 SOLID SUBSTRATE FERMENTATION
INTRODUCTION
Somehow, when we talk about fermentation, almost everybody conjures up the image of submerged fermentation (SmF) as carried out in the big stainless steel fomenters or the fermentation vats. Not many are aware of the other type of fermentation called as solid substrate fermentations (SSF). 
In the East, SSF is used in traditional food fermentations and it has always stayed in the back burners of the fermentation popularity. The ‘unpopularity of SSF does not mean SSF is inferior. In certain ways SSF has more advantages to SmF depending on the situation.
It is only in the last few decades that the West is interested in exploiting SSF in the production of microbial enzymes and other microbial products. It is interesting to point here that in terms of diversity of fermentation products the SSF is more restricted compared to SF
The unpopularity of SSF compared to SmF is more attributed to the poor understanding and control of the SSF fermentation compared to SF which is well established in the West. The popularity of SF in the west is more because of the rich diversity of fermentation products that can be obtained through SmF compared to SSF. This does not mean that there are no SSF in the West. The diversity of cheeses produced by molds in SSF testifies to this.
SF is more established in the west is probably initiated attributed to their fascination of alcoholic beverages. This is followed by the interest in the West to scale up or carry out industrial production through which they have through science and technology to understand and control the process. They would have recognized early that in terms of fermentation products SSF is more efficient compared to the passive SmF
The jumpstart in SF is perhaps single handedly contributed by the antibiotics fermentation industries during the World wars and see the legitimacy of Industrial Microbiology.
The poor understanding and limitations of SmF is probably the main reason why SF always remain in the back burners of fermentation
It is comparatively, easier to carry out scale up of SF for industrial fermentations compared to SSF.
In a way it is wrong for us to regard SSF and SF as two different types of fermentations. Both types of fermentations are carried out by the microorganisms.
The main differences between SSF and SF are that:
1 SSF uses little water
2 The substrates for the microorganisms are significantly in solid 
forms and not in solution
These two factors have important consequences in influencing SSF and giving SSF its unique characteristics

LITTLE WATER IN SSF
When we say SSF uses little water in fermentation it could mean literally in terms of very low volume of water used in the fermentation or very little free or available water occurred in the fermentation.
This is a significant difference compared to SF where the aqueous phase is the dominant component in the fermentation process.
In situation where little water are used in SSF, water is still required for the metabolism of the fermentative microorganisms but it occur surrounding the substrate particles as a thin film of water. A good example is in tapai fermentation. 
In Sauerkraut fermentation even though large volumes of water are used for the fermentation, these water are not free or easily available to the microorganisms due to competition with the salt ions.
Where very low volume of water are used in SSF, we could regard the SSF as dry fermentation as exhibited in tempe SSF where fungal mycelial growth covered the surfaces of the wet soya beans.
In such dry SSF, there are porous spaces around the sold substrate to allow for easy mass transfer of heat and oxygen in the substrate matrix

IMPACT OF AMOUNT OF WATER IN SSF
As discussed above water is the critical issue in SSF and SSF operate in very little water environment. Water is important in SSF as
1 It is the medium where nutrients required by the microorganisms are dissolved and transported to the microorganisms.
2 It is required by the microorganisms to carry out the various etabolic and biochemical reactions to grow
The right amount of water is critical in any SSF. One good example is in the SSF of tempe. Higher amount of water could result in a more vigorous growth of the mycelia resulting in the clogging of the pores between the solid substrate and hampering the mass transfers of oxygen as well increase in the metabolic heat. This would result in a very hard and compact tempe which is not popular compared to the soft fluffy tempe. 
With the decrease in substrate porosity and the resulting decrease in oxygen may even increase the risks of bacterial contamination. Low amount of water on the other hand may result in poor accessibility of nutrients which will result in poor growth of the mycelia.
Low amount of water in SSF means that the fermentation products in solution are not significantly diluted and will occur in high concentration. There is also the side benefits of low volume effluent generated in SSF compared to SF

SUBSTRATES IN SOLID PRESENTATIONS
In SF, the nutrients are usually dissolved, well mixed and dispersed in the fermentation broth. Good mixing will ensure good mass transfer of nutrients, oxygen and heat throughout the fermentor.
In SSF, the conditions are significantly different as the substrates occur dominantly in particle or solid forms and are not easily available to the microorganisms. These solid substrates are often static or fixed and not easily mixed or dissolved. SSF microorganisms have to actively colonized the surface of the substrates, dissolved the solid substrates powered by extracellular enzymes to release the nutrients needed for the growth
The advantages of this dry SSF are that there are large surface areas available and easy aeration. Its setback is however low heat transfer capacity. However often at times it is important in finding the correct size of solid particles in SSF. Too big a paricle might yield to surface area t volume ratio thus limiting the efficiency for microbial action. Yet at the same time using large particles will allow large void space to facilitate oxygen, water and heat mass transfer needed in aerobic SSF.
In small particles SSF even though there is a higher surface area to volume ratio to optimize microbial action, it often however hinders the efficiency of the various mass transfer processes needed to support SSF

AERATION IN SSF
We are discussing aeration in the context of aerobic SSF. Aeration serves the following main functions in SSF. 
1 to maintain aerobic conditions,                     2 to desorb carbon dioxide, 
3 to regulate the substrate temperature and      4 to regulate the moisture level.
In SSF that involves the formation of a thin film of water around the substrate the efficiency of oxygen mass transfer is very high in the case of dry SSF such as tempe. However in tapai SSF due to the high sugar concentration resulting in the thick viscous film of liquid around the SSF, there is a very poor mass transfer of oxygen thus allowing alcohol fermentation to proceed

HEAT DISSIPATION IS CRUCIAL ISSUE IN SSF
One of the main characteristics in dry SSF such as in tempe and composting is the high generation of heat generated by the aerobic metabolism. To make the conditions worst in SSF the solid materials used in SSF are often have low thermal conductivities. This would easily result in built up of heat. 
The effective dissipation of heat is often related to aeration of the SSF system. Aeration not only brings in oxygen but also help in the removal of heat from the SSF.
The amount of heat produced and managed in SSF is very crucial to the fermentation process. High uncontrollable heat is not good in SSF as it affects the composition of microorganisms, its physiology of growth and even product formation.

MICROORGANISMS IN SF AND SSF
In both type of fermentations, the microorganisms are the agents of change. Differences might differ in the type of microorganisms involved and the behaviour and physiological requirements of these microorganisms. The function of the fomenters is to support the growth of the microorganisms as such the type and configuration of SF or SSF will be dictated by the nature of the microorganisms involved
In SSF the nature of microorganisms generally differ from SF as it involves:
1 Mixed cultures or diversity of microorganisms     2 That it does not rely on single or pure culture fermentations
These two characteristics are consequences of using complex and solid substrate which can only be effectively utilized by the combined action of mixed microorganisms
Since it depend on mixed culture of microorganisms which are in most cases natural inocula, aseptic is not really required in the SSF. Exclusivity of microorganisms in SSF in most cases are imposed by the phenomena of natural protection whereby not many organisms can grow in the environment such as the very low availability of free water or very high salt or sugar concentration
This does not mean to say SSF cannot go bad or contaminated. Failure to provide the ideal conditions in SSF can result in spoilage of fermented food

MICROBIAL GROWTH FORMS
There are two main microbial growth forms commonly encountered in SSF.
1 Mycelial mat by fungi       2 Microbial film by bacteria

MYCELIAL GROWTH
In aerobic SSF mycelial growth form on the surfaces of the substrates is common. In this growth form the main unit of growth of the filamentous fungal is the hyphae. The hyphae growth is characterized by apical growth. A mass of hyphae constitute the mycelium or mat growing on the surface of SSF
The key point is that active growth occurs only at the tip of the hyphae as it actively seek new source of substrate. Extracellular hydrolytic enzymes are secreted at the apical tip to breakdown the substrate. 
Its impossible for the hyphal to keep on growing deeper to search for nutrients and transport it backwards to other hyphae. Sooner the back zones of the mycelia will die or sporulation occurs.

BIOFILM GROWTH
The formation of biofilm is usually characterized in SSF where bacteria growth is dominant. The development of biofilm in SSF followed a sequential development whereby the surfaces of the SSF is colonized and development of the biofilm will result in the growth of high number of cells on the surfaces trapped within the EPS matrix
In terms of structure the biofilm offer different challenges in mass transfer compared to mycelial growth of SSF.
The function of the biofilm is in fact a barrier to mass transfers between the microorganisms and the environment. This situation would easily result in the formation of various physical and chemical gradients from the surface to the inner depth of the biofilm. Aerobic and anaerobic zones capable of supporting different physiological groups of microorganisms would be formed easily

EVOLUTION OF SSF FERMENTORS
Technologically, the SSF fermentors have not really evolved and are still stuck with the concept of racks or tray fermentors with little or no changes from the past. Many designs have been published that belong to the first category including static and agitated models but only few models are used in commercial production
It is SF fermentors with its submerged fermentation that has undergone much technological evolution in size, design and function. This was really triggered by the birth of industrial microbiology spurred by the world wars.
Even today, bioprocess engineers are coming up with newer and unorthodox design for submerged fermentation in fermentors for the production of new metabolites from different type of cells. But seriously speaking the high yield of fermentation products such as penicillin is more due to the successful account of strain development rather than significant improvement in bioreactor design
This development of SF over SSF does not mean that SSF is irrelevant. It is more a reflection of the poor understanding and limitations of the various physical, chemical and biological processes to be controlled in any SSF process. It could also mean that there is a poor appreciation of the potential of SSF in the fermentation industries.
The main limitations of engineering design of SSF are:      1 Problem of heat dissipation       2 Mixing
The main method of heat dissipation is by evaporative cooling. In this process the loss of heat is correlated with loss of water from SSF. Thus it is crucial while there is a need to cool the heat there is also the need to retain the moisture for proper SSF to procee
While good mixing is important to obtain good mass transfers in SSF in drum type fermentors, the product of SSF might not be suitable as in the case of tempe fermentation where the final presentation of the tempe is important in itself
Solid-state fermentation
Solid-state fermentation has emerged as a potential technology for the production of microbial products such as feed, fuel, food, industrial chemicals and pharmaceutical products. Its application in bioprocesses such as bioleaching, biobeneficiation, bioremediation, biopulping, etc. has offered several advantages. Utilisation of agro-industrial residues as substrates in SSF processes provides an alternative avenue and value-addition to these otherwise under- or non-utilised residues. Today with better understanding of biochemical engineering aspects, particularly on mathematical modelling and design of bioreactors (fermenters), it is possible to scale up SSF processes and some designs have been developed for commercialisation. It is hoped that with continuity in current trends, SSF technology would be well developed at par with submerged fermentation technology in times to come. 

Introduction 

Solid-state (substrate) fermentation (SSF) has been defined as the fermentation process occurring in the absence or near-absence of free water. SSF processes generally employ a natural raw material as carbon and energy source. SSF can also employ an inert material as solid matrix, which requires supplementing a nutrient solution containing necessary nutrients as well as a carbon source. Solid substrate (matrix), however, must contain enough moisture. Depending upon the nature of the substrate, the amount of water absorbed could be one or several times more than its dry weight, which leads relatively high water activity (a w) on the solid/gas interface in order to allow higher rate of biochemical process. Low diffusion of nutrients and metabolites takes place in lower water activity conditions whereas compaction of substrate occurs at higher water activity. Hence, maintenance of adequate moisture level in the solid matrix along with suitable water activity are essential elements for SSF processes. Solid substrates should have generally large surface area per unit volume (say in the range of 10 3-10 6 m 2/cm 3 for the ready growth on the solid/gas interface). Smaller substrate particles provide larger surface area for microbial attack but pose difficulty in aeration/respiration due to limitation in inter-particle space availability. Larger particles provide better aeration/respiration opportunities but provide lesser surface area. In bioprocess optimisation, sometimes it may be necessary to use a compromised size of particles (usually a mixed range) for the reason of cost effectiveness. For example, wheat bran, which is the most commonly used substrate in SSF, is obtained in two forms, fine and coarse. Former contains particles of smaller size (mostly smaller than 500-600 µ) and the latter mostly larger than these. Most of SSF processes use a mix of these two forms at different ratios for optimal production. 

Solid substrates generally provide a good dwelling environment to the microbial flora comprising bacteria, yeast and fungi. Among these, filamentous fungi are the best studied for SSF due to their hyphal growth, which have the capability to not only grow on the surface of the substrate particles but also penetrate through them. Several agro crops such as cassava, barley, etc. and agro-industrial residues such as wheat bran, rice bran, sugarcane bagasse, cassava bagasse, various oil cakes (e.g. coconut oil cake, palm kernel cake, soybean cake, ground nut oil cake, etc), fruit pulps (e.g. apple pomace), corn cobs, saw dust, seeds (e.g. tamarind, jack fruit), coffee husk and coffee pulp, tea waste, spent brewing grains, etc are the most often and commonly used substrates for SSF processes. During the growth on such substrates hydrolytic exo-enzymes are synthesised by the micro-organisms and excreted outside the cells, which create and help in accessing simple products (carbon source and nutrients) by the cells. This in turn promotes biosynthesis and microbial activities. 

Apart from these, there are several other important factors, which must be considered for development of SSF processes. These include physico-chemical and biological factors such as pH of the medium, temperature and period of incubation, age, size and type of inoculum, nature of substrate, type of micro-organism employed, etc. 

Significance of SSF 
SSF has been considered superior in several aspects to submerged fermentation [SmF] due to various advantages it renders. It is cost effective due to the use of simple growth and production media comprising agro-industrial residues, uses little amount of water, which consequently releases negligible or considerably less quantity of effluent, thus reducing pollution concerns. SSF processes are simple, use low volume equipment (lower cost), and are yet effective by providing high product titres (concentrated products). Further, aeration process (availability of atmospheric oxygen to the substrate) is easier since oxygen limitation does not occur as there is a increased diffusion rate of oxygen into moistened solid substrate, supporting the growth of aerial mycelium. These could be effectively used at smaller levels also, which makes them suitable for rural areas also. 

General aspects of SSF 

There are several important aspects, which should be considered in general for the development of any bioprocess in SSF. These include selection of suitable micro-organism and substrate, optimisation of process parameters and isolation and purification of the product. Going by theoretical classification based on water activity, only fungi and yeast were termed as suitable micro-organisms for SSF. It was thought that due to high water activity requirement, bacterial cultures might not be suitable for SSF. However, experience has shown that bacterial cultures can be well managed and manipulated for SSF processes . It has been generally claimed that product yields are mostly higher in SSF in comparison to SmF. However, so far there is not any established scale or method to compare product yields in SSF and SmF in true terms. The exact reasoning for higher product titres in SSF is not well known currently. The logical reasoning given is that in SSF microbial cultures are closer to their natural habitat and probably hence their activity is increased. 

Selection of a proper substrate is another key aspect of SSF. In SSF, solid material is non-soluble that acts both as physical support and source of nutrients. Solid material could be a naturally occurring solid substrate such as agricultural crops, agro-industrial residues or inert support . However, it is not necessary to combine the role of support and substrate but rather reproduce the conditions of low water activity and high oxygen transference by using a nutritionally inert material soaked with a nutrient solution. In relation to selection of substrate, there could be two major considerations; one that there is a specific substrate, which requires suitable value-addition and/or disposal. The second could be related with the goal of producing a specific product from a suitable substrate. In the latter case, it would be necessary to screen various substrates and select the most suitable one. Similarly it would be important to screen suitable micro-organisms and select the most suitable one. If inert materials such as polyurethane foam are used, product isolation could be relatively simpler and cheaper than using naturally occurring raw materials such as wheat bran because while extracting the product after fermentation, along with the product, several other water-soluble components from the substrate also leach out and may pose difficulties in purification process. Inert materials have been often used for studying modelling or other fundamental aspects of SSF. 

Other relevant issues here could be the selection of process parameters and their optimisation. These include physicochemical and biochemical parameters such as particle size, initial moisture, pH and pre-treatment of the substrate, relative humidity, temperature of incubation, agitation and aeration, age and size of the inoculum, supplementation of nutrients such as N, P and trace elements, supplementation of additional carbon source and inducers, extraction of product and its purification, etc. Depending upon the kind, level and application of experimentation, single and/or multiple variable parameters optimisation method could be used for these. A brief detail of some of these is provided in the next section. 
Biochemical engineering aspects of SSF 

In recent years, several excellent reports have appeared providing a great deal of knowledge and understanding of the fundamental aspects of SSF and today we know much better information about the heat and mass transfer effects in SSF processes, which have been considered as the main difficulties in handling SSF systems. However, there still remains much to be done in this regard. During SSF, a large amount of heat is generated, which is directly proportional to the metabolic activities of the micro-organism. The solid materials/matrices used for SSF have low thermal conductivities, hence heat removal from the process could be very slow. Sometimes accumulation of heat is high, which denatures the product formed and accumulated in the bed. Temperature in some locations of the bed could be 20 °C higher than the incubation temperature. In the early phases of SSF, temperature and concentration of oxygen remain uniform throughout the substrate but as the fermentation progresses, oxygen transfer takes place resulting in the generation of heat. The transfer of heat into or out of SSF system is closely related with the aeration of fermentation system. The temperature of the substrate is also very critical in SSF as it ultimately affects the growth of the micro-organism, spore formation and germination, and product formation. High moistures results in decreased substrate porosity, which in turn prevents oxygen penetration. This may help bacterial contamination. On the other hand, low moisture content may lead to poor accessibility of nutrients resulting in poor microbial growth. 

Water relations in SSF must be critically evaluated. Water activity ( a w) of the substrate has determinant influence on microbial activity. In general, the type of micro-organism that can grow in SSF systems are determined by a w. The importance of a w has widely been studied by various authors. The a w of the medium has been attributed as a fundamental parameter for mass transfer of the water and solutes across the microbial cells. The control of this parameter could be used to modify the metabolic production or excretion of a micro-organism. 

Modelling in SSF 

Modelling in SSF system is another important aspect, which needs to be studied in detail. Not enough information is available on kinetics of reactions in SSF systems. This is mainly because of difficulties involved in the measurements of growth parameters, analysis of cellular growth and determination of substrate consumption, etc., which is caused due to heterogeneous nature of the substrate, which are structurally and nutritionally complex. Among the several approaches to tackle this problem, an important one has been to use a synthetic model substrate. It is well known that the fermentation kinetics are sensitive to the variation in ambient and internal gas compositions. The cellular growth of the micro-organisms can be determined by measuring the change in gaseous compositions inside the bioreactor. This can also be determined by substrate digestion, heating and centrifuging substrate, using light reflectance, DNA measurement by glucosamine level, protein content, oxygen uptake rate and carbon dioxide evolution rate. 

Design of bioreactor in SSF 

Over the last decade, there has been a significant improvement in understanding of how to design, operate and scale up SSF bioreactors. The key to these advances has been the application of mathematical modelling techniques to describe various physicochemical and biochemical phenomena within the system . The basic principle of SSF is the “solid substrate bed”. This bed contains the moist solids and an inter particle voids phase. SSF has been conventionally more applicable for filamentous fungi, which grow on the surface of the particle and penetrate through the inter particle spaces into the depth of the bed. The process in most of the cases is aerobic in nature. The suitable bioreactor design to overcome the heat and mass transfer effects, and easy diffusion and extraction of metabolites has become the topic of hot pursuit. While tray and drum type fermenters have been studied and used since long, much focus has been paid in last few years on developing packed bed fermenters as they could provide better process economics and a great deal of handling ease . A tray bioreactor could have unmixed beds without forced aeration of (manually) mixed bed without forced aeration. However, there has been no significant advances in tray design. Packed beds could be unmixed beds with forced aeration and rotating drums could have intermittent agitation without forced aeration, operating on continuous or semi-continuous mode. The bed could be agitated intermittently or continuously with forced aeration. 

Applications of SSF 

Current trends on SSF have focused on application of SSF for the development of bioprocess such as bioremediation and biodegradation of hazardous compounds, biological detoxification of agro-industrial residues, biotransformation of crops and crop-residues for nutritional enrichment, biopulping, and production of value-added products such as biologically active secondary metabolites, including antibiotics, alkaloids, plant growth factors, enzymes, organic acids, biopesticides, including mycopesticides and bioherbicides, biosurfactants, biofuel, aroma compounds, etc. SSF systems, which during the previous two decades were termed as a ‘low-technology’ system appear to be a promising ones for the production of value-added ‘low volume–high cost’ products such as biopharmaceuticals. SSF processes offer potential advantages in bioremediation and biological detoxification of hazardous and toxic compounds. 

Conclusions 

There have been significant developments in SSF technology over past few years. Several approaches have been applied to resolve the issues related with the biochemical engineering aspects of SSF, which include kinetics, mathematical modelling, design of bioreactors, advanced control systems to SSF processes, etc. Modelling could be a good tool for scale-up studies but such results need to be validated by experimental findings. Thus, continuos efforts would be needed to develop SSF as feasible technology for production of microbial products on commercial scale in equivalent terms to liquid fermentation technique. 
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Current trends on SSF have focused on application of SSF for the development of bioprocess such as bioremediation and biodegradation of hazardous compounds, biological detoxification of agro-industrial residues, biotransformation of crops and crop-residues for nutritional enrichment, biopulping, and production of value-added products such as biologically active secondary metabolites, including antibiotics, alkaloids, plant growth factors, enzymes, organic acids, biopesticides, including mycopesticides and bioherbicides, biosurfactants, biofuel, aroma compounds, etc. SSF systems, which during the previous two decades were termed as a ‘low-technology’ system appear to be a promising ones for the production of value-added ‘low volume–high cost’ products such as biopharmaceuticals. SSF processes offer potential advantages in bioremediation and biological detoxification of hazardous and toxic compounds. 

Conclusions 

There have been significant developments in SSF technology over past few years. Several approaches have been applied to resolve the issues related with the biochemical engineering aspects of SSF, which include kinetics, mathematical modelling, design of bioreactors, advanced control systems to SSF processes, etc. Modelling could be a good tool for scale-up studies but such results need to be validated by experimental findings. Thus, continuos efforts would be needed to develop SSF as feasible technology for production of microbial products on commercial scale in equivalent terms to liquid fermentation technique. 

Solid-state fermentation has emerged as a potential technology for the production of microbial products such as feed, fuel, food, industrial chemicals and pharmaceutical products. Its application in bioprocesses such as bioleaching, biobeneficiation, bioremediation, biopulping, etc. has offered several advantages. Utilisation of agro-industrial residues as substrates in SSF processes provides an alternative avenue and value-addition to these otherwise under- or non-utilised residues. Today with better understanding of biochemical engineering aspects, particularly on mathematical modelling and design of bioreactors (fermenters), it is possible to scale up SSF processes and some designs have been developed for commercialisation. It is hoped that with continuity in current trends, SSF technology would be well developed at par with submerged fermentation technology in times to come. 

Introduction 

Solid-state (substrate) fermentation (SSF) has been defined as the fermentation process occurring in the absence or near-absence of free water. SSF processes generally employ a natural raw material as carbon and energy source. SSF can also employ an inert material as solid matrix, which requires supplementing a nutrient solution containing necessary nutrients as well as a carbon source. Solid substrate (matrix), however, must contain enough moisture. Depending upon the nature of the substrate, the amount of water absorbed could be one or several times more than its dry weight, which leads relatively high water activity (a w) on the solid/gas interface in order to allow higher rate of biochemical process. Low diffusion of nutrients and metabolites takes place in lower water activity conditions whereas compaction of substrate occurs at higher water activity. Hence, maintenance of adequate moisture level in the solid matrix along with suitable water activity are essential elements for SSF processes. Solid substrates should have generally large surface area per unit volume (say in the range of 10 3-10 6 m 2/cm 3 for the ready growth on the solid/gas interface). Smaller substrate particles provide larger surface area for microbial attack but pose difficulty in aeration/respiration due to limitation in inter-particle space availability. Larger particles provide better aeration/respiration opportunities but provide lesser surface area. In bioprocess optimisation, sometimes it may be necessary to use a compromised size of particles (usually a mixed range) for the reason of cost effectiveness. For example, wheat bran, which is the most commonly used substrate in SSF, is obtained in two forms, fine and coarse. Former contains particles of smaller size (mostly smaller than 500-600 µ) and the latter mostly larger than these. Most of SSF processes use a mix of these two forms at different ratios for optimal production. 

Solid substrates generally provide a good dwelling environment to the microbial flora comprising bacteria, yeast and fungi. Among these, filamentous fungi are the best studied for SSF due to their hyphal growth, which have the capability to not only grow on the surface of the substrate particles but also penetrate through them. Several agro crops such as cassava, barley, etc. and agro-industrial residues such as wheat bran, rice bran, sugarcane bagasse, cassava bagasse, various oil cakes (e.g. coconut oil cake, palm kernel cake, soybean cake, ground nut oil cake, etc), fruit pulps (e.g. apple pomace), corn cobs, saw dust, seeds (e.g. tamarind, jack fruit), coffee husk and coffee pulp, tea waste, spent brewing grains, etc are the most often and commonly used substrates for SSF processes. During the growth on such substrates hydrolytic exo-enzymes are synthesised by the micro-organisms and excreted outside the cells, which create and help in accessing simple products (carbon source and nutrients) by the cells. This in turn promotes biosynthesis and microbial activities. 

Apart from these, there are several other important factors, which must be considered for development of SSF processes. These include physico-chemical and biological factors such as pH of the medium, temperature and period of incubation, age, size and type of inoculum, nature of substrate, type of micro-organism employed, etc. 

Significance of SSF 
SSF has been considered superior in several aspects to submerged fermentation [SmF] due to various advantages it renders. It is cost effective due to the use of simple growth and production media comprising agro-industrial residues, uses little amount of water, which consequently releases negligible or considerably less quantity of effluent, thus reducing pollution concerns. SSF processes are simple, use low volume equipment (lower cost), and are yet effective by providing high product titres (concentrated products). Further, aeration process (availability of atmospheric oxygen to the substrate) is easier since oxygen limitation does not occur as there is a increased diffusion rate of oxygen into moistened solid substrate, supporting the growth of aerial mycelium. These could be effectively used at smaller levels also, which makes them suitable for rural areas also. 

General aspects of SSF 

There are several important aspects, which should be considered in general for the development of any bioprocess in SSF. These include selection of suitable micro-organism and substrate, optimisation of process parameters and isolation and purification of the product. Going by theoretical classification based on water activity, only fungi and yeast were termed as suitable micro-organisms for SSF. It was thought that due to high water activity requirement, bacterial cultures might not be suitable for SSF. However, experience has shown that bacterial cultures can be well managed and manipulated for SSF processes . It has been generally claimed that product yields are mostly higher in SSF in comparison to SmF. However, so far there is not any established scale or method to compare product yields in SSF and SmF in true terms. The exact reasoning for higher product titres in SSF is not well known currently. The logical reasoning given is that in SSF microbial cultures are closer to their natural habitat and probably hence their activity is increased. 

Selection of a proper substrate is another key aspect of SSF. In SSF, solid material is non-soluble that acts both as physical support and source of nutrients. Solid material could be a naturally occurring solid substrate such as agricultural crops, agro-industrial residues or inert support . However, it is not necessary to combine the role of support and substrate but rather reproduce the conditions of low water activity and high oxygen transference by using a nutritionally inert material soaked with a nutrient solution. In relation to selection of substrate, there could be two major considerations; one that there is a specific substrate, which requires suitable value-addition and/or disposal. The second could be related with the goal of producing a specific product from a suitable substrate. In the latter case, it would be necessary to screen various substrates and select the most suitable one. Similarly it would be important to screen suitable micro-organisms and select the most suitable one. If inert materials such as polyurethane foam are used, product isolation could be relatively simpler and cheaper than using naturally occurring raw materials such as wheat bran because while extracting the product after fermentation, along with the product, several other water-soluble components from the substrate also leach out and may pose difficulties in purification process. Inert materials have been often used for studying modelling or other fundamental aspects of SSF. 

Other relevant issues here could be the selection of process parameters and their optimisation. These include physicochemical and biochemical parameters such as particle size, initial moisture, pH and pre-treatment of the substrate, relative humidity, temperature of incubation, agitation and aeration, age and size of the inoculum, supplementation of nutrients such as N, P and trace elements, supplementation of additional carbon source and inducers, extraction of product and its purification, etc. Depending upon the kind, level and application of experimentation, single and/or multiple variable parameters optimisation method could be used for these. A brief detail of some of these is provided in the next section. 

Biochemical engineering aspects of SSF 

In recent years, several excellent reports have appeared providing a great deal of knowledge and understanding of the fundamental aspects of SSF and today we know much better information about the heat and mass transfer effects in SSF processes, which have been considered as the main difficulties in handling SSF systems. However, there still remains much to be done in this regard. During SSF, a large amount of heat is generated, which is directly proportional to the metabolic activities of the micro-organism. The solid materials/matrices used for SSF have low thermal conductivities, hence heat removal from the process could be very slow. Sometimes accumulation of heat is high, which denatures the product formed and accumulated in the bed. Temperature in some locations of the bed could be 20 °C higher than the incubation temperature. In the early phases of SSF, temperature and concentration of oxygen remain uniform throughout the substrate but as the fermentation progresses, oxygen transfer takes place resulting in the generation of heat. The transfer of heat into or out of SSF system is closely related with the aeration of fermentation system. The temperature of the substrate is also very critical in SSF as it ultimately affects the growth of the micro-organism, spore formation and germination, and product formation. High moistures results in decreased substrate porosity, which in turn prevents oxygen penetration. This may help bacterial contamination. On the other hand, low moisture content may lead to poor accessibility of nutrients resulting in poor microbial growth. 

Water relations in SSF must be critically evaluated. Water activity ( a w) of the substrate has determinant influence on microbial activity. In general, the type of micro-organism that can grow in SSF systems are determined by a w. The importance of a w has widely been studied by various authors. The a w of the medium has been attributed as a fundamental parameter for mass transfer of the water and solutes across the microbial cells. The control of this parameter could be used to modify the metabolic production or excretion of a micro-organism. 

Modelling in SSF 

Modelling in SSF system is another important aspect, which needs to be studied in detail. Not enough information is available on kinetics of reactions in SSF systems. This is mainly because of difficulties involved in the measurements of growth parameters, analysis of cellular growth and determination of substrate consumption, etc., which is caused due to heterogeneous nature of the substrate, which are structurally and nutritionally complex. Among the several approaches to tackle this problem, an important one has been to use a synthetic model substrate. It is well known that the fermentation kinetics are sensitive to the variation in ambient and internal gas compositions. The cellular growth of the micro-organisms can be determined by measuring the change in gaseous compositions inside the bioreactor. This can also be determined by substrate digestion, heating and centrifuging substrate, using light reflectance, DNA measurement by glucosamine level, protein content, oxygen uptake rate and carbon dioxide evolution rate. 

Design of bioreactor in SSF 

Over the last decade, there has been a significant improvement in understanding of how to design, operate and scale up SSF bioreactors. The key to these advances has been the application of mathematical modelling techniques to describe various physicochemical and biochemical phenomena within the system . The basic principle of SSF is the “solid substrate bed”. This bed contains the moist solids and an inter particle voids phase. SSF has been conventionally more applicable for filamentous fungi, which grow on the surface of the particle and penetrate through the inter particle spaces into the depth of the bed. The process in most of the cases is aerobic in nature. The suitable bioreactor design to overcome the heat and mass transfer effects, and easy diffusion and extraction of metabolites has become the topic of hot pursuit. While tray and drum type fermenters have been studied and used since long, much focus has been paid in last few years on developing packed bed fermenters as they could provide better process economics and a great deal of handling ease . A tray bioreactor could have unmixed beds without forced aeration of (manually) mixed bed without forced aeration. However, there has been no significant advances in tray design. Packed beds could be unmixed beds with forced aeration and rotating drums could have intermittent agitation without forced aeration, operating on continuous or semi-continuous mode. The bed could be agitated intermittently or continuously with forced aeration. 

Applications of SSF 

Current trends on SSF have focused on application of SSF for the development of bioprocess such as bioremediation and biodegradation of hazardous compounds, biological detoxification of agro-industrial residues, biotransformation of crops and crop-residues for nutritional enrichment, biopulping, and production of value-added products such as biologically active secondary metabolites, including antibiotics, alkaloids, plant growth factors, enzymes, organic acids, biopesticides, including mycopesticides and bioherbicides, biosurfactants, biofuel, aroma compounds, etc. SSF systems, which during the previous two decades were termed as a ‘low-technology’ system appear to be a promising ones for the production of value-added ‘low volume–high cost’ products such as biopharmaceuticals. SSF processes offer potential advantages in bioremediation and biological detoxification of hazardous and toxic compounds. 

Conclusions 

There have been significant developments in SSF technology over past few years. Several approaches have been applied to resolve the issues related with the biochemical engineering aspects of SSF, which include kinetics, mathematical modelling, design of bioreactors, advanced control systems to SSF processes, etc. Modelling could be a good tool for scale-up studies but such results need to be validated by experimental findings. Thus, continuos efforts would be needed to develop SSF as feasible technology for production of microbial products on commercial scale in equivalent terms to liquid fermentation technique. 

