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Bioreactors

Solid state fermentation
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What do you know about SSF?
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U' Solid state fermentation
Content

e What is solid state fermentation (SSF)?
e Advantages of SSF

e Problem statement SSF

e SSF reactor design

e Process modeling

e SSF reactor control

e Conclusions
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> What is SSF?

e Bioprocess in absence or near-absence of free
water

e Heterogeneous process with 3 phases:
- Solid = substrate or support
- Liquid = moisture in substrate and aqueous film
- Gas = continuous gas phase - oxygen supply

droplets of water in the
inter-particle spaces

gas phase / moist
biofilm
water and nutrients

absorbed within particle

moist

solid

particle ‘*-
A

o

Universit




U' What is SSF?
Two types of carriers

e Solid substrate
- Crops: wheat bran, soybean meal, rice, ...

- Agricultural or forestry waste: straw,
bagasse, sawdust, ...

— physical support for microorganisms & provides
carbon source, nitrogen source, growth factors

e [nert carrier

- Porous chemically inert material: PUR foam,
macroporous resin, ... Y %

—>only support for microorganisms and liquid culture ¢ ;' 4
is medium kept in pore structure v
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What is SSF?
General process steps

°% 00
L\ — E °°oooooo4_ )) ))

Substrate preparation:

chopping, grinding etc,
Inoculum preparation \ i sterilization/cooking
<

Fermentation in ?‘
bioreactor: ——
e sterilization of bio- — beq of

reactor before load- moist

ing? ~— solid > Downstn_aam
« loading L— particles processing
e sterilization of sub-

strate in situ? 2—_) l
e inoculation in situ? A _7
e the fermentation it- T Waste

self - disposal
e unloading Air preparation:
» first recovery step? e filtration A 4
e cleaning and prepa- » humidification, Product

ration for next batch e heating/cooling finishing
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U' What is SSF?
History

e Traditionally used for fermented foods

e 1900 production of enzymes

e 1940 production of penicillin

e Advances in submerged fermentation (SmF)

e 1970s renewed interest > Reuse of organic
wastes from agriculture and food processing

e 1990 Theoretical base of SSF bioreactor
technology
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2000 B.C.
1000 B.C.
550 B.C.

7th century
16th centrury
18th century
1860-1900
1900-1920
1920-1940
1940-1950
1950-1960
1960-1980

1990

What is SSF?
History

Bread, vinegar
Sauce, koji

Kojic acid

Kojic acid in Japan
Tea

Vinegar

Sewage treatment
Enzyme

Gluconic acid, citric acid
Penicillin

Steroid

Protein feed

Bioremediation, biological detoxification,
biotransformation, biopulping, alfatoxin, ochratoxin,
endotoxin, gibberelic acid, zearalenone, cephamycin




U' What is SSF?
Applications

e Biological detoxification of agro-industrial
residues

e Bioconversion of biomass and production of
high value chemicals such as antibiotics,
alkaloids, growth factors, enzymes, organic
acids, biopesticides, biosurfactants, biofuels,
aroma compounds, etc.
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U’ What is SSF?
Applications

e Chemistry

e Food industry

e Pharma

e Energy

e Environmental field
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Advantages and disadvantages of SSF over
SmF?
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U- Advantages SSF

High energy consumption Energy saving

High water polution Water saving

Oxygen limitation Sufficient oxygen
Expensive substrates or Use of low-cost residues
pretreatment

High product yield

SSF is even more sustainable than SmF
>HOT SPOT in recent research
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Uv Problem statement SSF

Easy mixing Mixing is difficult, growth is
dependent on nutrient
diffusion

Temperature control is easy Removal of metabolic heat is
difficult

Homogeneity Heterogeneity

Easy on-line control of Difficult on-line control

process

Use of solid matrix has big implications on engineering
aspect of bioreactor design and operation
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U_ Problem statement SSF
Temperature

Absence of free water

Low thermal conductivity of solid substrates

g

Problems with removal of metabolic heat
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U_ Problem statement SSF
Humidity

Humidity

g

Problems to keep humidity due to removal by
evaporation
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U_ Problem statement SSF
Oxygen

Difficult mixing > not the same oxygen
concentration

Mixing to improve mass and heat transfer

\ 4

Damaging the fungal mycelia
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U_ Problem statement SSF
Nutrients

Substrates can differ in

e Composition

e Mechanical properties

e Porosity (inter and intra particle space)
e Water holding capacity

e Specific surface area

o FEtc.
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General goal of engineering in fermentation?
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U- Problem statement SSF

Maximization of

e Rate of formation (productivity)
Pr[ kg ] Xharvest N Xinitial

hm3|

e Yield of product

tpro cess " Vbioreactor

SSF bioreactor has not yet reached a high
degree of development
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U- Problem statement SSF

In general: fermentation research elements
e Desired product
e Producing strain

e Desired environment
- Nutrients
- Temperature
- Oxygen

- Humidity! } Additional for SSF
e Reactor design
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SSF Reactor design
Basic designs

Mixing —> iy . . g . . iy
\ Aeration No mixing (or very infrequent) Continuous mixing, or frequent intermittent mixing
GROUP | GROUP Il
N f Ed .......................................................................... r
o forc B nelmd E—
(BIF PASSES | s e » SSps
Se3sst rsssestets ket
around bed) | | BEEREOTRA |
Tray chamber Rotating drum Stirred drum
GROUPII o 4 GRDLIE v A A
Forced : g
aeration ey
(air blown gﬁzn [ENEsies)
forcefully 5558 =50
through fenses
the bed) estain) s
§$F‘H[)
gz&.‘!:ﬁ
Packed bed Gas-solid Stirred bed Rocking drum
fluidized bed

Fig. 3.2, Basic design features of the various SSF bioreactors, showing how they can be classified into four groups on
the basis of how they are mixed and aerated. From Mitchell et al. (2000) with kind permission from Springer Science
and Business Media




U' SSF Reactor design

Basic designs

Three types of industrial SSF reactors
e Tray bioreactors (TB)

e Packed-bed bioreactors (PBR)
e Rotating drum bioreactors (RDB)

Universiteit Antwerpen _



SSF Reactor design
Basic designs

Rotary drum bioreactor ﬂ



H’ SSF Reactor design

Tray bioreactors

e Simple use, low cost, easy operation
— problem: temperature

4 8

N\ / J?
\ ./ /
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i |
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, Iﬁf me e 10
x —15 —
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U' SSF Reactor design

Rotary drum bioreactors

e Mixing by rotation
e Internal or external cooling
e Aeration

4 9

n/ 1/ N

7
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U' SSF Reactor design
Packed-bed bioreactors

e Advantages

- High substrate loading possible

- Cooling via evaporation by forced aeration
e Essential

- Substrate with a sufficiently high interparticle
volume — sufficient aeration of the column

e Control of the process parameters
- Flow rate air
- Temperature of air
- Water saturated air
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U' SSF Reactor design
Selecting the right reactor

Critical questions for choosing the right reactor

e In what degree is the microorganism affected
by agitation?

e What is the influence of temperature and
temperature increase on the microorganism?

e What are the aeration requirements?
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SSF Reactor design
Selecting the right reactor

Does the process involve batches of only a few kilograms?

no yes

Use other bioreactor types Can use trays (Chap. 6)

Does the organism tolerate frequent or continuous mixing?

not very well \yes

Mixing should be minimized. Use Consider agitated types
static or infrequently-mixed beds ¢

) . | The organism grows quickly?
« Wil the water activity of the substrate

decrease significantly? no Ayes
«  Will the bed pull away from the walls?
no to both yes to one or both Etﬁtrgténg or Eg:gﬁgﬂ
. ] drums might will be
Completely static Infrequent be sufficient necessary
operation in a packed mixing Chabp. 8 Chap. 9
bed (Chap. 7) (Chap. 10) (Chap. 8) (Chap. 9)

Unive

Fig. 3.3. A suggested key for SSF bioreactor selection
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Looking closer at some selected reactor aspects
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(a)
direction of
flow of
saturatedair | i i Static
--------------- bed

waste metabolic heat
increases T soid

T siig slightly higher
than Tarﬁw’nga.‘r

T w» -‘l&"“-__
== H
B2 )
o 2/

gas
phase@more h@tmns@

= heat transfer to air }

..................................................................................................................................

air slightly
warnmer

b : .
(b) Airand solid at a Tsolid
o given position are
5 | almost in equilibrium
"@ i
[iF]
a
E
L
Position
(c) _ the air humidity increases
since water is continually
— v evaporated from the solid as
= ) the air passes along the bed
> T | saturation curve
° %' =function of Tair
=Q v ‘ the outlet air halds
© I i ---'“'"""'“”I“I“I H
> 1 ; more water than
= | The air at a given position the inlet air (the
is almost saturated bed is dryingl)

position

air increasingly warmer

SSF reactor
design
Convective flow

Saturated air at low
velocity

Consequences:

(a) Mechanism of
formation of axial
T-gradient

(b) Axial T-gradient

(c) Influence of (b) on
evaporation




H’ SSF reactor design

Bed-to-headspace heat and mass transfer

Unaerated <-> Forcefully aerated bed

air circulated through headspace

] | T awﬂc}w In headspace
__transfer directly |
= trom the partlcle

Os

diffusion

flow

@ Fluwmg

In th|s case much {Z}f the transfer fmrn

the solids occurs within the bed -




SSF reactor design
Convective flow

(a) | Static liquid film CO m pa I"i N g

. assumed not to have any biomass in it,

therefore 02 not consumed in this region
. O3 transfer limited to diffusion Oxyg e n

. kia depends on the liquid film thickness,

the diffusivity of O in the film and the tra n Sfe r I n

area of the film (total bubble surface area)

Gas
bubble

SmF and SSF

Well-mixed bulk liquid region
. all O2 consumption occurs here

(b) it cac e
A / atic gas ayel.-r
Biomass layer (static)
. simultaneous diffusion and
Substrate consumption of O2
particle . kra depends on the diffusivity of Oz in
the film, the thickness of the aerobic
part of the biofilm and the overall
biofilm area
0
Flowing ™
gas

Fig. 4.5. Comparison of the situations for O, transfer in (a) SLF and (b) SSF
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What will happen when scaling-up the SSF
reactor?
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U' SSF reactor design
Scaling-up

e Increase of temperature, pH, O2, substrate,
moisture gradients

e Scale-up usually based on empirical criteria
related to transport processes

e Basis for most significant improvements is the
application of mathematical modeling
techniques
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U' Process modeling

Microorganisms

Critical parameters

e Particle size: compromise
- High surface area for microbial attack
- Lower microbial respiration/aeration

e Moisture level/water activity

- Mass transfer of water and solute across cell
membrane

- Water activity = relative humidity of the aqueous
atmosphere in equilibrium with the substrate
e a, = 1.00 for pure water
e a, < 1.00 for solutions
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H’ Process modeling

Microorganisms

Moisture level/water activity

18 -
16 A

5 14

ER-RTE

g€y W

S 2 R

So 54 NNNN

& O i

2%, 61 «\

= bt

= R R
2 R R
. N N

0.960 0.980 0.990

Water activity

Figure 6: Influence of water activity on aroma production by T. virideTS
cultivated for 5 days on a solid medium.
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H- Process modeling

Two levels

e Macro scale = reactor level
- Static SSF: tray, packed bed
- Dynamic SSF: rotating drum, stirring
e Micro level: mathematical modeling of

- Substrate particle digestion
- Microbial growth

- Enzymatic kinetics to explain microscopic
fermentation steps
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: B O —— gpbstrate beéj {pgdrtipcles, | P ro Ce S S m O d e I i n g
e | Micro scale
=S

void spaces may contain void spaces =
/ droplets of water, but water does partially filled with B | O m a SS
not form a continuc}__l.,ls phase ”microhial biomass
e Microbial cells

stay attached to
substrate

e Fungal mycelia
penetrate into
substrate

What is the
internal

structure of
the particle?

| aerial
v~ hyphae

___________

V moist particle
‘ moist particle ’ penetrative hyphae - =
thin liquid film with -£
“biofilm hyphae”

\\ biofilm = cells + water
l A / aerial hyphae




temperature at a

H’ Process modeling

Micro scale

e Substrate bed

temperature at a
given position

Topt
time
@
1= ®™E
Z 0 3
= ==
c g -
2 o 2
(@] i ED
wall central axis wall bottom top
horizontal position vertical position
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()

spores at
inoculation

extending
microcolonies

Rl

surface
covered

N

o @

early: growth to
cover the whole
surface

mid: growth ]
above and below
the surface

‘..‘-"_--"'“'--.

|
)
:

late: deceleration
of growth

— —— spaces

initial distribution
of spores

l

surface covered, few
aerial or penetrative
hyphae

l

L

aerial hyphae grow

into the inter-particle

—

hyphae mainly
at the surface,
within a thin
liquid film

< penetrative
hyphae
grow into

[ ~—"particle

Process modeling
Micro scale

e Biomass distribution




concentration

concentration

particle
center

substzfé_t-é'!

bEd ......u...u...-..y.---...-...-..

2 8 thin gas phase into
£ € liquid  which aerial |
) substrate particle S @ fim biomass can grow
S 2ero ..
earl
......... O }'
U - mid
polymeric late
carbon ..................................................
source
______ v
soluble _ biomass
hydrolysis
product

position

Process modeling
Micro scale

Changing
concentration profiles
o Growth of a

biofilm. on and in
the particle

e Particle =
polymeric carbon
source

(Also shrinking of
particle)
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H- Process modeling

Cellular model Reactor model

!

Specify model complexity

!

Stoichiometry

\7 Vv
A MODEL
Kinetics Mass balance
D
©
(@]
- l B
5 Method of _ _ *Process parameters
Squdres l Microbial parameters

Simulating fermentation process
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H’ Process modeling

Kinetics

Biomass estimation

Two problems
e Measuring separately from substrate

e Homogeneous sampling for off-line
measurement
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U' Process modeling

Kinetics

Biomass estimation

e Indirect methods

- DNA, glucosamine, ergosterol, protein
(Kjeldahl), metabolic activity (respirometry)

e Model studies, e.g. growth on gelatine and
melting afterwards and recovery by
centrifugation

e Recent methods: OUR and CER

Universiteit Antwerpen n



H’ Process modeling

Kinetics

Biomass estimation by
Metabolic gas balance method
e On-line

e Fast

Measuring evolution of

e Oxygen uptake rate (OUR)

e Carbon evolution rate (CER)

- linear related to biomass evolution

Universiteit Antwerpen n



H’ Process modeling

Kinetics

02 consumed = O2 out - 02 in (1) %0u

% COg

% Ny=100-%0; - % CO,

Volumetric flow at fermentor entrance:

Voze = (%)Fe (2)

Vhze = (%)Fe (3)

E, air flow at the fermentor entrance (/h)

Figure 4.3.Volumetric composition of air in the flow at entrance and exit from a
solid-state farmenter
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Volumetric flow at fermentor exit:

%0,
Vozs = (w> Fy 4
%CO,
Vcozs = (T(f) Fg

_ (100—%025—%CO03s
Vnzs = (Foe 02 F (5)

F, air flow at the fermentor exit (/h)

Process modeling
Kinetics

% O
% COg

% Ny=100-%0; - % CO,

Figure 4.3.Volumetric composition of air in the flow at entrance and exit from a

solid-state farmenter
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H’ Process modeling

Kinetics

% O
% COg

Volumetric oxygen consumption (Eqg. (1),

(2) & (4))

20.9
VOscons = (35) Fe — (%025/100)F; (6)

% Ny=100-%0; - % CO,

Air is compressible fluid - relation
between F, and F,

VN,, = VN,s (7) (Volume N, = cte) (7)

Figure 4.3.Volumetric composition of air in the flow at entrance and exit from a
solid-state farmenter
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H’ Process modeling

Kinetics

Relation between air flow at entrance and exit (Eq. (3), (5) &(7))
Fo= 79.1F, (8)

S (100-%02-%C02)

Volumetric oxygen consumed (Eq. (6)&(8))

B __ 0.791%02
VOzcons = (0'209 (100—%02—%602)) Fe (9)

Assuming no COZ2 in entrance gas.
Volumetric CO2 produced

0.791%C02 ;
(100 — %02 — %C02) ) "®

Universiteit Antwerpen n
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H’ Process modeling

Kinetics

Oxygen balance during microbial growth

Fermentation: which part of the substrate (e.g. oxygen) is used for
e Maintenance (endogeneous process)

e Biomass growth

e Product production

02 consumed = 02 applied for biomass growth + O2 applied for
maintenance + 02 applied for product formation

OUR = oxygen consumed in time interval At = AA—OtZ (rate of O2
consumption)
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H’ Process modeling

Kinetics

Oxygen balance during microbial growth

1
Yxo

% (Product formation)

O2 consumption rate Z—f = mX (Maintenance)+

1

ax .
— (Biomass
dt

growth) +
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Process modeling
Kinetics

q

biomass or component

time

Fig. 14.5. Various types of kinetic profiles that have been found in SSF. The arrows indi-
cate the parts of the profile that correspond to the kinetic type. (a) linear; (b) logistic;
(¢) exponential; (d) deceleration




U_ Process modeling

Kinetics

Table 14.1. Equations that have been used to describe growth profiles or parts of growth
profiles in SSF systems®

Name Equation Equation Parameters to be
number found by regression
Linear C=C,+kt (14.4) C, k
Exponential C=(C,e" (14.5) Co, 1

Co, G

75% of the cases

Deceleration € = C, exp (A( l—e'k‘f)) (14.7) C, Ak

" In the past these equations have been used for biomass concentrations expressed on both
absolute and relative bases.
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U_ Process modeling

Kinetics

Table 16.1. Differential forms of the equations that have been used to describe growth pro-
files or parts of growth profiles in SSF systems

Name Equation’ Equation Parameters’
number
: dCy,
Linear M (16.1) k
dr
Exponential T U1C x4 (16.2) 7

Logistic Y. R Cyans U

75% of the cases

Deceleration : FAC g6 (16.4) kA

* The integrated form of these equations are given in Table 14.1. These equations are ex-
pressed in terms of absolute biomass concentration (e.g., g-dry-biomass g-IDS™).
® These parameters may later be expressed as functions of the environmental conditions.
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U' Process modeling

Heat and mass transfer

Mathematical modeling of transport and
thermodynamics in an SSF reactor

e Mass balance [kg/h]
e Energy balance [J/h]
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U' Process modeling

Heat and mass transfer

Energy balance [J/h]

dT bed
dt

Mo C pped =10, 105 0c +.. 47y,

m,., mass of the bed [kg]

C,peq OVerall heat capacity of the bed [1/(kg.°C)]
T,eq temperature of the bed [°C]

ro rate of metabolic heat production [J/h]

Qs Qp Qcrates at which different heat transport
phenomena occur [J/h]
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U' Process modeling

Heat and mass transfer

Mass balance of water [kg/h]

M. .
warer :iR_I iRB iRC + ...+ Iy,
dt ‘ |
M,.soverall mass of water in the bed [kg]
r,, rate of metabolic water production [kg/h]

R, Rg Rcrates of different mass transfert phenomena
involving water [kg/h]
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U’ Process modeling

Heat and mass transfer

Energy and mass balances [1/h]

In the substrate bed:

e Metabolic heat production

e Conduction: in response to temperature gradient

e Diffusion: in response to concentration gradients

e Convective heat transfer: in case of forceful aeration
e Evaporation: from solid into air phase

e Convective mass transfer: in case of forceful aeration
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Tin = temperature of inlet air
in = humidity of inlet air
F = air flow rate (dry basis)

T = temperature of outlet air
H = humidity of outlet air
F = air flow rate (dry basis)

Process
modeling

Microbial variables and parameters
X = biomass

1 = specific growth rate constant
Xmax = maximum biomass

Yo = yield of metabolic heat

Heat and
mass
transfer

Bed variables and parameters
T = bed temperature

Cpg = overall bed heat capacity
M = total bed mass

Thermodynamic constants

Crair = heat capacity of dry air

AHyap = heat of vaporization of water
Chrvapor = heat capacity of water vapor

h = heat transfer coefficient

Associated with heat transfer through the bioreactor wall

A = area across which heat transfer takes place
Tsur = temperature of the surroundings




KINETIC SUB-MODEL

parameters within the kinetic Growth kinetic equation
equation are expressed as functions dx X
of the environmental conditions. —=uX|1-
/{;;TEM;'(R(THH)} dt \)Qum{
eg., U=———F7
14 b ~Ea2/(R(T+273))

BALANCE/TRANSPORT  terms vithin the balance equations
SU B-MQDEL deaaribe how groafth affects the

environmental variables

@ balance (each term has the units of power, i.e., Watts)

dT dX
MC pp = =T, Y metabolic heat production
t t
—hA(T-T,,. ) heat removal through the wall
~FCp: (T-T, ) heat removal by the dry air

~FAH,,,(H-H;, ) latent heat removal by evaporation

~FCpyppor(HT-H T}, ) sensible heat removal by water vapor

many of the terms W|th|r1 the balance aquatlons deacrlbe transport
phenomena and these equations include the various operating variables

Operating variables

Variables, related with the aeration, agitation, and cooling systems, that can
be manipulated by the operator. In this case the conditions of the inlet air (F,
Hin, and Tjn) and the temperature of the surroundings Tsur (Which could be
water in a cooling jacket)

Process

modeling
Heat and

mass
transfer




Hv SSF reactor control

Monitoring

e Measurement of environmental parameters
(temperature, pH, water content and activity)

e Measurement of carbon cycle (biomass,
substrate cencentrations, CO2)

Difficult due to heterogeneity
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H- SSF reactor control

Direct measurements: classical sensors

e Temperature sensors

- at various distances from the centre of the
fermentor

- Linked to control systems for moisture content
® pH
e Water content

Universiteit Antwerpen —



H- SSF reactor control

Indirect measurements of biomass
e Respirometry
e Pressure drop (PD)

early mid late

total mass of dry solids

pressure drop through a static, forcefully-aerated
bed (accompanies the overall [biomass])

time
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Hv SSF reactor control

Recent measurement methods

e Aroma sensing

e Infrared spectrometry

e Artificial vision

e Tomographic techniques (X-rays, MRI)

Measurement techniques are important to
improve performance of SSF bioreactors
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U' Conclusion

SSF is not a simple technology

To deal with the complexity

e Scaling-up SSF needs to be based on
engineering principles

e Mathematical models of bioreactor operation
will be important tools in the design and
optimization SSF bioreactors

e Process control theory should be extended

Universiteit Antwerpen n



H— Further reading

Mitchell et al. (2006) Solid state fermentation
bioreactors. Springer

Pandey et al. (2008) Current developments in
solid-state fermentation. Springer
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H- Questions

e What is solid state fermentation?

e Why is scaling-up of an SSF bioreactor more
difficult than an SmF reactor?

e Describe the three basic types of SSF
bioreactors and what criteria are used to
choose the right reactor.

e Describe the way to follow-up the biomass
concentration on-line in an SSF reactor.

e Give an overview of the modeling of an SSF
bioreactor.
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