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Abstract

Quantitative calorimetry has been developed in a production scale bioreactor with a volume of, 1&fhg continuous and dynamic
methods that require a heat balance be developed around the bioreactor. In order to measure the components of heat balance accurately, th
precise measurements of all temperatures and flows were installed in the bioreactor. The on-line measurements of these terms then permittec
the on-line calculation of metabolic heat flux from general energy balance in Eq. (1). Good correlation was obtained between oxygen uptake
(OUR) and metabolic heat production rates both in continuous and dynamic methods. The metabolic heat production was also estimated from
heats of combustion of substrate, biomass and ethanol and compared with experimentally measured values and good correlation was obtained
Biomass concentration was estimated from elemental, electron and heat balances and reasonable estimation have been performed usin
heat balance calorimetry. Direct relation has been found between cooling water flow rate and metabolic heat flux that simplifies monitoring
microbial activity in large-scale fermentations. Dynamic method also allowed quick and practical estimation of overall heat transfer coefficient
in the heat exchanger and reduction in the coefficient due to fouling on the surfaces of the plates could easily be identified. The results of this
study suggest that quantitative calorimetry in a production scale bioreactor can be simplified by accurately identifying individual heat sources
and can be realised using simple instrumentation as compared to the sensors currently used in industry.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Cooney and co-workef8-5] have refined this approach in
laboratory bioreactors, called discontinuous method. In this
There are basically two methods to measure heat effectsmethod, the temperature control system was inactivated at
in microbial processes; in the first approach, calorimetric intervals and the temperature of the broth was allowed to
devices specially constructed for this purpose called mi- rise. The rate of heat production then was calculated from the
crocalorimeters were used by many researchers to studyslope of temperature—time curve by using overall energy bal-
thermodynamics of many bioreactions. Microcalorimeters ance set-up around the bioreactor. van Kleeff efcllhave
were developed first and reached sufficient sensitivity for introduced heat balance calorimetry using complete energy
biological process monitoring. However, this approach suf- balance without the need for inactivating the cooling sys-
fers from the disadvantage that the environment for the tem. Voisard et al[7] have applied heat balance calorimetry
micro-organism in which the metabolic heat is measured, is to 300 | mid-scale bioreactor in which fed-batch production
different from the environment in which the process takes of Bacillus sphaericusvas carried out. They have taken into
place. This problem has been resolved by the advent ofaccount all heat flows entering and leaving the bioreactor.
bench-scale calorimeters. They have been used in quanti- Heat effect in microbial reactions are not obvious when
tative studies on microbial growth and product formation. using laboratory bioreactors since most of heat is lost to
In the second approach, the metabolic heat production isenvironment to give noticeable increase in temperature of
measured in the bioreactor itself to eliminate the problems broth, due to high surface to volume ratio. The situation
encountered in microcalorimetric measuring devigkeg). is completely different in industrial-size bioreactors. The
production scale bioreactors operates nearly adiabatically
due to much lower surface to volume ratio compared to
* Tel.: +90-262-321-44-51; fax:-90-262-321-81-17. laboratory-scale bioreactors. These reactors can be consid-
E-mail addressmustafat@pakmaya.com.tr (M. Tirker). ered as a form of calorimeter. The generation of metabolic
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Nomenclature

area (M)

heat capacity (kJ/(keC))
concentration of water in air (kg
flow rate ofi (m3/h)

heat transfer coefficient of(W/(m? °C))
heat of combustion af (kJ/kg)
molecular weight of (g/mol)

total biomass in the bioreactor (kg)
oxygen uptake rate (kgm?3 h))
partial pressure af (atm)

total heat (kJ/h)

heat (kJ/rd)

rate of consumption or production of
i (kg/(m3h))

volumetric heat production rate (kJ/&n))
temperature°C)

overall heat transfer coefficient (W/ghC))
volume (n¥)

biomass concentration (kgfn

yield of i overj

heat yield (kJ/kg)

Greek letters

y degree of reduction df
e emissivity

w specific growth rate (ht)
0 density ofi (kg/m?)

o constant (W/(MK%)
Subscripts

a acid

b broth

exch  exchanger

f bioreactor

in inlet

m molasses

max maximum

n nitrogen

0X oxidative

out outlet

p product

red reductive

S substrate

sur surface of bioreactor
surr surrounding

w water

X biomass

heat encountered in large-scale bioreactors can indeed be soajy
significant that, ensuring the corresponding surface area for

Britain. In this process, it has been reported that hourly
metabolic heat generation could reach up to 300,000 MJ
during growth of bacteria on methanol in continuous sin-
gle cell protein production proced8]. French scientist
Dubrunfaut[9], who was rightly called a father of modern
macrocalorimetry, carried out a first experiment with mi-
crobial systems in a large scale in the middle of the 19th
century. He made a one essential experiment in 1856 to
determine the heat production accompanying alcoholic fer-
mentation. Molasses solution of 21,400 | containing 2559 kg
of sugar was used in a huge vat of 3 m diameter and height.
During the 4 days of fermentation the broth temperature
rose from 23.7 to 33.7C. Dubrunfaut calculated the loss
of heat due to radiation and convection by measuring the
rate at which the vat was cooled after fermentation had
ceased. Moreover, he took into account heat storage in the
vat, evaporation and stripping of Gdrom the solution

into atmosphere. Recently, heat balance calorimetry was
applied for the first time in a production scale bioreactor
[10]. All heat flows entering and leaving the bioreactor were
quantified by measuring necessary flows and temperatures
and metabolic heat generated was calculated from relevant
information obtained from overall energy balance.

2. Theory
2.1. General energy balance

The schematic layout of the bioreactor is showirig. 1,
where main components of the bioreactor are illustrated. The
general dynamic heat balance around the industrial bioreac-
tor can be written as follows:

d(vT)
PCp,bT = gfeed T gmetabolict gmechanict Jexchanger

+ gsurfacet Gevaporationt Gradiation

+ Gacid + qco, 1)
The contributions of each term i&q. (1) were calculated
using equations iMable 1. In the present work, including

the terms representing the energy removed by §&@pping
and energy generated by acid dilution and neutralisation has

Molasses
—_— o

\ ; Cooling
PHE Water
A, %

temperature control may be a real t_eChnica| challen_ge. Onerig. 1. The layout of the bioreactor for which energy balance has been
example is the process developed in 1970s by ICI in Great established.
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Table 1 33
Quantification of energy sources coming to and leaving bioreactor
Feed gfeed = Z:’:]_Fipicp.i(Ti -T) =

Fmcp.m(Tm—Tt)+ Fair pair€ p. air (Tair— Tt ) o
Metabolic gmetabolic= 1o VL _ 5 %
Exchanger gexchanger= UexchAexch ATL = Fw¢pw(Tin — Tout) §
Surface qsurface= hair Asur(Tbroth — Tsurr) . g
Evaporation Gevaporation= Fair AHy, (PS™ — P £
Radiation Gradiation= Asureo(T{" — T P 311
Acid dilution and qacid = Fa AHq + Fa AHy

neutralisation
CO; stripping qco, = Fc AHco, 30
0 5 10 15 20 25 30 35

refined the model presented in the previous arfitd. Dur- Time (minutes)

ing fermentations, C®is produced and if the fermentation

is carried out at lower pH values GQormed is continu- Fig. 2. Temperature curves in dynamic experiments at different heat
| . d th h . Rel £, h production rates during fermentation. The magnitude of the slopes of

ously stripped through aeration. Release of2 m the each curve is directly related to the magnitude of rate of metabolic heat

medium is an endothermic reactifii] according to: production. Similarly the slopes of the cooling periods also indicate the

_ capacity of heat exchanger to bring the temperature down to its set value.
COz(aq — CO(Q).  AHco, =203 kJ/mol @ In this work, it is slightly exaggerated and the broth temperature is allowed

Acid used during fermentation for pH control will yield heat © increase more than°Z. However, 0.5C would be enough to get the
effect when added to the fermenter. Voisard efdl.have rate of heat production.
reported thatA Hy = 4 kJ/mol proton was estimated when
sulphuric acid was used for pH control. Moreover, added Cooling system was deliberately inactivated at certain time
protons will be neutralised and generate heat according toand rate of temperature rise (or slope) was a function of
following reaction[7,11]: metabolic heat production rate as showrFig. 2.

+ - -
H"+OH" < H0, Al =55.9kymol @) 2.2. Process stoichiometry, elemental, electron and heat
The general energy balance can be written in explicit form balances

as follows:
d(vT) Overall growth equation given below is based on Batt-

PbCpb =g = Fmpmep,m(Tm — Tt) ley [12]. The coefficient of ethanol in the equation is either
+ Faiepairc p.air (Tai— Tt )+ Fa(A Hy+ A Hy) ggrsrlté\(/je if ethanol is produced, or negative if ethanol is con-
+7r9VL — UexchAexchATL
— UsurAsur(Tt — Tsurr) rsCH200.0125+ rnNH3 + 1002 + ”po437H2PO47
—FairAH\(;v(Pvc\)/Ut— P\I/\r/]) +rso42_SO427 + kKT —i—ngl\/lngr
— Asueo(T{' — Tgy) — FeAHco,  (4) +rcaCe" + roy- OH™

In continuous experimentgq. (4) are equal to zero, since — rxCH1.61300.557N0.158P0.01250.003K 0.022MJg 003

the accumulation term is zero due to temperature control at x Cap,001 + rpCH300 5 + reCOy + ryH20 (6)

set point. Then, metabolic heat is calculated freon (4)

since other heat sources can be calculated from experimenThe cell composition irfEq. (6) is given by Battley[12],

tally measured temperature flow information. based on comprehensive analysis of compressed baker's
In dynamic experiments, the rate of metabolic heat gen- yeast, which represents 99.97% of “whole cells”. lon

eration at any time is estimated using dynamic energy bal- containing unit carbon formula weight of the cells is

ance since heat transfer through heat exchanger is eliminatege 202 g/(C mol) and the number of available electrons to

whereas other heat transfer mechanisms are still taken intope transferred to oxygen upon complete oxidation of whole

account: cells is 4.079 electrons/(C mol) according to following
divT) combustion reaction:
PbCpb dr = Fm,Ome,m(Tm —Tf)
+ FairpairC p,air(Tair— Tt )+ Fa(A Hy+ A Hy) CH1.61300.557N0.158P0.01250.003K 0.022M00 003C20.001
+roVi — UsurAsu(Ti — Tsur) +1.026Q — 1.000CQ + 0.547H,0 + 0.158NH;
— Fair AHS,(COM — €Iy +0.012H,PO;~ + 0.003HS™ + 0.022K"

— Asueo(T — T4, — Fe AHco, (5) +0.003M¢f* + 0.001C&* + 0.0150H" (7)
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Heat balance can be written as: temperature flow rate information. Heat lost to environment

from the surface of bioreactor through convection and radia-
* * *

rsAHs =rx Ay +rp Ay +rg (8) tion were calculated using equationsTable 1. Evaporative

Elemental balances can be written frdiy. (6)as follows: heat .Io.ss was calculated by measuring humidity of inlet air.
Humidity of exhaust gas was assumed to be saturated at

C: rs=mxtmptre ) broth temperature. Experimental details are same Hin

N: 0.0125%+ rp = 0.158x (10)

The degree of reduction balance: 4. Results and discussion

Vs's — 4o = yx'x + Ypl'p (11) 4.1. Quantification of major heat sources

The substrate molasses was added to the bioreactor ini-
3. Materials and methods tially at exponential rate equal to maximum oxidative spe-
cific growth rate then at constant feeding to maintain oxida-
The fed-batch fermentations of yeasts were carried out in tive growth conditions, corresponding to maximum oxygen
an industrial-scale bioreactor with a volume of 10 as transfer rate as shown Fig. 3. During exponential growth,
shown inFig. 1, using industrial strain dbaccharomyces the dissolved oxygen concentration was high and gradu-
cerevisiae. In continuous experiments, data were collectedally decreased to low levels whereafter remained close to
every 15min along the fermentation whereas in dynamic zero. The validity of oxidative growth conditions was veri-
experiments temperature shift-up was performed when nec-fied by calculating respiratory quotient (RQ) from exhaust
essary. The bioreactor was equipped with external plate heatgas analysis and measuring alcohol content of the broth. The
exchanger for cooling. Carbon source and nitrogen sourcesrespiratory quotient remained close to one along the fer-
were fed according to a predetermined feeding schedule us-mentation indicating that oxidative growth conditions were
ing magnetic flow meters (Krohne). Air flow rate was mea- maintained.
sured by vortex flow meter (Emco V-Bar). Temperatures of  The cumulative quantities of heat coming to and from the
inlet air and molasses were measured together with their flow system were calculated from on-line temperature and flow
rates to calculate their sensible heats with respect to brothrate information. These are the sensible heats of incoming
temperature. Oxygen and G0On exhaust gas were mea- streams, namely compressed air, hot molasses solution, acid
sured by Servomex gas analyser (1400B4 SPX) and oxygenaddition and dilution and metabolic heat production. The
uptake rate (OUR) was calculated using inert gas balance. Asensible heats of incoming streams and metabolic heat gen-
polarographigpO, probe (Ingold) monitored the dissolved erated during fermentation were removed by surface cool-
O, concentration. The temperature of broth was maintained ing, radiation, evaporation and heat exchanger. The rate of
at desired value by recirculating the broth through external metabolic heat production was obtained from overall energy
plate heat exchanger equipped with temperature probes abalance inEqg. (1). The cumulative quantities of heat flows
all inlets and outlets. The flow rate of cooling water was to and from the bioreactor are presentedrig. 4a and b
measured using Krohne Aquaflux flow meter and quantity of along the fermentation. Overall, metabolic heat production
heat removed through heat exchanger was calculated usingonstitutes 88.3% of the overall heat coming to the system.
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Fig. 3. Experimental results of typical fed-batch fermentation.
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Fig. 4. (a) Cumulative quantities of heat coming to the bioreactor with feeding of substrate, air, metabolic heat and acid dilution and neutralisation. (b)
Cumulative quantities of heat leaving bioreactor with heat exchanger, surface cooling radiation, evaporation and stripping of CO

The compressed air carries 5.9% of the total heat load and
the rest 5.3% carried to the system by hot molasses solution.
The contribution of acid dilution and neutralisation is 0.5% 10000

of total heat entering to the system. On the other hand, the | * o 0... © o 00 Y
major mechanism of heat removal is through heat exchanger & _ 8000 Kl %o i 0: P
and 91.7% of the total heat is removed through this mecha- % § 6000 :0
nism. The heat removed through surface cooling (radiation > & "

X . c S 4000 A
and natural convection) constitutes only together 1.5% of SE g %
the total. The evaporative cooling effect is relatively high & 2000  ®
compared to the surface effects and second to the heat re- 0 | | | |
moved by heaf[ exchanggr and 3.9% of the total heat load is 0 200 400 600 800 1000
removed by this way. Meier-Schneiders et[all] proposed @) Time (minutes)
that stripping of CQ from broth absorb heat that should be
considered in overall energy balance. We calculated the heat
for desorption of CQ from broth as shown ifrig 4band it £ 10000
constitutes 2.8% of overall heat load and relatively higher % 8000 P e« o
than surface effects. These results clearly illustrate the bene- g . o .
fits of heat flux measurements in large-scale bioreactors due g 6000
to relatively low contribution of surface effects. This benefit ; w00l *
becomes more pronounced as the size of reactor and volu- £ d L
metric production rates increase. g 2000

g 0 : : : :
4.2. Oxygen consumption and metabolic heat production 0 200 400 600 800 S
(b) Time (minutes)
Oxygen Uptake rate along the fermentation has been Cal'Fig. 5. Oxygen uptake rates obtained in continuous (a) and dynamic (b)

culated using inert gas balance frdag. (12)in continu- experiments. Trends in these figures closely follow the trends in substrate

ous and dynamic experiments and plottedrig. 5a and b, feeding and metabolic heat production rates.
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Fig. 6.‘Metabolic heat production rates obtained in continuous (a) and Fig. 7. Metabolic heat production vs. oxygen consumption in continuous
dynamic (b) experiments. (a) and dynamic (b) experiments. The slopes in each figure give heat
yields on oxygenYy,o.

respectively. Oxygen consumption rate first increased from o o _
2000 to 8000 mol @then remained constant during the rest 4.3. Quantitative estimation of metabolic heat from
of the fermentation in concomitant with substrate feeding enthalpy balance

rate:
_ Heat of reaction can be written in terms of heats of com-
OUR FN sz bustion of compounds in stoichiometificy. (6)as:
~ V|1 P8 — PE, — P ro =rsAHg —rx AHy —rp AH (13)
_ Pg;' (12) where AH;" is heat of combustion of componeinwith re-
1— pout_ ggz — paut spect to CQ and NH; reference points. Heats of combustion

of glucose, ethanol and yeast cells are giveiable 2.
Total heat production rates were measured by both con- Heat of combustion of biomass has been subject to dis-
tinuous and dynamic calorimetry and presentedFig. 6a cussion in the literature. Duboc et §1.3] have collected
and b. The data obtained in continuous experiments givesand organised large number of data and found that heats of
scatter, therefore polynomial was fit to get better trend as combustion of biomass may differ for different organisms,
shown by continuous line. In average, both methods give Strains and growth conditions. Theig. (13)can be written
same trend and total metabolic heat production rates reachas to account for metabolic heat released from Hess’ law:
to 4,00Q,OOO kJd/h. Trend_s in these figures closely fqllow the ro = 467.8% — 463.95 — 68457, (14)
trends in substrate feeding and oxygen consumption rates.
Similar values with much lower scatter were obtained in wherery can be calculated frorgq. (14)if rs, ry andrp
dynamic experiments as shown ig. 6b. Metabolic heat  are available. Cumulative quantities of experimentally mea-
production rates also follow same trends as oxygen uptakesured metabolic heats are plotted Fig. 8 together with
rates.
The correlation between heat generation and oxygen up-,, .. »

take was studied both in continuous and dynamic experi- peats of combustion of glucose, ethanol and yeast cell mafagal
ments and cumulative oxygen uptake versus metabolic heat
production are plotted ifrig. 7a and b. From the slopes of
Fig. 7a and b, heat yield on oxygeHy, o, were found to Glucose 477.02 119.26
be 440 and 432 kJ/mol £for continuous and dynamic ex- ~ Ethanol , 684.5 113.48

. . Yeast cell material 463.86 113.72
periments, respectively.

AH; (kJI(C mol)) AH; (kd/(e mol))
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6.E+07 - — period of time as (sincdfy () = V() X (¢)):
r’_? — Qmet(experimental
2 1
— 5.E+07 4
% Mx () = Y—/dCImetabolic (17)
o AE+07 0/X
2
g 3BT My(1) = My 0+ / dMy (18)
£ 2E+07
s My (t
E 1E+07- X() = ﬁ (19)
o 40

0.E+00 m , , , : i )

0 200 400 600 800 1000 whereMy o is the amount of seed yeast afig,x was al-
Time (minutes) ready determined as 14,539 kJ/kg biomHsy.

The biomass concentration can also be estimated from el-
Fig. 8. The quantitative estimation of metabolic heat using heats of amental and electron balances. The rate of biomass forma-
combustion of the compounds in the stoichiometric equation (squares) .. . .
and its comparison with the experimentally measured metabolic heat tion can be calculated from cqr.bon balances using on-line
(continuous line). measurement of substrate addition and,@@d ethanol pro-

duction as follows:
. i . i VX:rS_Vp_rc (20)
the quantities estimated frofeq. (14)which gives reason-
ably good estimation of experimental metabolic heat pro- Nitrogen and electron balances can be written, respectively,
duction rates as long as material flows) (are accurately  as:
known.

- 1
The rate of metabolic heat generation can be related to' < — oasa(’n + 0.0125%) (21)
growth with following equation and results are shown in 1
Fig. 9: rx = —(ysr's — 4ro — Ypp) (22)

X

qmetabolic= Y/ x LMy + MMy (15) Once the rate of biomass formation is calculated from rel-
The direct relation is clearly seen between metabolic heat€evant on-line measurements, the biomass concentration can
production rate and growth rate of the micro-organism. be estimated by integrating the rate information over a time
Therefore, the heat yield on biomakg, x, is estimated to ~ Period as:

be 15,290 kJ/kg from the slope Bfg. 9. dvin X
v = OX0 (23)
4.4. Estimation of biomass concentration using heat, Vox 1
elemental and electron balances X() = 29020 - Vi) d 24
® vo T Vo / rx V() dt (24)

If a rate of heat production (@tapolic(kJ)) over a chosen
time period (dt) divided by heat yield Y x) gives biomass
produced for the time period (dt):

The estimated biomass concentrations obtained from heat,

elemental and electron balances are shownFig. 10

together with experimentally determined biomass concen-

dM. — dgmetabolic 16 trations. The correlation between estimated and measured
= Yox (16)

Therefore, biomass concentration can be estimated by inte- — - E(estimated) .
i R : = = = C(estimated -
grating measured metabolic heat generation over a chosen R -7,
Q(estimated) ”
= = N (estimated)

2]
o
!

4.E+06

3.E+06

20 +
2.E+06 1

Experimental and Estimated
Biomass Concentrations (kg/m®)
S
o
1

Qmetobolic (kJ/h)

1.E+06 1 0 T T T T T
0 200 400 600 800 1000

Time (minutes)

0.E+00 T T T T
0 50 100 150 200 250
P*My Fig. 10. Estimation of biomass concentration using elemental (carbon
and nitrogen), electron and heat balances and their comparisons with
Fig. 9. Metabolic heat production rate vs. growth rate of micro-organism. experimental data.
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6.E+07 Table 3
Overall heat transfer coefficient at different experimental conditions (av-
erage of two different sets of experiments)

Slope=70660 kJ/m*® water
AT,=7.63°C

4.E+07 1 Condition Uexch (W/(m2°C))
@'
oo Clean 3384+ 178
2.E+07 | ® Dirty (6 months later) 2890+ 130

...O’. AT, =5.38°C
,o‘.. Slope=47156 kJ/m® water
7

Cumulative Metabolic Heat (kJ)

0.E+00 - T
0 200 400 600 800 1000

of scales and as a result, the value of overall heat transfer
R coefficient drops approximately 15%.
Cumulative Cooling Water (m®)

Fig. 11. Metabolic heat correlated with cooling water flow at two different
logarithmic temperature differences. 5. Conclusion

biomass concentrations is quite reasonable, especially with In the present work, energy balance has been established
heat flux measurements compared to those obtained witharound production scale bioreactor to account for all heat
carbon and electron balances. When only nitrogen balanceflows to and from the bioreactor. From this information,
was used, biomass concentration was estimated only fromrate of metabolic heat has been calculated and correlations
nitrogen feeding since all nitrogen was assumed to be in- have been established between various process variables.
corporated into biomass according Em. (21). However, Major heat source was metabolic heat generated during mi-
this assumption may not be true due to nitrogen accumula-crobial growth amounting to 88.3% of total heat load. The
tion in the medium since nitrogen uptake is direct function heat generated during fermentation is dissipated through
of specific growth rate. Therefore, nitrogen balance should various cooling mechanisms, all of which were evaluated
be used together with carbon balance for the estimation ofto identify their contributions. Major cooling mechanism

biomass concentration. was the removal of heat through heat exchanger and 91.7%
of total heat load was removed by this mechanism. In ad-

4.5. Correlation between metabolic heat and cooling dition, taking into account heat effects of acid dilution and

water flow rate carbon dioxide stripping refined the model presented in the

previous work[10]. It seems the energy required for €0
Metabolic heat generation versus cooling water consump- stripping should be included in the model to improve the
tion has been plotted iRig. 11. Linear correlation is clearly  accuracy, however, heat effect of acid dilution is not that
seen from the figure with two slopes both with different significant although it depends on acid required for pH con-
logarithmic temperature differences. By simply measuring trol in each fermentation. Similar results were obtained both
cooling water flow rate, metabolic heat generation as a resultwith continuous and dynamic methods for heat production
microbial activity can be monitored. rates and oxygen consumption rates. In dynamic method,
small temperature increase can be deliberately induced
4.6. Determination of overall heat transfer coefficient of  without altering culture characteristics. It has also been
the heat exchanger in dynamic experiments shown here that metabolic heat could be estimated from
heats of combustion of the compounds in the stoichiometric
The overall heat transfer coefficient of heat exchanger equation.
can easily be determined from single dynamic experiment Biomass concentration is a key variable in fermentations
using overall energy balance. During the cooling period of that need to be estimated to monitor physiological status of
the dynamic experiment, the energy balance around heatculture. Here, an attempt has been made to estimate biomass
exchanger reads as: concentration using elemental, electron and heat balances.
7 Heat balance has given quite good accuracy in estimatin
Fucpw(Ti = To) = UexchAexcn ATL (25) biomass concentra?ion cgmparged to element};ﬂ and electrogn
Since all parameters other than overall heat transfer co-balances. In nitrogen balance, biomass concentration is
efficient are measured or known, the overall heat transfer estimated only from nitrogen feeding since all nitrogen is
coefficient,Uexch, can be calculated fromq. (25). The ex- assumed to be incorporated into biomass. However, nitro-
periments are carried out both when the exchanger is cleangen accumulation and formation of by product ethanol may
and after 6 months of service. The numerical values of results in overestimation of biomass concentration. It was
the overall heat transfer coefficients measured both underalso shown here that direct relation between cooling water
dynamic conditions are given imable 3. The clean heat consumption and metabolic heat generation as a function of
transfer coefficient is approximately 3500 WAAC) close logarithmic temperature difference. That means monitoring
to the values declared by manufacturers. Whereas after 6only cooling water flow will give important insight into the
months of service, water side gets dirty due to the formation activity of cells in the bioreactor.
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It may be concluded that it is possible to apply quan- [3] C.L. Cooney, D.I.C. Wang, R.I. Mateles, Measurement of heat evo-
titative calorimetry in technical scale fermentations for lution and correlation with oxygen consumption during microbial
. o ) . h, Biotechnol. Bi 113 269-281.
on-line monitoring and control of bioreactions. In order growth, Biotechnol. Bioeng. 11 (1968) 269-28

. . . . [4] D.G. Mou, C.L. Cooney, Application of dynamic calorimetry for
to achieve this, simple measurement devices are neces- ~ yonitoring fermentation processes, Biotechnol. Bioeng. 18 (1976)

sary: temperature probes and flow meters. As a result, the  1371-1392.

cost and reliability of sensors used in calorimetry could [5] H. Wang, D.I.C. Wang, C.L. Cooney, The application of dynamic
be Competitive when Compared to other on-line monitor- calorimetry for monitoring growth oSaccharomyces cerevisiggur.

. . - . . . Appl. Microb. 5 (1978) 207-214.

ing techniques used in industrial environment. Although ., > AAPPl- Microb. 5(1978) 20

. . . . . [6] B.H.A. van Kleeff, J.G. Kuenen, J.J. Heijnen, Continuous measure-
Calor'metry has been SUbJeCt to intensive research in small ment of microbial heat production in laboratory fermentors, Biotech-

scale, its application in large scale is not available yet. It nol. Bioeng. 41 (1993) 541-549.

has a big potential in monitoring complex fermentations [7] D. Voisard, P. Pugeaud, A.R. Kumar, K. Jenny, K. Jayaraman, |.W.
where existing techniques have shortcomings such as fer- Marison, U. von Stockar, Development of a large scale biocalorimeter
mentations using solid substrates and complex composting to monitor and control bioprocesses, Biotechnol. Bioeng. 80 (2)

(2002) 125-138.
processes. [8] U. von Stockar, I.W. Marison, Large scale calorimetry and biotech-

nology, Thermochim. Acta 193 (1991) 215-242.
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