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Abstract

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.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Solid-state fermentation (SSF) is defined as the fermen-
tation involving solids in absence (or near absence) of free
water; however, substrate must possess enough moisture to
support growth and metabolism of micro-organism[1–4].
SSF stimulates the growth of micro-organisms in nature on
moist solids and has been credited to be responsible for the
beginning of fermentation technique in ancient time[5]. It
is, therefore, not surprising that almost all the fermentation
processes used in ancient time were based on the principles
of SSF. SSF offers numerous opportunities in processing of
agro-industrial residues. This is partly because solid-state
processes have lower energy requirements, produce lesser
wastewater and are environmental-friendly as they resolve
the problem of solid wastes disposal.

A glance at the history of fermentation technology in-
dicates that the SSF processes were nearly completely ig-
nored in western countries after 1940 due to adaptation of
submerged fermentation (SmF) technology. However, per-
haps there was no logical reasoning for this at that time.
Since the development of penicillin took place in SmF and
due to enormous importance of penicillin during the world
war, SmF became a role model technology for production of
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any compound by fermentation. Subsequently, researchers
of that time put their entire attention on SmF and probably
unknowingly SSF was neglected. Still in the isolated pockets
research continued on SSF systems and during 1950–1960,
steroid transformation was reported using fungal cultures.
The trend continued, although slowly and SSF attained an-
other milestone during 1960–1970 when reports appeared
on mycotoxins production by SSF. Production of protein en-
riched cattle feed was the next major activity reported, which
involved utilisation of agro-industrial residues, thus offering
a unique process development for value-addition of these
otherwise low cost residues (and to some extent environment
pollutants). In fact, this was one of the areas, which gen-
erated interest of researchers globally on SSF. Since then,
there has been continuous increase in the extension of SSF
arena, which picked up strongly during the last one decade.
A large numbers of patents and publications have appeared
on fundamental aspects of SSF, development of bioreactors
(fermenters), modelling and on production of various micro-
bial products such as food, feed, various primary and sec-
ondary metabolites, and bioprocesses such as bioleaching,
biopulping, bioremediation, biobeneficiation, etc.[6–12].

2. General aspects of SSF

There are several important aspects, which should be con-
sidered in general for the development of any bioprocess in
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SSF. These include selection of suitable micro-organism and
substrate, optimisation of process parameters and isolation
and purification of the product. Going by theoretical classi-
fication 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 cul-
tures might not be suitable for SSF. However, experience
has shown that bacterial cultures can be well managed and
manipulated for SSF processes[1,3,13–15]. It has been gen-
erally claimed that product yields are mostly higher in SSF
in comparison to SmF. However, so far there is not any es-
tablished scale or method to compare product yields in SSF
and SmF in true terms. The exact reasoning for higher prod-
uct 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 mate-
rial could be a naturally occurring solid substrate such as
agricultural crops, agro-industrial residues or inert support
[1,3,4,16–22]. However, it is not necessary to combine the
role of support and substrate but rather reproduce the condi-
tions of low water activity and high oxygen transference by
using a nutritionally inert material soaked with a nutrient so-
lution. 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 suit-
able 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 be-
cause while extracting the product after fermentation, along
with the product, several other water-soluble components
from the substrate also leach out and may pose difficul-
ties 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 par-
ticle size, initial moisture, pH and pre-treatment of the
substrate, relative humidity, temperature of incubation,
agitation and aeration, age and size of the inoculum, sup-
plementation 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.

3. 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 difficul-
ties 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 mate-
rials/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, temper-
ature and concentration of oxygen remain uniform through-
out 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 pre-
vents oxygen penetration. This may help bacterial contam-
ination. 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 (aw) of the substrate has determinant influence on
microbial activity. In general, the type of micro-organism
that can grow in SSF systems are determined byaw. The
importance ofaw has widely been studied by various authors.
Theaw 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.

3.1. Modelling in SSF

Modelling in SSF system is another important aspect,
which needs to be studied in detail. Not enough informa-
tion is available on kinetics of reactions in SSF systems.
This is mainly because of difficulties involved in the mea-
surements 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 sev-
eral 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 varia-
tion in ambient and internal gas compositions. The cellu-
lar growth of the micro-organisms can be determined by
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measuring the change in gaseous compositions inside the
bioreactor. This can also be determined by substrate di-
gestion, heating and centrifuging substrate, using light re-
flectance, DNA measurement by glucosamine level, protein
content, oxygen uptake rate and carbon dioxide evolution
rate.

3.2. Design of bioreactor in SSF

Over the last decade, there has been a significant improve-
ment 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 de-
scribe various physicochemical and biochemical phenomena
within the system[23–26]. 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 par-
ticle 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[27–31]. 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, operat-
ing on continuous or semi-continuous mode. The bed could
be agitated intermittently or continuously with forced aera-
tion [23].

4. 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, biop-
ulping, and production of value-added products such as bio-
logically active secondary metabolites, including antibiotics,
alkaloids, plant growth factors, enzymes, organic acids,
biopesticides, including mycopesticides and bioherbicides,
biosurfactants, biofuel, aroma compounds, etc. SSF sys-
tems, 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 detox-
ification of hazardous and toxic compounds[1,3,12,32–40].

5. Conclusions

There have been significant developments in SSF tech-
nology over past few years. Several approaches have been
applied to resolve the issues related with the biochemical
engineering aspects of SSF, which include kinetics, mathe-
matical 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 produc-
tion of microbial products on commercial scale in equivalent
terms to liquid fermentation technique.
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