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ABSTRACT 

 

Biorefineries provide the potential for multi-process production of bio-based products, 

chemicals and fuels within an integrated system. This document includes a literature review 

of major biorefinery processes. Four major pre-treatment processesare discussed including 

uncatalysed steam explosion, hot liquid pre-treatment and acid and alkaline pre-treatments. 

Gasification, pyrolysis, cogeneration, biomass digestion and hydrolysis are discussed as 

major well-developed biorefinery processes, including major process characteristics and 

process parameters. Existing synergies between some of the biorefinery processes are 

discussed, including Simultaneous Saccharification and Fermentation (SSF), which is a 

popular method of producing ethanol. It was concluded that literature on biorefinery 

processes has a great focus on fuel producing processes, which has led to a greater resource 

base of fuel producing process publications. The integration of multiple processes into a plant 

was found to introduce high degrees of complexity, which could be addressed through the use 

of Systems Engineering tools. The final section of the document includes a research project 

proposal, utilising relational database management theory as a Systems Engineering tool to 

synthesise the complex integrations within a biorefinery system.  
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1. INTRODUCTION 

 

For over 30 years, research pursuits towards the development of sustainable alternatives to 

petroleum sources of fuels and chemicals have been driven by environmental, long-term 

economic and global security concerns (Mosier et al., 2005). Cogeneration, ethanol 

production and biomass gasification have received increased interest from the global sugar 

industry as European legislation shifted towards more diverse and sustainable uses of sugar-

producing crops (Muir et al., 2010). The imminent eastward migration of bulk chemical 

production and the uncertain long-term availability of petroleum-based products are 

significant driving forces toward Renewable Raw Material (RRM) use (Bennett and Pearson, 

2009).   

 

Biorefineries provide an opportunity for the agricultural industry to compete with other 

industries in terms of innovation towards environmental awareness. Biorefineries are multi-

process biomass conversion plants that produce fuels, power, bio-based materials and 

precursor chemicals (Huang et al., 2008; Demirbas, 2009). The integrated nature of a 

biorefinery utilises the benefits of co-evolution by improving the feasibility of processes that 

would be unsustainable in isolation through shared subsidies (Bennett and Pearson, 2009). 

 

Biorefineries also have the potential to provide farmers with diversity in their products and 

income streams. A study by Cherubini and Jungmeier (2010) has shown that minimal 

environmental impact and carbon neutrality cannot be guaranteed by simply converting to 

bio-based products and ethanol production. The conversion of industries towards bio-based 

product streams requires effective planning and implementation, which is what has led to the 

popularity of the Life Cycle Analysis (LCA) approach to assessing the impacts of industry 

conversions on the environment (Cherubini and Jungmeier, 2010). Bennett and Pearson 

(2009) argue that further research needs to be aimed at addressing the potential limitations 

that existing industry structures and interdependencies may have on biorefinery development.   

Kokossis and Yang (2010) propose the use of Systems Engineering tools, including synthesis, 

optimisation and modelling, to manage the invariable complexity associated with an 

integrated biorefinery system in order to promote innovative biorefinery units, processes and 

supply chains.   
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This document is aimed at concluding on an approach of how to identify and assess the 

feasibility of integrating various biorefinery opportunities into the existing KwaZulu-Natal 

sugar and forestry industries. This is achieved by firstly investigating several biorefinery 

processes (Chapter 2 and 3), along with some known multi-process integration opportunities 

(Chapter 4) in order to gain perspective on the level of complexity associated with the 

available processes and synergies. Secondly, a method of managing the complexity of an 

integrated biorefinery system is proposed in Chapter 6, which includes a master’s research 

project proposal to investigate viable biorefinery solutions within KwaZulu-Natal. The 

literature review (Chapter 2 and 3) was limited to well-developed processes, with established 

process configurations, methods and known products. Detailed chemical and biochemical 

descriptions were not included in the scope of this review. 
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2. PRE-TREATMENT PROCESSES 

 

Pre-treatment is the process of increasing the susceptibility of cellulose to enzyme activity by 

rearranging the crystalline structure of the lignocellulosic biomass (Mosier et al., 2005). The 

main components of lignocellulosic biomass are cellulose, hemicellulose and lignin (Figure 

2.1). Lignocellulosic biomass is broken into its component streams, via pre-treatment, as the 

lignin seal and crystalline structure of the biomass is degraded to separate the carbohydrate 

polymers in the biomass (Figure 2.2). Although pre-treatment contributes to 30 % of the costs 

associated with biomass processing (Lynd et al., 1999), pre-treatment processes can increase 

subsequent biorefinery process yields by up to 70 %, thus positioning pre-treatment as a 

necessary step in all biorefinery operations (Hamelinck et al., 2005). 

 

 

 

 

 

Figure 2.2 Effect of pre-treatment on lignocellulosic biomass (adapted from Hsu et al., 1980) 
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Pre-treatment processes may be either mechanical, chemical, biological or a combination of 

these (Menon and Rao, 2012). Mechanical (physical) pre-treatments are aimed at biomass 

particle size reduction through milling, irradiation and extrusion (Menon and Rao, 2012). 

Physical pre-treatments tend to consume energy in excess of the biomass theoretical energy 

content, thus they are more commonly used in conjunction with less energy-intensive 

chemical and biological pre-treatment processes (Menon and Rao, 2012). Chemical pre-

treatments include acid and alkaline pre-treatments, along with the use of organic solvents 

(Sanchez and Cardona, 2008). Sulphuric acid (H2SO4) and sodium hydroxide (NaOH) are the 

most commonly used acid and alkaline pre-treatment methods respectively (Mosier et al., 

2005).  

 

Microorganisms and bacteria, which degrade either the cellulose, hemicellulose or lignin 

components of biomass, are used in biological pre-treatment processes (Menon and Rao, 

2012). Although biological pre-treatment processes have low energy requirements and 

minimal environmental impact, long process durations and large spatial requirements 

contribute to the unpopularity of this category of pre-treatment processes (Menon and Rao, 

2012). Steam explosion and liquid hot water pre-treatments are among the most important 

physico-chemical pre-treatment processes, characterised by the combination of both 

mechanical and chemical pre-treatments (Mosier et al., 2005; Liu, 2010; Brodeur et al., 

2011). The remainder of this section will expand on the two most important physico-chemical 

and chemical pre-treatment processes.  

 

The comparison of different pre-treatment methods, according to Mosier et al.(2005), is 

dependent on the (a) pre-treatment catalyst cost, (b) catalyst recycle cost, and (c) generation 

of higher-value lignin co-products. In addition to these three criteria, the ability to achieve the 

following goals differentiates between the effectiveness of different pre-treatment alternatives 

(Mosier et al., 2005). The process: 

(a) avoids the need for biomass particle size reduction,  

(b) preserves the pentose (hemicellulose) fractions,  

(c) minimises energy demands, and 

(d) limits formation of degradation products that inhibit fermentative organism growth.  
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2.1 Uncatalysed steam explosion 

 

Steam explosion is the most studied physico-chemical pre-treatment process (Sanchez and 

Cardona, 2008). Saturated high-pressure steam is introduced to chambers carrying the 

biomass in order to rapidly heat and hold the biomass between 160 °C and 260 °C, without 

adding any chemicals (Mosier et al., 2005; Menon and Rao, 2012).The process is carried out 

at pressures between 0.7 MPa and 4.8 MPa (Menon and Rao, 2012), for 1 – 46 minutes 

(Laser et al., 2002). After the standing period, a portion of the steam is released from the 

chambers to cause rapid thermal expansion in the biomass, which breaks the biomass 

structure (Mosier et al., 2005). Avellar and Glasser (1998) concluded that uncatalysed steam 

explosion greatly increased the yield and rate of cellulose conversion to glucose. Mosier et 

al.(2005) attribute the hydrolysis of hemicellulose during this process to the acids, such as 

acetic acid that are released during steam explosion. This removal of hemicellulose increases 

the enzymatic digestibility of the biomass by exposing the cellulose fibrils. According to 

Avellar and Glasser (1998), cited by Britt (1970), unlike with acid and alkaline pre-treatment 

methods, neither of the biomass structural components is destructively degraded to preserve 

the other structural components during uncatalysed steam explosion. Steam explosion is the 

most effective pre-treatment process for agricultural residues and hardwood, but it has limited 

effectiveness in the pre-treatment of softwoods, such as pine and cedar (Sun and Cheng, 

2002). This shortfall may be counteracted through the use of liquid hot water pre-treatment, 

which has greater effectiveness in the pre-treatment of softwoods (Menon and Rao, 2012). 

 

2.2 Liquid hot water pre-treatment 

 

Liquid hot water treatments alter the crystalline structure of biomass by treating the biomass 

with water that is kept in the liquid state through the use of excessive pressures (Mosier et al., 

2005). There are three methods of performing liquid hot water pre-treatment, which differ on 

the basis of the biomass type and high temperature water flow properties. Figure 2.3 includes 

schematic depictions of (a) co-current, (b) concurrent and (c) flow-through hot water pre-

treatment methods. 

 

For co-current hot water treatment, biomass is mixed with water to form biomass slurry, 

which is passed through two heat exchangers (Mosier et al., 2005). The heat exchangers raise 
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the temperature of the mixture to 140°C – 180°C, after which the mixture is passed through 

an insulated coil, as shown in Figure 2.2 (a), which keeps the biomass slurry at the elevated 

temperature for 15 to 20 minutes. The water and the biomass flow in opposite directions 

through the reactor for concurrent liquid hot water pre-treatment, as shown in Figure 2.2 (b). 

Water at 180 °C – 220 °C and at a pressure of 24 bar – 27.5 bar flows through the stationery 

biomass embedded in the reactor for the flow-through treatment as shown in Figure 2.2 (c). If 

hot compressed liquid is used for flow-through pre-treatment, the water temperature is kept 

between 200 °C and 230 °C and the biomass is treated for 15 minutes. Approximately 40 % - 

60 % of the total biomass is dissolved through this variation in the flow-through pre-

treatment method. All the hemicellulose, 4 % – 22 % of the cellulose and 35 % – 60 % of the 

lignin is also removed. 

 

 

Figure 2.3 Schematic Illustrations of (a) co-current, (b) concurrent, and (c) flow-through  

liquid hot water pre-treatment (from Mosier et al., 2005) 
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2.3 Acid pre-treatment 

 

Acid pre-treatment entails heating a mixture of acid and biomass indirectly through the walls 

of a reactor chamber or utilising direct steam injection as in uncatalysed steam explosion 

(Mosier et al., 2005). The biomass is mixed constantly with acid at temperatures between 

130 °C and 210°C from 25 minutes to several hours (Saha et al., 2005; Brodeur et al., 2011). 

The mass ratio range of acid to biomass used is 0.2 % – 2.5 % (Brodeur et al., 2011). The pH 

of the biomass mixture is kept between pH 4.5 and 5, by mixing an alkaline solution such as 

sodium hydroxide (NaOH). Dilute sulphuric, nitric or phosphoric acids are the most common 

acids used for this pre-treatment process (Mosier et al., 2005), although dilute sulphuric acid 

is the preferred and most researched acidic pre-treatment. Nitric acid pre-treatment is more 

costly, despite requiring less costly reactors (Mosier et al., 2005). The acid pre-treatment 

process is capable of progressing into acidic hydrolysis, in order to substitute further biomass 

processing into fermentable sugars (Brodeur et al., 2011). Although the aggressive nature of 

acid pre-treatment can be an advantage, cost-intensive washing and detoxification of the 

biomass is necessary before further processing can occur in order to remove the corrosive 

acid (Brodeur et al., 2011).  

 

2.4 Alkaline pre-treatment 

 

Alkaline pre-treatment is achieved by mixing biomass with solutions of sodium-, potassium-, 

calcium- or ammonium-hydroxide at a low temperature, and sometimes in ambient conditions 

(Mosier et al., 2005). Calcium hydroxide (CaOH), also referred to as lime, is the preferred 

pre-treatment solution due to its comparative safety and lower reagent cost (Mosier et al., 

2005). Mosier et al.(2005) describe the process as oxidative lime pre-treatment, where 

biomass particles of 10 mm or less are sprayed with a lime-water mixture and laid in a pile. 

Resident times for alkaline pre-treatments range from hours to weeks, unlike the more rapid 

pre-treatments discussed in previous sections. At elevated temperatures, the stand time for 

oxidative lime pre-treatment could be reduced from days to hours (Mosier et al., 2005), such 

as with poplar wood which required six hours at 150°C, with 1.4 MPa oxygen (Chang et al., 

2001). Chang et al.(1998) pre-treated sugarcane bagasse at 120 °C for an hour which results 

in an enzyme digestibility increase from 20 % to 72 %, which was similar to the digestive 

efficiencies of the process in ambient conditions. 
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3. BIOREFINERY PROCESSES 

 

Biomass has historically been a primary source of energy to societies, even prior to 

industrialisation, and remains a major source of energy to developing societies (Klass, 1998; 

Amidon and Liu, 2009). Global dependence on diminishing fossil fuel stores could be 

significantly reduced through the extraction of photosynthetic energy from biomass (Mosier 

et al., 2005; Amidon and Liu, 2009). This displacement of fossil fuel usage could be achieved 

through biorefineries, which are multi-process biomass conversion plants that produce fuels, 

power, bio-based materials and precursor chemicals (Huang et al., 2008; Demirbas, 2009). 

 

Lignocellulosic biomass is considered globally to be the most promising replacement of non-

renewable carbon fuel and petroleum-based chemicals since it is the most abundant organic 

source on earth (Klass, 1998). Carbohydrates in the form of cellulose and hemicellulose 

compose 55 % – 75 % of lignocellulosic biomass dry weight (Mosier et al., 2005). 

Hemicellulose, which contributes 8 % - 23 % of the biomass dry weight, contains five 

different sugars, namely, arabinose, galactose, glucose, mannose and xylose (Lynd et al., 

1999), whereas cellulose is a polymer of glucose that has a highly crystalline, water-insoluble 

structure (Mosier et al., 2005). Other components of biomass include lignin, organic 

extractives and inorganic materials (Mohan et al., 2006). Sugarcane bagasse, for example, is 

composed of 40 % - 50 % cellulose, 25 % hemicellulose and 25 % lignin (Pandey et al., 

2000).  

 

Biorefinery plants utilise processes that are integrated in order to produce diverse refined 

fractions (Audsley and Annetts, 2003). The processes are categorised as physical, thermo-

chemical or biochemical (Lyko et al., 2009). Each process has specific operating conditions, 

feedstock requirements, process variations and consequently, diverse product ranges (Bennett 

and Pearson, 2009). Combustion, pyrolysis, hydrolysis and gasification are the major thermo-

chemical processes utilised to produce saleable fuel, chemicals and other products (Bennett 

and Pearson, 2009). 
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3.1 Gasification Processes 

 

Prins (2005) defines gasification as the partial oxidation of a solid fuel source in order to 

produce a gaseous fuel. The partial oxidation of biomass usually occurs in an environment 

containing air, oxygen and/or steam (Li et al., 2004), where the air, oxygen and/or steam act 

as oxidising and fluidising agents (Warnecke, 2000). Balat et al.(2009) generalised the 

definition for carbaceous materials, highlighting that gasification, as a thermo-chemical 

process, is aimed at generating producer gas from coal, petroleum coke, biomass and other 

solid materials. 

 

The high temperature gasification process is biased towards the production of gaseous 

products, which contain producer gas (CO), also known as fuel gas or syngas (Demirbaş, 

2002; cited by Balat et al., 2009). A generalised breakdown of biomass gasification products 

is (Balat et al., 2009): 

 

Biomass + O2 (or H2O)  CO + CO2 + H2 + H2O +CH4 + others CHs + tar + char + ash 

 

The replacement of oxygen with steam produces the same products via steam gasification. 

Oxygen and steam gasification yield gases with Higher Heating Values (HHV) of 10 –

18 MJ.N
-1

.m
-3

, whereas air blown gasification yields gases with a lower HHV of 4 – 7 MJ.N
-

1
.m

-3 
(Schuster et al., 2001). A description of the gasification reactions and the common 

reactor types follows, as gasification is a well-developed process, which uniquely contains 

another biorefinery process within it.  

 

3.1.1 Gasification reactions 

 

Complete gasification is achieved through a series of parallel and sequential processes (Balat, 

2008). Drying, pyrolysis, reduction and oxidation are listed by Warnecke (2000) as the main 

steps required for full biomass gasification to occur. Although pyrolysis is a component 

process of gasification, Balat (2008) emphasises that pyrolysis is carried out as a separate 

process when char and pyrolysis liquids are the desired products. After the initial 

decomposition of biomass into char and volatiles, char gasification and other equilibrium 

processes proceed according to the chemical equations shown in Equation (3.1) to Equation 
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(3.4) (Demirbaş, 2002). At increased residence times with higher heat and pressure, the 

excess carbon monoxide (CO) reacts with the water (see Equation 3.4) to produce methane 

(CH4), in addition to the carbon dioxide (CO2) and hydrogen (H2), as shown in Equation 3.5.  

22 HCOOHC +=+ ><  (3.1) 

COCOC 22 ><=+  (3.2) 

222 COHOHCO +=+ ><  (3.3) 

224 3HCOOHCH +=+ ><  (3.4) 

 

The introduction of catalysts to the reforming stages (Equation 3.5) of gasification increases 

the yield of hydrogen and other light gases, such as carbon monoxide and CO2 within the 

producer gas, while reducing the tar content within the gas (Luo et al., 2009). The overall 

process is represented by Equation 3.5 for a hydrocarbon with n hydrogen atoms and m 

hydrogen molecules (Demirbaş, 2002). Equation 3.6 occurs concurrently with Equation 3.5 

during the reforming of hydrocarbon feedstock (Demirbaş, 2002).  

 

222 )]2/(2[2 HmnnCOOHHC mn ++→+  (3.5) 

22 )]2/(2[ HmnnCOOnHHC mn ++=+  (3.6) 

 

3.1.2 Gasification reactors 

 

Differences in hydrodynamics, gasification agents and operating conditions, distinguish the 

gasifier types from each other (Balat et al., 2009).  The manner, in which the gasification 

agent and the biomass make contact, is the major contributor to differences in the reactor 

hydrodynamics (Balat et al., 2009). Warnecke (2000) describes the classification of gasifier 

types according to the method of feed stock transport through the reactor. Figure 3.1 includes 

some of the examples that were highlighted by Warnecke (2000) for each of the four types of 

gasification reactors. Fixed bed and fluidized bed reactors are the most commonly used 

reactor types for biomass gasification (Warnecke, 2000). These two reactor types are 

discussed further.  
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Figure 3.1 Classification of gasification reactor types according to feed stock transport 

method (adapted from Warnecke, 2000) 

Fixed bed reactors 

 

Fixed bed reactors are classified according to the relative mass flows of the biomass and the 

reactive material (e.g. air or steam) within the gasifier reactor (Warnecke, 2000). Figure 3.2 

includes depictions of counter-current and co-current fixed bed reactors, which are the most 

utilised fixed bed reactors in practice (Warnecke, 2000). The biomass (fuel) is fed into the 

reactor, along with the gasifiying agent (air in this case) and the gaseous and char products 

are formed. Existing experimental research on biomass gasifier performance has focused 

mainly on circulating bed gasifiers, resulting in few evaluations of the impacts of the biomass 

type and the operating parameters on the gasification performance in fixed bed reactors (Luo 

et al., 2009). This focus on circulating fluidised beds rather than fixed bed reactors is 

unexpected since fixed bed downdraft reactors comprised 75 % of the commercial 

gasification plants offered by 50 manufacturers in Europe, the United States and Canada, 

whereas only 20 % were fluidised bed systems (Knoef, 2000; Balat et al., 2009).  
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Figure 3.2 Fixed bed reactors (Warnecke, 2000) 

 

Fluidized bed reactors  

Circulating and bubbling fluidised bed reactors are the preferred reactor types for the 

fluidized bed gasification of biomass (Warnecke, 2000). Bubbling fluidized beds have low 

gas flow velocities, which result in few solids being transported out of the bubbling bed 

(Warnecke, 2000). In contrast, circulating beds recycle all entrained solids and have high 

fluidising velocities (Warnecke, 2000). Figure 3.3 is a schematic of a circulating fluidized 

bed reactor utilised by Li et al.(2004) to examine the effects of operating parameters on gas 

composition, gasification efficiency and tar yield using air as the oxidising and fluidising 

agent. The following paragraph explains the reactor configuration in more detail.  

 

Li et al.(2004) describe the configuration depicted in Figure 3.3 as being suitable for both 

coal and pre-treated biomass gasification. They used this configuration for sawdust 

gasification during the examination of the effects of various operating parameters on the 

gasification process. After being fed from the storage hoppers, the biomass undergo moisture 

evaporation, pyrolysis and char gasification in the riser, as it makes contact with the air that is 

preheated to between 400°C and 550°C. The hot gas is cooled down from the cyclone 

discharge temperature of 600°C to 800°C using a two-stage water-jacketed heat exchanger 

and a single-stage air pre-heater before entering the filter unit. Course particles from the 

cyclone are returned to the riser through a feedback loop, while ash from the filter unit 

cyclone is collected in a drum. Li et al.(2004) repeated the process using saturated steam 

instead of air at 5 bar, with a superficial velocity of between 4 m.s
-1

 and 10 m.s
-1

 in order to 
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investigate the effect of different operational parameters on steam gasification in a circulating 

fluidized bed. It was found that the use of air or saturated steam yielded similar results.  

 

 

 

Figure 3.3 Schematic of a circulating fluidized bed reactor system (from Li et al., 2004) 

 

3.2 Pyrolysis Processes 

 

Pyrolysis and gasification decompose biomass thermally (Mohan et al., 2006). Pyrolysis 

refers to the partial thermal degradation of biomass in an environment with inadequate 

oxygen levels for full combustion to occur, which results in the production of pyrolysis liquid 

(bio-oil) and char (bio-char) (Demirbaş, 2002; Mohan et al., 2006). Gasification, on the other 

hand occurs under monitored oxygen levels to produce syngas (Mohan et al., 2006). Saxena 

et al.(2008) referred to low oxygen conditions as inert conditions and expressed the pyrolysis 

process as an endothermic reaction carried out at 500 ⁰C as shown in Equation 3.7. Balat et 

al.(2009) used a variation of Equation 3.7 as shown in Equation 3.8 to describe the pyrolysis 

process. In Equation 3.8, Balat et al.(2009) used ‘volatile matter’ as a blanket term for the 

liquid (bio-oil) and gaseous products of the process.  
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Gas  Char  oil-Bio Energy   Biomass ++→+  (3.7) 

matter Volatile  CharcoalBiomass +→  (3.8) 

 

Figure 3.4 includes a diagrammatic categorisation of pyrolysis products and subsequent 

compounds from these products (Balat et al., 2009). The relative proportions of the product 

yields were described by Chen et al.(2003) as being dependant on the temperature, biomass 

type, heating rate, particle size, pressure, reactor configuration and addition of catalysts.  

 

 

Figure 3.4 Fractionation of biomass pyrolysis products (Balat et al., 2009) 

 

Bridgwater et al.(1999) noted that the process engineer bares the responsibility of monitoring 

and optimising the pyrolysis process to produce the desired proportions, quality and yield of 

pyrolysis products. The ranges of operational properties for the different pyrolysis processes, 

as documented by Balat et al.(2009), are shown in Table 3.1. Occurring under low heating 

rates, conventional pyrolysis promotes the production of char over the liquid and gaseous 

products (Balat et al., 2009). Fast pyrolysis is performed under low temperatures and high 

heating rates to produce more liquid bio-oil product (Kirtay, 2011) and flash pyrolysis results 

in higher yields of gaseous products (Balat et al., 2009). 
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Table 3.1 Ranges of the main operating parameters for the pyrolysis process (after Balat et 

al., 2009) 

Pyrolysis 

Technology 

Solid residence 

time (s) 

Heating 

rate (K.s
-1

) 

Particle 

size (mm) 

Temperature 

(K) 

Conventional 450-550 0.1-1.0 5-50 550-950 

Fast 0.5-10.0 10-200 <1.0 850-1250 

Flash <0.5 >1000 <0.2 1050-1300 

 

Although a residence time of 1 second is optimal for the production of the pyrolysis liquid 

within the temperature range shown in Table 3.1 for fast pyrolysis, residence times of up to 5 

seconds could be used if the vapour temperature is kept below 400°C (Bridgwater et al., 

1999). Increased residence times, however, could cause degradation of volatiles and 

condensation at vapour temperatures above 500°C and below 400°C, respectively 

(Bridgewater et al., 1999). The pattern of the relative yields of the fast pyrolysis product 

streams over a temperature range of 450°C to 600°C is depicted in Figure 3.5. The popularity 

of fluidised bed reactors is attributed to their simplicity and the relative ease to scale-up to 

industrial capacity (Bridgewater et al., 1999).  

 

 

Figure 3.5 Typical yields of organic liquid, reaction water, gas and char from fast pyrolysis of 

wood, weight percentage (wt %) on dry feed basis (Toft, 1996) 

 

3.3 Cogeneration Processes 

 

Cogeneration refers to the combined production of electricity and useful heat within the same 

facility (Demirbaş, 2006). Cogeneration is alternatively referred to as Combined Heat Power 
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(CHP) (Demirbaş, 2006). Electricity and useful heat are the two products of cogeneration 

(Boerrigter and Rauch, 2005). Electricity usually accounts for one third of the total energy 

produced in a sugar mill, while useful heat accounts for the remaining two thirds (Boerrigter 

and Rauch, 2005). Austria, Germany and Finland have had rapid expansions in the use of 

biomass as a heating source, with Finland boasting a total capacity of over 1500 MW 

(Alakangas and Flyktman, 2001). Balat et al.(2009) highlight the benefit of cogeneration by 

contrasting the energy-use efficiencies of separate heat and power plants to a cogeneration 

plant. Figure 3.6 is a depiction of the distinction between the two energy regimes, where the 

cogeneration regime achieved 86 % efficiency versus 55 % usable energy production 

efficiency for the separate heat and power systems.  

 

 

Figure 3.6 Comparison between energy inputs to separate heat and power system and 

cogeneration system (Demirbaş, 2006) 

 

3.4 Biomass Digestion Processes 

 

Anaerobic digestion is a well established process that has traditionally been utilised for 

organic waste management and food and agricultural residue processing (Weiland, 2006). It 

is the bacterial decomposition of organic matter in the absence of oxygen, to produce biogas, 
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which is a mixed gas of methane, carbon dioxide and other gases (Demirbaş, 2001). 

Anaerobic digestion is aimed at converting biomass into a fuel source through producing 

biogas, extracting profit from waste disposal and it also reduces the use of inorganic 

fertilisers in agriculture by nutrient recovery (Weiland, 2006). Biomass types, with high dry 

mass yields per hectare, excluding lignified crops, can be anaerobically digested to produce 

methane, carbon dioxide, hydrogen sulphide, ammonia, water and residual solid biomass 

particles (Weiland, 2006). Biomass is decomposed in the absence of oxygen, with methane as 

the product of greatest interest (Demirbaş, 2001), through the use of wet or dry fermentation 

processes (Weiland, 2006). Wet fermentation refers to anaerobic digestion of biomass with 

total solids of between 8 % and 10 %, whereas, dry fermentation feedstocks have total solids 

of at least 20 % (Chynoweth et al., 2001). Dry fermentation is less popular due to the higher 

pre-treatment costs associated with this process (Demirbaş, 2001), thus dry fermentation is 

not included in this review.  

 

Weiland (2006) recorded that 90 % of anaerobic digestion plants in Germany utilise wet 

fermentation technologies, which are characterised by continuous fermentation of liquid, 

viscous or solid biomass substrates, efficient heat and mass transfer and safe gas discharge. 

Wet fermentation reactors are found in vertical or horizontal reactor configurations, with 

vertical reactors being the more preferred arrangements (Weiland, 2006). Three examples of 

vertical reaction configurations and a horizontal wet fermentation reactor configuration are 

included in Figure 3.7, where L and G represent the liquid and gaseous outlets, respectively. 

The biomass mixtures are agitated continuously in order to avoid biomass settlement, which 

reduces the reactor capacity. 

 

Vertical digestion reactors have volumes ranging from 1000 m
3
 to 4000 m

3
, whilst horizontal 

reactors are limited by technical and economic feasibility to 700 m
3 

(Weiland, 2006). Mixers 

are used to avoid biomass settling and scum formation (Weiland, 2006). Reactor (a) shown in 

Figure 3.7 has a central mixer which has stirrer blades for increased mixing efficiency at 

higher solids content (Weiland, 2006). Figure 3.8 schematically represents a membrane 

roofed vertical reactor that utilises an inclined axle stirrer. The membrane cover used to store 

the gas released from the digester.  
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Figure 3.7 Wet fermentation reactor types for anaerobic digestion (Weiland, 2006) 

 

 

Figure 3.8 Vertical digester with a double membrane roof and an inclined axle stirrer 

(Weiland, 2006) 
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3.5 Hydrolysis Processes 

 

Hydrolysis, also known as saccharification, refers to the conversion of carbohydrate polymers 

into sugar monomers through chemical (acid and alkaline) and enzymatic decomposition 

(Mosier et al., 2005). These sugars are typically fermented to produce second generation 

bioethanol (lignocellulose derived bioethanol) in a four step sequence including pre-

treatment, hydrolysis, fermentation and product separation/purification (Lynd et al., 1999; 

Mosier et al., 2005; Aita et al., 2011). Although first generation bio-fuels, extracted from 

sugars and vegetable oils, are more easily processed, the lignocellulose-based process 

displays reduced environmental impacts, higher power efficiency and lower water 

consumption (Aita et al., 2011). This section includes literature on the most established 

hydrolysis processes, namely enzymatic and acid hydrolysis (Grisi et al., 2011).  

 

3.5.1 Enzymatic hydrolysis 

 

Enzymatic hydrolysis refers to the agitated incubation of pre-treated biomass with 

carbohydrate degrading enzymes (cellulase and β-glucosidase) at ambient and above ambient 

temperatures to produce monomeric sugars (Sukumaran et al., 2009). Figure 3.9 includes a 

schematic depiction of the steps followed from the pre-treatment (milling) of lignocellulosic 

biomass to the final production of ethanol, via enzymatic hydrolysis. The cellulose and 

hemicelluloses containing biomass is pre-treated to expose the cellulose to enzymatic 

activity. The addition of cellulase enzymes and the subsequent hydrolysis of the biomass 

produce a hydrolysate, which contains glucose. The glucose is then fermented and distilled to 

produce ethanol.  

 

 

Figure 3.9 Schematic of basic process of enzymatic hydrolysis (Sukumaran et al., 2009) 
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The cost of cellulase preparation methods is considered to be a significant constraint in the 

commercialisation of enzymatic hydrolysis (Sukumaran et al., 2009). Sukumaran et al.(2009) 

highlight that the overall process costs would have to be reduced by using cheaper raw 

materials or improved fermentation methods to produce cellulase enzymes for this hydrolysis 

process. Enzymatic hydrolysis has been researched over the past two decades, whereas 

processes such as acid hydrolysis and gasification, have been investigated for over half a 

century (Lynd et al., 1999).  

 

3.5.2 Acid hydrolysis 

 

Acid hydrolysis is most commonly performed using one to 10 % volume ratio (v/v)  

concentrated solutions of sulphuric and hydrochloric acids at temperatures between 100°C 

and 150°C. The biomass is mixed into a slurry with the dilute acid, after which the pH is 

stabilised to 5 using an alkaline solution (Hernández-Salas et al., 2009). The solution is then 

diluted from ratios (liquid/biomass) of 5:1 up to 30:1 and filtered. The hydrolysate is 

fermented in the ethanol producing process (Hernández-Salas et al., 2009). Sulphuric and 

hydrochloric acid catalyse the decomposition of lignocellulosic biomass in acid hydrolysis 

(Lenihan et al., 2010). The corrosive nature of the acid hydrolysis process requires the use of 

durable reactors, which contributes to the capital costs associated with the process (Brodeur 

et al., 2011). Acid hydrolysis converts biomass at higher rates than enzymatic hydrolysis 

because the acid breaks down the lignin structure of the biomass at a faster rate than 

enzymatic hydrolysis, without the need for biomass pre-treatment (Lenihan et al., 2010). This 

aggressive nature of acid hydrolysis promotes the production of hydrolysis inhibitors, such as 

furfural and rapidly degrades glucose, thus reducing its advantage over enzymatic hydrolysis.  
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4. PROCESS SYNERGIES 

 

The integrated nature of biorefineries further entails synergising separate processes into 

single operations that either produce new products or alter the yield proportions of 

biorefinery products (Huang et al., 2008; Demirbas, 2009). This chapter includes brief 

descriptions of well established process synergies that exist between some of the biorefinery 

processes documented in Chapter 3. Fermentation refers to the microbial decomposition of 

biomass usually assisted by the use of microbial cultures (Piccolo and Bezzo, 2009). 

Fermentation has been included among the biorefinery processes discussed in this chapter, 

since it was included in most literature on process synergies (Philippidis et al., 1993; Piccolo 

and Bezzo, 2009).  

 

The integration of enzymatic hydrolysis and sugar fermentation is recorded to be the most 

mature multi-process synergy in the production of bio-ethanol (Piccolo and Bezzo, 2009). 

Bio-ethanol production could be attained by separate hydrolysis and fermentation processes, 

or by integrating the two processes into what is called Simultaneous Saccharification and 

Fermentation (SSF). The latter is preferred for its higher ethanol yields, which are attributed 

to the reduced accumulation of enzyme inhibitors and subsequently lower enzyme costs 

(Philippidis et al., 1993; Piccolo and Bezzo, 2009).  

 

Melligan et al.(2011) performed an experimental analysis of the pyrolysis products of solid 

acid hydrolysis residues. Miscanthus x giganteus, which is a tall rhizomatous European grass, 

was treated via acid hydrolysis to produce a liquid hydrolysate and a lignin containing 

residue. This residue was treated further via pyrolysis to produce bio-char, gas and bio-oil 

(pyrolysis liquid). The potential of the hydrolysis-pyrolysis formed bio-char as a soil 

ameliorant was assessed by comparing its effect on plant growth to that of a purely pyrolysis 

formed bio-char. Although the increase in plant productivity for the hydrolysis-pyrolysis bio-

char lagged that of the pyrolysis bio-char by 50 % over a 21-day period, Melligan et al.(2011) 

concluded that the hydrolysis-pyrolysis bio-char would be valuable in sequestering carbon, 

improving water retention and lowering leaching losses.  

 

The three major products of gasification, namely syngas (CO), carbon dioxide (CO2) and 

hydrogen gas (H2), undergo fermentation through the use of Clostridium ljungdalii bacteria to 
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produce ethanol and acetic acid in the integration of gasification and fermentation (Piccolo 

and Bezzo, 2009). The gaseous products of gasification undergo a ‘crude’ purification, 

followed by heat recovery that reduces the gas temperature to 39°C before entering the 

fermentation reactor. The liquid product stream, also known as the fermentation broth is 

distilled to extract ethanol, whilst the residual unfermented syngas is used to generate steam 

and electricity to form a three-process synergy.  
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5. DISCUSSION AND CONCLUSIONS 

 

Pre-treatment processes form a necessary biomass preparation step for biorefinery 

processing. The mechanical, chemical, biological or physico-chemical pre-treatment of 

biomass increases the subsequent processing yields by up to 70 %, as the lignified biomass 

structures are degraded. The considerable pre-treatment running costs are an essential 

investment to achieve processing feasibility. Of the four pre-treatment processes investigated, 

alkaline pre-treatment is the most time consuming process if not performed at elevated 

temperatures. Alternatively, uncatalysed steam explosion may require as little as one minute 

to pre-treat hardwoods and agricultural residues. Acid pre-treatment is the most aggressive 

pre-treatment option and is capable of reacting in the manner of a biorefinery process rather 

than a preparatory step. This characteristic of acid pre-treatment could prove useful if only a 

one biorefinery process is integrated into an existing system.  

 

Uncatalysed steam explosion is most effective on hardwoods and agricultural residues, whilst 

liquid hot water pre-treatment is most effective on softwoods. Acid and alkaline pre-

treatments are effective on all types of biomass and can be integrated into any biomass 

processing plant. Either acid or alkaline pre-treatment can therefore be used as a single pre-

treatment method in a given mill or plant. The versatility of these two processes may be 

undermined by the environmental impact associated with the chemicals used in both these 

processes. Alkaline pre-treatment requires particle size reduction and thus, additional energy 

input. The aggressive nature of acid pre-treatment results in the production of fermentation 

inhibitors, such as furfural, which consequently reduce downstream processing efficiencies. 

A more environmentally friendly alternative would be to use both liquid hot water and 

uncatalysed steam explosion conjunctively to process the diverse feedstocks. High-pressure 

steam and hot water could be diverted from boilers already existing within sugar or forestry 

mills, making integration a possibility.  

 

Biorefinery processing is a topic of growing research interest, with a continuously growing 

resource of published works on new and well established biorefinery processes and 

technologies. Research on some of the more mature processes has proceeded for over five 

decades, to form a large resource of literature. Recent publications reflect an increased 

interest in large-scale industrialisation of biorefinery processes, as the effects of process 
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parameters on process efficiencies are investigated to improve up-scaling feasibility. The 

main, mature biorefinery processes are gasification, pyrolysis, biomass digestion, hydrolysis 

and fermentation. The cogeneration of biorefinery products and electricity is accepted as a 

method of improving processing efficiencies through the use of excess heat and power. 

Researchers concur that although pre-treatment processes increase product yields 

considerably, the relative cost of the pre-treatment is significantly higher than other unit 

operations, which opens a need for more efficient pre-treatment alternatives.  

 

The literature sources were found to have a greater focus on bio-based fuels, such as ethanol, 

with a lesser focus on bio-based products. Most literature proposed refineries that focused on 

ethanol production, with other products as by-products of ethanol production. This is 

evidenced in the greater maturity of fuel producing processes such as gasification, when 

compared to processes like hydrolysis, which require further product processing to form 

fuels. This bias is most probably attributed to the socio-political instability associated with 

petroleum-based fuels. Literature on process synergies follows a similar trend, with most 

synergies being aimed at increasing bio-ethanol process yields.  

 

Several issues contribute to the complexity of integrating biorefinery processes into existing 

industry structures. Firstly, the different processes utilise a variety of equipment in the form 

of process specific reactors, with varying associated capital investment costs. Secondly, the 

processes produce varying proportions of products, depending on the feedstock type. This 

introduces the complexity of optimising the volumes of feedstocks processed via each 

process to yield the greatest profit, or highest yield of desired products.  

 

The following chapter includes a research project proposal, where an approach to manage the 

complexity associated with biorefineries is proposed.  
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6. PROJECT PROPOSAL 

 

This section includes an MScEng research project proposal arising from the findings of the 

literature review performed. A brief background demarcating the nature and complexity of 

the research problem is included, from which the research aim and objectives are derived. 

The research methodology, resources required and the project timeline form the rest of the 

project proposal.  

 

6.1 Background 

 

A 2011 profile of the South African sugar market value chain reported that the South African 

sugar industry continues to face profitability challenges (DAAF, 2011). These challenges 

were attributed, amongst others, to the lack of preferential access to the European Union 

markets and the lack of duty free quotas through the SADC Trade Protocol. South Africa is 

uniquely affected by such limitations because other member states of the Southern African 

Customs Union (SACU) and the Southern African Development Community (SADC) impact 

South Africa’s competitiveness by having access to these market privileges.  

 

Biorefineries have the potential to increase the industry’s profitability through product 

diversification and exploitation of whole-crop feedstocks. Kokossis and Yang (2010) propose 

the use of Systems Engineering tools, including synthesis, optimisation and modelling, to 

manage the invariable complexity associated with an integrated biorefinery system in order to 

promote innovative biorefinery units, processes and supply chains. The following proposal 

will utilise this suggestion by Kokossis and Yang (2010) to approach the complexity of 

biorefinery integration, through the use of relational database management as a Systems 

Engineering tool.  

 

6.2 Research Question 

 

The research question to be addressed by the proposed research project is: 

How can biorefinery plants be developed and managed feasibly from the existing sugar 

and forestry processing infrastructure and feedstocks available within KwaZulu-Natal? 
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Consequently, the aim of this research project is to investigate opportunities to establish 

viable biorefineries within KwaZulu-Natal. The following research objectives have been 

selected to facilitate the fulfilment of the project aim: 

(a) Perform a literature review on the characteristics of different biorefinery processes, 

highlighting the exploitable feedstocks and products that are specific to each process. 

This review will only focus on well established biorefinery processes, excluding new, 

unfamiliar and patented processes.  

 

(b) Develop a combinatorial model that would evaluate a wide range of biorefinery 

opportunities.  

 

(c) Qualitatively evaluate additional strengths and limitations associated with the best 

solutions found in Error! Reference source not found. using techno-economic 

criteria to further assess the feasibility of the proposed configurations.  

 

6.3 Methodology 

 

The research methodology is composed of the data collection methods and analysis 

approaches. Microsoft Office Access will be the main tool utilised to capture and analyse the 

data using a relational database structure. The project will proceed as follows: 

(a) A spreadsheet of the possible sugar and forestry feedstocks and products for each of 

the biorefinery processes included in the literature review will be compiled. This 

spreadsheet will serve as a reference of relevant compounds, chemicals and products 

when modelling new supply chains between potential suppliers and end users within 

the province.  

 

(b) A list of all the useful data types to describe the KwaZulu-Natal sugar and forestry 

industries will be compiled as a guide for the type of data to be collected. Quantitative 

and descriptive data will then be collected from these industries. The data will include 

supplier, capacity, downstream industry and other supply chain data from sugar and 

forestry research institutions and existing mills.  
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(c) The data types will then be categorised into logical tables according to the similarities 

in the data types. A primary key, which refers to the identifier field, will be selected 

for each table to facilitate association between tables. Relationships between the 

logical tables will then be defined by locating matching fields among the tables.  

 

(d) The design of queries and algorithms will follow once the database functionality has 

been validated. The query design process will require that several criteria within the 

complex sugar and forestry industries are considered, such as distances between 

feedstocks and mills and available feedstock quantities. The queries will be designed 

to quantify feasible solutions derived within supply chain management, technical and 

economical constraints applicable to the KZN biorefinery scenario.  

 

Qualitative evaluations of the preferred solutions will follow, utilising SCM Theory as a 

decision support system basis to verify the feasibility of each solution. The evaluations will 

be applied at strategic, tactical and operational levels of each solution configuration and its 

individual partners, facilities, nodes and linkages. At a strategic level, these considerations 

may include market conditions and constraints, whilst the practicality of procurement, 

manufacturing and distribution configurations would comprise the tactical and operational 

level considerations. 

 

6.4 Resources Needed 

 

The following resources would be essential for the completion of the research project 

according to the proposed methodology: 

 

(a) Access to sugar and forestry industry data.  

 

(b) A telephone to contact industry stakeholders and data providers. 

 

(c) A high-speed (powerful) computer, with a minimum 500 MHz processor to facilitate 

quick retrieval of Structured Query Language (SQL) queries used in Microsoft Office 

Access.   
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6.5 Timeline 

 

Table 6.1 is a tabular breakdown of the proposed project schedule, which includes the major 

milestones of the project.  

 

Table 6.1 Research Timeline 

Tasks (2012 - 2013) F M A M J J A S O N D J F M 

Literature Review and Proposal                            

Compile Resource spreadsheet                            

Data identification and collection                            

Logic table structure design                            

Relationship definition                            

Query and algorithm design                            

Solution generation and evaluation                            

First draft submission                            

Final thesis submission                            
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