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ABSTRACT: Among the different technologies to treat and valorize organic waste, solid-state fermentation (SSF) is gaining
relevance in recent years as it permits the recovery of valuable biomaterials from waste, changing the paradigm: “from waste to raw
material source”. SSF is very similar to composting, as it implies the aerobic biodegradation of organic solid waste, but with the
objective of obtaining bioproducts in some point of the process, although a compost-like end product may be also produced. Also,
SSF can be coupled with anaerobic digestion, as solid digested materials can act as substrates for SSF, with a double benefit:
renewable bioenergy and bioproducts. Among these bioproducts, SSF has moved from classical biotechnological compounds
(enzymes or antibiotics) to more complex biomaterials, such as biopesticides, bioplastics, biosurfactants, or biostimulants, among
others, which are now an emergent field of research and one of the main objectives of SSF. In summary, it is evident that SSF will
have a predominant role in the framework of circular bioeconomy and in novel biorefineries for biowaste and wastewater sludge
valorization, although some challenges still need further research (scale-up and down-stream).
KEYWORDS: Bioproducts, Biorefinery, Down-stream, Circular Bioeconomy, Organic Waste, Scale-Up: Solid-State Fermentation

1. INTRODUCTION
One of the first studies to highlight the potential of solid-state
fermentation (SSF) as an alternative way to manage organic
waste in the framework of circular economy was published by
Abu-Yazid et al. in 2017,1 although few decades ago some
previous works had presented the scientific fundamentals of this
technology.2,3

In recent years, we have assisted in an important development
of SSF, as a way to change the paradigm and to start considering
organic waste as raw material to be transformed into valuable
bioproducts. SSF beginnings were closely related to products
that could only be produced by biological processes with specific
strains, as it is the case of hydrolytic enzymes4 and antibiotics.5

In fact, enzymes are still the products more commonly published
in SSF research.6 In linear economy, the current scarcity of some
raw materials and their high production costs coupled with high
environmental burdens (specially their carbon and water
footprints), has given SSF another turn of the screw. Now,
SSF is perceived as an opportunity to obtain valuable materials,

which are an alternative to their chemically-synthesized twins.
This is the case for biosurfactants, bioplastics, antioxidants, or
biopesticides, which are commercially available, and a wide
range of other products, in different technology readiness
levels.7

In fact, two main issues hamper the full implementation and
commercialization of SSF in the value chain of organic waste: (i)
bioreactor design and scale-up constraints: to avoid heat and
mass transfer problems occurring in organic solid matrices and
(ii) down-stream and purification: to obtain end products with
similar quality than those from submerged fermentation at
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competitive cost. In this sense, although in the case of scale-up
there is an increasing effort to propose alternative bioreactor
configurations,8 down-stream processing is not often considered
a critical point of SSF, when it can entail a considerable part of
the total costs in terms of economics and environmental
impact.9

Considering all these issues, it is also important to highlight
the role of SSF in the development of the United Nation
Sustainable Development Goals.10 Although SSF can be
indirectly linked with practically all of them, the most obviously
related to this technology are SDG2: End hunger, achieve food
security and improved nutrition and promote sustainable
agriculture; SDG9: Build resilient infrastructure, promote
inclusive and sustainable industrialization and foster innovation;
SDG12: Ensure sustainable consumption and production
patterns and SDG13: Take urgent action to combat climate
change and its impacts.

The objective of this perspective paper is to present a general
view of SSF as a powerful technology for organic waste
management and valorization, beyond other classical well-
settled biological treatments such as composting or anaerobic
digestion, and its potential bioproducts, while highlighting its
main current challenges.

2. SOLID-STATE FERMENTATION
2.1. Concept. Pandey3 defined SSF in 2003 as “The

fermentation involving solids in absence (or near absence) of
free water; however, substrate must possess enough moisture to
support growth and metabolism of microorganisms”. This 20-
year-old definition is presently absolutely valid; however SSF has
evolved in several ways, which can complement the current
concept of SSF from a broader point of view:

(a) Although the term “fermentation” is inherent to SSF, this
is practically always developed under full aerobic
conditions. In fact, a proper diffusion of oxygen inside
the organic solid matrix to ensure the prevalence of an
aerobic environment is necessary for most SSF processes.
This also occurs in the composting processes of organic
solid waste, where porosity is a controlling parameter11

and oxygen uptake rate is often measured as overall
biological activity.12

(b) “Free water” can coexist with SSF in some bioreactors as,
for instance, biotrickling bioreactors, where the solid
phase acts as support and is not only used in the nutrition
of the microorganism but also creates a suitable porous
environment, which is favorable for mass and heat transfer
and where specifically selected strains can be used.13

In the context of circular bioeconomy, some specific points
may complement the SSF definition from a practical point of
view:

(a) “Solids” is a very general term. Currently, the majority of
SSF processes uses organic solid waste as a substrate for
the fermentation. In the terminology of circular
bioeconomy, these solids are no longer wastes, but raw
materials and feedstock. The number of waste types
currently used for SSF is huge, and it moves from typical
agricultural waste and crop residues14 or municipal solid
waste and its hydrolysates15 to newly explored materials
such as digestate from the exponential increase of
anaerobic digestion in the world.16

(b) “Support growth and metabolism of microorganisms”
needs more detailed explanations. On the one hand, SSF
is typically performed with a sole strain, which is the
producer of the compound of interest. This has evident
implications in avoiding contamination and considering
sterilization needs, contrary to other processes as
composting.17 On the other hand, some of the
metabolites produced by SSF are secondary, which are
not directly related to microorganisms’ growth.18

Taking into account all these points, an updated condensed
definition of SSF in the context of circular bioeconomy could be
“the biological solid-state aerobic transformation of organic
biodegradable waste into bioproducts that permits the
substitution of raw sources of materials and energy.”
2.2. Differences with Composting. According to the

previous considerations regarding SSF, it is likely that
composting seems to be similar to SSF regarding important
technological aspects. Haug19 precisely defined composting 30

Figure 1. Papers published on “Solid-state fermentation” according to the Scopus© database in the last ten years.
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years ago as “the biological decomposition and stabilization of
organic substrates, under conditions that allow the development
of thermophilic temperatures as a result of biologically produced
heat, to produce a final product that is stable, free of pathogens
and plant seed and can be beneficially applied to land”. Although
this definition of composting is probably the most accepted one,
it is evident that some common points with SSF are evident.
Thus:

(a) Composting and SSF are technically similar: both are
aerobic processes performed under solid-state conditions
using organic substrates.

(b) They result in a more stabilized organic matter.
However:
(a) SSF is rarely thermophilic, although some exceptions can

be found in recent literature,20,21 in an attempt to
overcome the problem of self-heating observed in organic
matrices,22 which often negatively affects the develop-
ment of the desired mesophilic strain. On the contrary,
composting is inherently thermophilic, as these temper-
atures are necessary for the sanitation of a product that is
mainly applied to land as soil amendment.23

(b) Regarding the previous item, SSF has a different objective:
to obtain a bioproduct with specific characteristics and
performance. This is, by far, the fact that makes SSF more
complicated than composting, as the prevalence of a
specific strain is required,24 contamination is undesirable
(which can involve solid sterilization) and a down-stream
process is often necessary, which can imply a high
complexity when SSF is globally assessed.25 This is the
reason why composting is associated with waste manage-
ment, whereas SSF is considered a biotechnology-related
process. However, both technologies have many things in
common, and they can serve to both purposes.1,7

3. EMERGING BIOPRODUCTS FROM SOLID-STATE
FERMENTATION

A preliminary literature search of the term “solid-state
fermentation” and its variations in Abstract, Title, or Keywords
was carried out using the Scopus© database for papers published
in the last ten years. The results are presented in Figure 1.

Although the increasing trend is obvious, probably the most
interesting aspect is the comparison about the specific

Figure 2. Topics of the papers published on “Solid-state fermentation according to the Scopus© database in (a) 2013 and (b) 2023.
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bioproducts that are studied in these papers in a ten-year interval
(2013 versus 2023). The results are presented in Figure 2.

Although Figures 1 and 2 are not exact since some papers
content more than one bioproduct, they show some relevant
trends. For instance, hydrolytic enzymes are the most reported
products in SSF research. In this case, the number of papers
related to the use of cellulases to hydrolyse solid lignocellulosic
waste to obtain fermentable sugars for bioethanol production
has exponentially increased.26 Another important trend is the
diversification in the bioproducts that can be obtained by SSF.
Specifically, the increase in the percentages of published papers
related to antioxidants (from 62 papers in 2013 to 318 in 2023),
biopesticides (from 6 papers in 2013 to 24 in 2023), and
biostimulants (from 0 papers in 2013 to 5 in 2023) is remarkable
(Figure 2). The case of antioxidants, however, needs a specific
analysis, as this term is not referred to a compound or a
chemically-similar group of compounds, but to a wide range of
products with a common property, which can be of very different
chemical composition.27,28

Finally, it is worthwhile to mention that the number of Review
papers on SSF topics have significantly increased in the last
years, from 29 published in 2013 to 76 published in 2023 (12 in
January 2024), when restricting the search to the fact that the
term “solid-state fermentation” appears explicitly in the title,
according to the Scopus© database.

Although this perspective paper does not intend to conduct an
exhaustive search on which bioproducts are currently being
obtained by SSF, it is interesting to highlight some new materials
that have been the objective of new research studies, beyond the
already-settle ones, previously commented in Figure 2. They are
presented in Table 1.

As observed, several non-previously reported bioproducts can
be obtained by SSF using organic waste as substrate. Again, this
fact makes this technology an excellent approach to the field of
circular bioeconomy, in an emerging moment of research
development that is partially due to product diversification. In
order to have a compilation of more typical SSF products, the
reader can consult some excellent reviews published on this
topic,7,36−38 where a diversification of the bioproducts obtained
by SSF along time can be easily inferred.

4. SOLID-STATE FERMENTATION CHALLENGES
4.1. Scale-Up. Contrarily to other processes with the same

objective, especially submerged fermentation, where stirred
forced-aerated reactors are very common, the impossibility of
having an efficient mixture with solid substrates, makes SSF a

challenge for reactor design. This has resulted in a large number
of proposed configurations.8 However, published papers with, at
least, pilot scale experiments, are extremely scarce in scientific
literature. This is a probably the main bottleneck SSF is currently
facing and, in my opinion, it should be the focus of further
research. It is somewhat useless to discover a new high-value
bioproduct, if the experiment is performed in an Erlenmeyer
flask under controlled sterilized conditions. In this sense, which
are the reasons why this lab-scale experiment is not
representative of a pilot one? The answer to this question is
not simple, but two main issues can be highlighted, according to
the principles of Transport Phenomena:

(a) Heat transfer: this is probably the main difference between
SSF and composting. The fact that the thermal
conductivity of organic matter is low,19 hampers the
release of the metabolic heat produced during fermenta-
tion, which is closely related to the waste biodegrad-
ability.22 This is a negative point, as most of SSF strains
are mesophilic. In fact, when using horticultural waste as
substrates for fermentation with high lignocellulosic
content, its high porosity prevents a proper heat transfer
and results in the appearance of hot points, being this a
critical issue in SSF bioproducts so important as
bioethanol, biopesticides, or biostimulants.7,39 In this
sense, the search for thermophilic strains in SSF can be
considered an attractive future line of research.21

(b) Mass transfer: oxygen is essential for SSF microorganisms.
At large scale, the air provided into organic matrices tends
to create preferential pathways, especially when enough
porosity is not provided in the conditioning of the starting
mixture and a compaction phenomenon occurs, which is
also responsible for undesirable gaseous emissions.40 This
is still more complex when aeration strategies are not
simple, and air supply must be adjusted during SSF to
improve the process performance.41 Anyway, it is evident
that classical techniques from Chemical Engineering and
Reactor Design, such as Residence Time Distributions,
would be very useful.42

Considering these restrictions, which are often coupled with a
lack of information, it is evident that modelling and related
recent mathematical tools (digital twins, machine learning, or
even artificial intelligence) could be of help in having robust and
reproducible SSF experiments at large scale, making this
technology a reliable market alternative. However, these tools
have been scarcely explored, although some excellent papers
have well-developed proposals,43,44 and it should be also the
focus of future research.

In a more practical strategy, I would like to highlight the use of
two alternatives to classical reactors (packed-bed configurations
provided with forced aeration, as shown in Figure 3) that have
been applied to SSF with good results at pilot scale, overcoming
some of the SSF mass and heat transfer limitations: plate
reactors, with large area and low depth and well consolidated for
fungi growth,45 and the more recent approach consisting of
Sequential Batch Reactors (SBR), which are also beneficial in
terms of low inoculation needs and simulate a continuous
processes.46,47

4.2. Down-Stream. This is the other main challenge of SSF.
Here, we find an important difference between solid-state and
submerged fermentation. In the latter case, being the product of
interest in aqueous media, it is relatively easy to purify and
separate it. This is not the case of SSF, where some bioproducts

Table 1. Selection of Non-Conventional Products Obtained
from Solid-State Fermentation

bioproduct waste of origin strain reference

oleogels wheat straw Streptomyces sp. 29

ethyl carbamate Moutai Lactobacillus spp. 30

ferulic acid cocoa shell Aspergillus 31

brewer grain awamori
lignin adhesive barley straw Streptomyces spp. 32

rubrosterone Asparagus Fusarium 33

f ilicinus oxysporum
polyketides brown rice Theissenia 34

malt extract cinerea
carotenoproteins crawfish Lactobacillus 35

paracasei
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can show strong interactions with the solid phase, making very
difficult and costly to have an acceptable purification if terms of
recovery yield. This is especially relevant when these products
are attractive on the basis of their interfacial properties and
activation, as it is the case of lipases48 and biosurfactants.49

Nevertheless, one critical question related to down-stream and
SSF must be clearly formulated: to what extent is down-stream
necessary? To answer this question, two points must be
rigorously analyzed:

(a) Down-stream, purif ication, or characterization? These three
terms are often mentioned together, but is it evident that
they mean different things. Down-stream is the sequence
of operations needed to obtain an end product from
fermentation, and must be assessed at a representative
scale,7 while purification and characterization are usually
performed at a lower scale, with the objective of having a
clear picture of what has been obtained from SSF.20,21

(b) Type and use of bioproduct? As commented above, it is
evident that the complexity, cost, and feasibility of down-
stream from exhaust SSF solids strongly depends on the
bioproduct considered. Thus, it is completely different to
extract a biosurfactant from a solid matrix49 than a
biopesticide47 or a biostimulant50 produced by fungi,
which are better applied as soil amendments and where
down-stream is not necessary at all. However, even in the
case of a biosurfactant, its final application will condition
its down-stream, for example, if the biosurfactant is not
intended to be used as commercial detergent, but for
bioremediation purposes or other environmental appli-
cations.51

Whatever the responses to these points are, it is evident that
SSF research has prioritized obtaining attractive bioproducts
with the discovery of alternative production routes (use of waste,
low impact, circular bioeconomy, etc.) instead of how to reach
the market, offering attractive bioproducts to the end user.7 This
has derived in a scarcity of publications on this topic, which must
be urgently covered if SSF wants to be a real alternative (Figure
4).

5. ROLE OF SOLID-STATE FERMENTATION IN
BIOREFINERIES
5.1. Integration of Solid-State Fermentation in

Biorefineries. Considering that SSF is, from the practical
point of view, a strategy to take profit from organic waste as raw
material for the obtention of bioproducts of interest, it is quite
evident that it is a suitable technology to be integrated in more
complex facilities, especially those related to the treatment and
valorization of largely-produced effluents such as organic solid
waste and wastewater.52 However, in this case, SSF is not only a
complementary technology, but also another process step,
which results in an increase of the complexity of existing
plants53,54 to be transformed into biorefineries.55 Biorefineries
can be defined as industrial facilities that convert biomass into
energy, chemicals, and materials.15 Having this definition in
mind, SSF can be an excellent piece to complete the biorefinery
puzzle, since its flexibility and variety of suitable feedstock is
considerable, especially in the case where this feedstock comes
from a previous treatment of organic waste or wastewater sludge,
already active in the operation of current plants.56,57

Presently, there is a general consensus in the sense that
biological treatments are the most suitable for organic waste
valorization and for wastewater treatment. In the first case,
several studies have pointed out that composting and anaerobic
digestion are the most favorable technologies in terms of
environmental impact to treat a wide variety of organic solid
waste.58,59 In the case of wastewater sludge, anaerobic digestion
is being implemented in practically all the wastewater treatment
plants, with the subsequent problem of digestate valor-
ization.16,60 In this context, SSF can have an active role to
transform these facilities into multiproduct platforms (biorefi-
neries), taking advantage of its flexibility.7,61

5.2. Examples. The integration of SSF in typical existing
schemes of organic solid waste and wastewater (sludge line)
treatment plants to convert them into biorefineries can be easily
illustrated using two paradigmatic configurations:

Case 1: Mechanical-Biological Treatment Plant for
Biowaste. The design, building, and operation of this kind of
plants have exponentially increased in the last decades. Although
the configuration of them can be somewhat different,62 most of
the operational steps are common. First, a mechanical selection
is used to separate materials that can be easily recycled. Then,
the organic matter is anaerobically digested to obtain biogas for

Figure 3. Simplified scheme of a packed-bed reactor typically used for
solid-state fermentation. Compressed air is used to maintain aerobic
conditions and exhaust gas oxygen is monitored to calculate oxygen
consumption.

Figure 4.Main challenges of solid-state fermentation when it is used for
the production of novel bioproducts from organic waste. Biopesticides,
biostimulants, and biosurfactants are used as examples of bioproducts
easily obtained from organic waste.
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energy purposes. Finally, digestate is separated in a liquid
stream, which is treated as a wastewater, and a solid fraction,
which normally undertakes a composting process to end up in a
sanitized and stable compost.63 If these plants are well managed,
then they reach an acceptable level of organic matter
stabilization12,62 and a good performance regarding energy
and materials recovery and economics.64

The question on how to convert these types of plants into
biorefineries by including SSF has multiple answers. For
instance, one possible approach is presented in Figure 5.
Biorefineries are, by definition, multiple feedstock and multiple
products plants. In this case, if source separation of organic
matter (including kitchen waste from households, green waste
from public gardening, and used oil) is well implemented, then
an advanced biorefinery can include: (i) anaerobic digestion of
kitchen waste, to provide energy to sustain the plant,65 (ii) SSF
with digestate and green waste as bulking agent to obtain a
compost-like product enriched with biopesticide properties
using well-known strains,66,67 and (iii) a mixture of used oil with
kitchen waste to provide a balanced substrate for yeast to
produce biosurfactants68,69 with a wide range of environmental
applications.51 Although this is only an example, it is illustrative
of how SSF can be used to configure full-scale biorefineries in the
framework of circular bioeconomy.

Case 2: Wastewater Treatment Plants (Sludge Line). In
recent years, anaerobic digestion has undergone an unprece-

dented boost due to the search of renewable and locally-available
sources of energy.70,71 This increase has derived in the
implementation of new anaerobic digesters, the search for
additives to improve methane yield, such as biochar72 or
nanomaterials,73 and a considerable number of recent
publications on biogas upgrading research.74 Unfortunately,
this boost has not been accompanied by a similar increment
either in implementation or in research to find alternative ways
to valorize the other product of anaerobic digestion: digestate.
This material is sometimes perceived as a problem because of
their content in phytotoxic pollutants,60,75 which hampers its
typical application as soil organic amendment, where it presents
great benefits.76 In this case, SSF can be also of help, as the solid
fraction of the digestate can be used as substrate for the growth
of strains that are able to produce biopesticides, biostimulants,
and enzymes, among others.16,56,77,78 Figure 6 shows how a
slight modification of the sludge line of a typical wastewater
treatment plant can convert the plant into a most profitable
facility following the biorefinery principles.

6. CONCLUSIONS AND FINAL REMARKS
SSF can be considered an emerging and very attractive
biotechnology in the framework of the circular economy.
Several important issues make SSF a flawless approach to be fully
developed and implemented: the possibility of obtaining a wide
range of different bioproducts, low or no need of water, no

Figure 5. Alternative configuration of a biowaste treatment plant including solid-state fermentation in a biorefinery-like scheme. Kitchen waste is the
main source of energy through anaerobic digestion, digestate is the source of carbon to produce biopesticides after amendment with green waste acting
as bulking agent and used oil is used as hydrophobic carbon source for the production of biosurfactants (through solid-state fermentation).

Figure 6. Alternative configuration of a wastewater treatment plant (sludge line) including solid-state fermentation in a biorefinery-like scheme. This
configuration includes biopesticides production from digestate through solid-state fermentation.
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generation of wastewater, organic waste recovery, and valor-
ization, with the resulting reduction of raw materials and low
energy consumption carbon footprint, among others. These SSF
important features are closely linked with the Sustainable
Development Goals promoted by The United Nations at the
worldwide level.

However, SSF needs additional research and engineering to
face two important drawbacks that hamper its full development
and implementation at commercial scale. The most important
one is scale-up, especially for bioreactor design, in which we have
new tools that could be an excellent topic for future SSF
researchers, as is the case for machine learning and artificial
intelligence. How the down-stream process will end up in a
commercial bioproduct is the other important SSF challenge to
be overcome in the near future. However, it is important to note
that the complexity of this process largely depends on the
bioproduct end use. Nevertheless, down-stream information is
critical to have a complete SSF figure, including technological,
environmental, and economic items. All these factors will
inevitably condition the final extent of SSF in the future circular
bioeconomy and in the configuration of a new generation of
waste-based biorefineries.
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