence Intervals
All Pairwise Comparisons among Levels of Time
Simultaneous confidence level = 45.79%
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SHF (0 and 1% PEG)
140
120

Ethanol ( g/L)

100
80
60
40
20
0
0

6

12

24

36
Time (hr)

48

72

96

120

Residual Plots for Ethanol-SHF
Normal Probability Plot

Versus Fits

99
10
Residual

Percent

90
50
10

0
-10

1
-20

-10

0
Residual

10

20

0

30

Histogram

60
Fitted Value

90

120

Versus Order
10

12

Residual

Frequency

16

8
4
0

0
-10

-12

-6

0
Residual

6

12

1

5

10 15 20 25 30 35 40
Observation Order

45

50
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Appendix D: Life cycle assessment for the four scenarios by comparing the results of various environmental implicationschapter 6.

Impact category Reference unit

SHF,0%PEG

SHF,1%PEG

Human Health - carcinogenic CTUh/
3.41149E-09
3.47E-09
Ecotoxicity CTUe/
0.479898289 0.464714
Acidification kg SO2 eq/
1.648282932 1.494798
Eutrophication kg N eq/
3.883847726 3.366618
Global Warming kg CO2 eq/
-54.4913233
-63.5627
Photochemical ozone
13.55805413 12.36537
formation kg O3 eq/
Resource depletion - fossil
0.067445424 0.098838
fuels MJ surplus/
Human Health - non1.4117E-08
1.44E-08
carcinogenic CTUh/
Respiratory effects kg PM2.5 eq/
0.158143314 0.14352
Ozone Depletion kg CFC-11 eq/
5.03522E-06
5.33E-06
Table D-1: The impact of the four scenarios on different impact categories

SSF,0%PEG

SSF,1%PEG

3.4E-09
0.470144
1.602906
3.765563
-61.1264
13.2387

3.45E-09
0.456201
1.458501
3.27793
-68.9874
12.10689

0.068243

0.097923

1.39E-08

1.42E-08

0.153468
5.21E-06

0.139774
5.4E-06
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Figure D1 illustrates the impact of the four scenarios on different impact categories.
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Appendix E: Arduino code to control the system modules-chapter 5.
/* ===============================================================
Project: The Controllable System for High Solid Lignocellulosic Biomass Conversion
Author: Haider J. Kadhum
Created: 4th June 2017
================================================================== */
#include <OneWire.h>
#include <DallasTemperature.h>
/*
Connect 5V on Arduino to VCC on Relay Module
Connect GND on Arduino to GND on Relay Module
Connect 5V on Arduino to JD-VCC on Relay Module. */
#define CH1 6 // Connect Digital Pin 6 on Arduino to CH1 on Relay Module
#define CH2 7 // Connect Digital Pin 7 on Arduino to CH2 on Relay Module
#define CH3 8 // Connect Digital Pin 8 on Arduino to CH3 on Relay Module
#define CH4 9 // Connect Digital Pin 9 on Arduino to CH4 on Relay Module
#define CH5 10 // Connect Digital Pin 10 on Arduino to CH5 on Relay Module
//#define CH6 11 // Connect Digital Pin 6 on Arduino to CH11 on Relay Module
//#define CH7 12 // Connect Digital Pin 12 on Arduino to CH7 on Relay Module
#define CH8 5 // Connect Digital Pin 13 on Arduino to CH8 on Relay Module
#define Temp 52
// initialize the Thermocouple
OneWire oneWire(Temp);
DallasTemperature sensors(&oneWire);
void setup(){
Serial.begin(9600);
sensors.begin();
//Setup all the Arduino Pins
pinMode(CH1, OUTPUT);
pinMode(CH2, OUTPUT);
pinMode(CH3, OUTPUT);
pinMode(CH5, OUTPUT);
pinMode(CH4, OUTPUT);
// pinMode(CH6, OUTPUT);
// pinMode(CH7, OUTPUT);
pinMode(CH8, OUTPUT);
//Turn OFF any power to the Relay channels
digitalWrite(CH1,HIGH);
digitalWrite(CH2,HIGH);
digitalWrite(CH3,HIGH);
digitalWrite(CH4,HIGH);
digitalWrite(CH5,HIGH);
// digitalWrite(CH6, LOW);
// digitalWrite(CH7, LOW);
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digitalWrite(CH8,HIGH);
delay(2000);
}
int counter = 0;
int d1 = 25;
// 25 dosage 1 at 10800000 (3hrs) / 420000 = 25.7
int d2 = 9;
// dosage2 at 3600000 milliseconds (1 hr)/420000 ( time of one implementation) =
8.6
int c=0 ;
void loop(){
sensors.requestTemperatures();
Serial.print("Temperature is: ");
Serial.println(sensors.getTempCByIndex(0));
delay(1000);
c=sensors.getTempCByIndex(0);
if (isnan(c) || c < -20 ) {
Serial.println("Something wrong with thermocouple!");
delay(100);
}
if (c < 49 ) {
// 49 C Lowest temperature for Hydrolysis Process, Change to 28 for
Fermentation
digitalWrite(CH8,LOW);
delay(100);
}
if (c >= 54 ) {
// 54 C Highest temperature for Hydrolysis Process, Change to 32 for
Fermentation
digitalWrite(CH8,HIGH);
delay(100);
}
//if (c < 45 && counter < 1 ) {
// 45 C Lowest temperature for Biomass feeding , Change to
25 for Fermentation
// delay(100);
// return ;
// }
digitalWrite(CH1, LOW);
delay(100);
digitalWrite(CH3, LOW);
delay(180000);
digitalWrite(CH1,HIGH);
digitalWrite(CH3,HIGH);
delay(30000);
if (counter == 1 ) {
Serial.print(" First ");
digitalWrite(CH5,LOW);

// && c > 43
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delay(90000);
// should be 60000
digitalWrite(CH5,HIGH);
}
if (counter == 2 ) {
Serial.print(" First ");
digitalWrite(CH5,LOW);
delay(10000);
digitalWrite(CH5,HIGH);
}
if (counter == 3 ) {
Serial.print(" First ");
digitalWrite(CH5,LOW);
delay(10000);
digitalWrite(CH5,HIGH);
}
if (counter == 4 ) {
Serial.print(" First ");
digitalWrite(CH5,LOW);
delay(10000);
digitalWrite(CH5,HIGH);
}
if (counter == 5 ) {
Serial.print(" First ");
digitalWrite(CH5,LOW);
delay(10000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1 && counter < d1+1 ) {
Serial.print(" Second ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+d2 && counter < d1+d2+1 ) {
Serial.print(" Third ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+ 2*d2 && counter < d1+2*d2+1 ) {
Serial.print(" Fourth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
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}
if (counter >= d1+3*d2 && counter < d1+3*d2+1 ) {
Serial.print(" Fifth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+4*d2 && counter < d1+4*d2+1 ) {
Serial.print(" Sixth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+5*d2 && counter < d1+5*d2+1 ) {
Serial.print(" Seventh ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+6*d2 && counter < d1+6*d2+1 ) {
Serial.print(" Eighth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+7*d2 && counter < d1+7*d2+1 ) {
Serial.print(" Ninth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+8*d2 && counter < d1+8*d2+1 ) {
Serial.print(" Tenth ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
if (counter >= d1+9*d2 && counter < d1+9*d2+1 ) {
Serial.print(" Eleventh ");
digitalWrite(CH5,LOW);
delay(20000);
digitalWrite(CH5,HIGH);
}
delay(1000);
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Serial.print("Temperature is: ");
Serial.println(sensors.getTempCByIndex(0));
delay(100);
if (c < 49 ) {
// 49 C Lowest temperature for Hydrolysis Process, Change to 28 for
Fermentation
digitalWrite(CH8,LOW);
delay(100);
}
if (c >= 54 ) {
// 54 C Highest temperature for Hydrolysis Process, Change to 32 for
Fermentation
digitalWrite(CH8,HIGH);
delay(100);
}
digitalWrite(CH2, LOW);
delay(100);
digitalWrite(CH4, LOW);
delay(180000);
//180000
digitalWrite(CH2, HIGH);
digitalWrite(CH4,HIGH);
delay(30000);
//30000
Serial.print(counter) ;
counter++;
}

