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Abstract

The growth of microbial cells during conventional aich ethanol
fermentation is inhibited by high concentrations afthanol. This problem
could be alleviated by continuous removal of eth&rfimm the broth during
fermentation and this could increase productivityn@ potentially reduce the
cost of ethanol recovery. Energy effects during tfatethanol fermentation
coupled with in situ gas stripping was investigatéd this study using a
mathematical model. The model which was formulatedm energy balance
equations was simulated to investigate the effettgas stripping on some
energy variables during fermentation. Results obstad showed that some
degree of cooling was introduced by the strippingasg However, the
maximum temperature reduction was 3.5% which did tneesult in a
significant degree of cooling. The amount of metdizoheat generated as
well as the heat lost via aeration was observednirease with increase in
stripping gas flow rate. These observations wertiltited to the alleviation
of product inhibition during fermentation. The eney required for gas
compression was observed to also increase with eespo the stripping gas

flow rate.
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Nomenclature

CeL

Qagit
Qaeration
Qconv
Qevap

Liquid phase specific heat capacity (J&Y Qucket External heat energy input (W)

Gas phase specific heat capacity (JRg Qnput  Energy input (W)

Microbial cell concentration (g/L) Qnmet Metabolic heat generated (W)

Diameter of impeller (m) Qouput  ENergy output (W)

Diameter of fermenter (m) Re Reynolds number

Stripping gas flow rate (L/h) t time (h)

Convectional heat transfer coefficient (@) ToL Bulk liquid temperature®C)

Liquid phase thermal conductivity (W/kg) Ts Bulk gas temperaturéQ)

flow rate of heating fluid (kg/s) V. Volume of the liquid phase (L)

Power number AHnet  Specific metabolic heat generated (J/kg)
Impeller speed (rev/s) AHv  specific enthalpy of vapourisation (J/kg)
Prandtl number pL Liquid phase density (kgfin

Energy required for agitation (W) Pe Gas phase density (kgin

Energy lost via aeration (W) UL Liquid phase viscosity (Pa.s)

Energy lost via convection (W) M Latent heat of vapourisation of water (J/g)

Energy lost via evaporation (W)

Introduction

As a result of the environmental and energy secuhtllenges associated with the use of convertjmetaoleum based fuels
for transportation, a rapid expansion has beerrdecbin the market for bioethanol either as a bleitd gasoline to enhance
octane rating or as a primary fuel [1]. Productidiioethanol from abundantly available and lowtdiggocellulosic
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biomass has been considered to be attractive astdirsable [2]. Bioethanol has conventionally beemdpced via batch
fermentation of sugar substrates using the mostrmmamfermenting organisn$accharomyces cerevisiaghe ethanol
produced is subsequently recovered from the feratientbroth and then concentrated by distillati8h [

The conventional batch fermentation process igdichby product inhibition introduced by ethanolitity to the fermenting
microorganism and thermal instability of the miamganism[4]. The problem of product inhibition collé alleviated by
continuous removal of ethanol during fermentatiorsitu gas stripping using an inert gas is a viable adtéve that has been
proposed for recovering ethanol from fermentatiootis [4-7]. Removal of ethanol via situ gas stripping can alleviate the
problem of product inhibition, increase the celhcentration in the broth, the ethanol productivitypstrate utilisation as
well as reducing the cost of product concentratiad purification.In situ gas stripping makes it possible to have a more
concentrated glucose substrate as feed to the fiégemé&he problem of periodical cleaning encourtesgth other methods
is not encountered with gas stripping and the fetaten product is usually cleaner.

The problem of thermal instability of the microongem could be solved by the use of thermally statileroorganisms such
as thermophilic ethanol producing bacteria whichn darive at elevated temperatures[8]. The use e@fntiophilic
ethanologenes presents certain advantages. Thehe igotential for using a wider range of subssaenergy savings
through reduced cooling costs, higher saccharifinaand fermentation rates, reduced risk of contationetc [9].
Furthermore, using thermophilic microorganisms makgossible to also carry out the fermentationcess close to the
boiling point of ethanol, a situation that generathvours gas stripping as a recovery method [B8]adldition, ethanol
production at high temperature is effective in icap countries where average day-time temperataresusually high
throughout the year [10].

Because fermentation is an exothermic process,iihportant to consider heat or energy effectsndutine process. Energy
transfer during fermentation could occur via a hadgtrocesses such as metabolic heat generatitatjcaag mixing, cooling,
heating etc. The bacteriuZymomonas mobiliand yeasSaccharomyces cerevisihave been reported to gain the energy
required for growth and maintenance under anaemdnditions by substrate phosphorylation procetsesigh the Entner-
Doudoroff pathway and glycolysis respectively [#nergy is usually required to accomplish efficienixing during
fermentation [11]. In some instances, cooling iguired and heat generation by exothermic sugar detation by
thermophilic microorganisms has an impact on thehpat balance vis-a-vis cooling water requirenierstuch fermentation
processes [9,12]. Hence, with the multifactor an#i® occurring inside the fermentation vessel, rgpeconsideration
becomes important.

Dynamic modelling of the fermentation process eesithe representation of the process in a mathesthagnse. Simulation
of formulated models can be utilised in analysing tlynamic behaviour of the process under congidargorovision of
insights into the mechanisms that drive the prqcassgerstanding the response of the process togekaim operating
conditions, design of controllers and design ofrelyt new processes [13]. Hence, the aim of thislgtis to analyse energy
transfer effects during an ethanol fermentatiorcess coupled with gas stripping.

2.0 Materials and Methods

21 Microorganism and Fermentation Conditions

The thermophilic ethanol producing microorganisbeobacillusthermoglucosidasiusbtained from the biotechnology
division of the Federal Institute of Industrial Rasch Oshodi (FIIRO), Lagos, Nigeria was used a&s fdrmenting
microorganism. A freeze-dried culture @eobacillusthermoglucosidasiuwgas revived by aseptically adding 0.3 mL of fresh
anaerobic medium to a single-vial and transferthrggtotal mixture to a 5 mL McCartney bottle (BDBK) with a working
volume of 3 mL. It was ensured that anaerobic dmmbi prevailed during the transfer by making usehe modified
Hungate technique [14]. Stock cultures for subsetjuse were prepared by adding 10 mL of fermematimth from mid-
exponential growth phase to a 28 mL Mc Cartney (BDIK) bottle with 10 mL sterile anaerobic glycerdhese stocks
were stored at -20 °C for subsequent use. The csitio of the fermentation medium is the same at freviously
reported by Hild [15].

2.2 Batch Fermentation and Gas Stripping

A 2 L bioreactor with a working volume of 1.5 L wased for the batch fermentation process whichailasved to proceed
for about 21 hours. An anaerobic environment waated by purging the reactor system with oxygee-fiirogen gas [16].
Gas stripping was initiated by pumping oxygen-indeogen gas through the system at a gas flowafa®® L/h using a twin-
head peristaltic pump. The ethanol vapours werédedoim a condenser using 50% ethylene glycol. Aesdditic diagram of
the integrated bioreactor set up is shown in Fidure
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Stirrer
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T and COy)
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(Ethanol, Acetic acid and
Heating fluid Succinic acid)
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Condensed
Heating fluid out

Inert stripping gas
Figure 1. Schematic diagram of batch fermentation procespleduith gas stripping

2.3 Analytical Methods

The amount of ethanol produced was analysed usgas &hromatography system equipped with a flamisation detector
(GCD-Gas chromatograph, Pye Unicam UK). The colemployed was a 1.5 meter glass column with Por&p&6/100
mesh as the stationary phase. The temperatureetectdr, injector and column were set to 200 °@) 20 and 150 °C
respectively. Standards of known ethanol conceaatraivere made up with anhydrous ethanol and deddnisater. A
predetermined amount of the sample (1uL) was iege@to the column and the peak areas were detedrby using a
programmable integrator (HP3390A, Hewlett Packakd.U

2.4 Energy Balance Equations

The general energy balance equation for the femneatn be written as [17]:
dT

pLVLCpL d:L = anut - Qoutput (1)

For the integrated system of simultaneous fermiemtatnd ethanol removal via gas stripping to fumgttithe process needs

to be operated close to the boiling point of etthaklence a heating jacket is required to mainthim temperature of the
process at the desired set value. The externaifyaattinto the system was estimated using Equgfpn

Qjacket = m |_|v (2)

M(kg/y is the flow rate of the heating fluid (steam histcase) andH, (J/kg) is the specific enthalpy of vapourisation of
the heating fluid. Energy in the form of heat im@eated as a result of the metabolic action of rttieroorganism in
converting the carbon substrate to ethanol and gtteelucts. This is defined as follows [17]:

Qmet = VL/ULCXA H mel (3)

AH,etis the specific metabolic enthalpd/d).
The energy transferred into the system througtaggit by the stirrer is a function of the stirr@esd and diameter and is
defined as follows:

Qi =N,oNB (@)

Np, Ns (rev/9 andDs (m) refer to the power number, stirrer speed andestitiameter respectively.

The externally added energy input is comprise@@ke; Qmer aNdQqgit.

Energy equations were also formulated in a simit@nner for energy lost from the system. The feratémt process is
operated at a temperature of about’6Q while the temperature of the stripping gas isaseabout 25C. As a result, the
system experiences heat losses due to the tempeditierence between the fermenter and the stigpgias stream. Hence,
energy losses in the form of heat could occur thhoaeration, convection and evaporation and these defined as
follows:

Qaeration = FGpGC pG(TLb_ T(; (5)
Coc (I/kgK) is the specific heat capacity of the stripping gadTg (K) is the temperature of the inert stripping gas.
Qconv = hcon\(TLb_ T(g (6)
Quvap = FAWHeomH o) (7)

Journal of the Nigerian Association of Mathematic&hysics Volume 31, (July, 2015), 195 — 200
197



Modelling Energy Effects... Amenaghawon, Osazuwa and Osayuki-Aguebor J of NAMP

Aw is the latent heat of vapourisation of water.
The convective heat transfer coefficiéiyg,, is defined as follows [18]:

0.14
h. =0.745 Re pps{ £ ®)
Dt luw

D; (m) is the diameter of the fermentation vessel. Timedsionless Reynolds numbdg and Prandtl numbeP() are
respectively defined as follows:

Re: Ns Dilo L (9)
H
Pr= Cuke F’Lﬂ L (10)

k (W/mK) is the thermal conductivity of the liquid phase.
Combining the terms representing the external gnamguts as well as the energy losses from theesysesults in the
following equation describing the conservation eémyy inside the fermenter.

dT,
pLVLCPLd_:):I_ = Qjacket+ Qmet+ Qagit_ Qaeration_ Qconv_ evi (11)

CoL (I/kgK) is the specific heat capacity of the liquid phasdT, (K) is the temperature of the bulk liquid phase.

In order to investigate the dynamic behaviour &f blatch fermentation process, the system of erfsatance equations was
solved numerically and the data presented in Thllas used for simulation.

Table 1: Parameter values for dynamic simulation

Parameter Value Source

Broth specific heat capacip, 2500 J/k§C Sweat [19]

Broth thermal conductiviti 0.3Wkg°C Van Lier et al. [20]
Convective mass transfer coefficidnt | 0.276m/h Calderbank and Moo-Young [21]
Fermenter volum¥| 1L Hild [15]

Gas densityg 1.145g/L Perry et al. [22]
Gas specific heat capaciBc 1040 J/k§C Perry et al. [22]
Impeller diametebg 0.0058m Joshi et al. [23]
Impeller speed\, 1.67 1/s Joshi et al. [23]
Liquid phase density, 991g/L Hild [15]

Liquid phase viscosity, 0.0013Pa.s Hild [15]
Metabolic heat generatetH, e 22440J/g Perry et al. [22]
Power numbeNp 0.7 Joshi et al. [23]
Specific latent heat of evaporatidp 1814.463/L Perry et al. [22]
Temperature of stripping gds 3¢°C Hild [15]

Universal gas constaR 8.314 J/mdIC | Perry et al. [22]

3.0 Results and Discussion

Figure 2 shows that the temperature of the bulkidigphase reduced with time in the course of fetat@n irrespective of
the flow rate of gas used. The reduction in tempeeacould be attributed to the cooling effectlod stripping gas. Because
the stripping gas enters the fermenter at a tertyeraf about 2% and the fermentation process is operated at @80t
to favour gas stripping, there will be some leviet@oling which is evident in the reduction in tieenperature of the system.
The maximum temperature reduction should not bestgoificant to result in the need for extra hegtiwhich in turn will
increase the cost of the process. The results mexben Figure 2 shows that the maximum temperatedeiction was
obtained as 3.5% which does not translate to afignt degree of cooling.

The effect of fermentation time and stripping dasvfrate on the amount of heat generated as at i@soietabolic action of
the fermenting organism is shown in Figure 3. Adyatic relationship was observed between the métaheat released
and the fermentation time. The metabolic heat seldavas observed to increase with increase inlgasrte. Microbial
fermentation is an exothermic process in which bnata heat is released as the microbial cell papuieutilise the available
carbon substrate to produce metabolic products.
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Figure 2: Effect of fermentation time and gas flow rat&igure 3: Effect of fermentation time and gas flow rate

on bulk liquid phase temperature on metabolic heat generation

As the gas flow rate is increased, more of therethes stripped from the fermentation broth whiesults in a decrease in
the concentration of ethanol in the liquid phaséhWhe level of ethanol lowered below inhibitogrkls, the cells are able
to function optimally and the fermentation process be continued for long periods. This consequemgsults in the
generation of more metabolic heat.

The heat lost as a result of the aerating effeth@fstripping gas increased with increase in simigp gas flow rate as shown
in Figure 4. Since the temperature of the stripgiag is less than that of the fermentation brdté,témperature difference
results in some cooling effect and this typicaligreases as more gas is delivered into the ferti@mtaessel. For gas
stripping to be employed as an effective recovestesn, the temperature of the fermentation brothtbabe close to the
boiling point of ethanol. Hence, it is importantrtmnitor the degree of cooling introduced as altedwaeration so as not to
introduce the need for reheating the fermenterezaatwhich will further contribute to the cost bétprocess.

o

o
N W
3 o

N

=
s

Energy for gas compression (J/s)

20
10 Stripping gas flow rate (L/h)

30 0

Figure 4: Effect of fermentation time and gas flow rat&igure 5: Effect of fermentation time and gas flow rate

on heat loss through aeration on energy required for gas compression

In order to convey the stripping gas through thenfmter, it needs to be compressed. Compressidheofjas is also
necessary in order to attain the pressure reqtiredeate bubbles which are important in creativegrtecessary interfacial
surface areas for mass transfer [24]. Furthernttve,gas bubbles created reduces the energy rearitefior mixing the
fermenter content by reducing the density of thidfland influencing the hydrodynamic behaviour o fluid around the
agitator [11]. The compressor requires electricavgr to function and the energy requirement of gaspression is
dependent on the amount of gas the compressoratierdfor a given period. Figure 5 shows the satioh results obtained
by varying the fermentation time and stripping flasv rate. The results show that there was no figmit change in the
energy required for gas compression with respetirte. However, the energy required for gas congio@swas observed to
increase linearly and progressively with increasstiipping gas flow rate. Higher gas flow rateseveequired to achieve
high stripping rates. Hence, one would expect tothe maximum allowable gas flow rate. NeverthelEggure 5 shows that
the higher the gas flow rate, the higher the eneeguirement for gas compression hence a high¢rofagperation. To have
an economically viable production process, the obsthanol production should be competitive. la fight of this, there has
to be a trade-off between efficient separation mwvery (sufficient ethanol removal from the lidyihase) and separation
process economics which can establish non inhipithanol concentrations in the liquid phase andidaal ethanol
concentration in the condensate so that the gmtireess would be energy attractive.

4.0 Conclusion

Energy effects during batch ethanol fermentatiomewiavestigated in this study. A system of difféi@nand algebraic
equations was formulated to represent the energgteduring fermentation. Some level of cooling vasserved during
fermentation as a result of the introduction of gepping gas. However, the maximum temperatudeicton was 3.5%
which does not translate to a significant degreeoofing. Increasing the stripping gas flow rateutés in an increase in the
generation of metabolic heat. Heat loss via aaratioreases with increase in stripping gas flow wahile the energy
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required for gas compression also increases wipeet to the stripping gas flow rate. The modek@néed in this work
though able to describe energy transfer effecttigdermentation, can be extended to derive a ptiedi model. However,
reliable correlations for gas/liquid interfaciabas and heat transfer coefficients applicable duenmentation will have to
be developed.
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