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ABSTRACT

The fast development of the world’s bioethanol industry initiated debates on “food versus fuel” and the
industry’s environmental impact. Lignocellulosic biomass does not compete with food crops because
it utilizes waste resources; however, the processing of a renewable energy source usually involves the
consumption of non-renewable resources. To justify the production of second generation biofuels it is
necessary to confirm that the energy produced from the lignocellulosic biomass is greater than the energy
consumed in the ethanol production. The exergy analysis provides a unified and effective tool for the
evaluation of the global process efficiency. This methodology requires an analysis of each stage of the
production process. In this work, the stage of enzymatic hydrolysis was chosen as a case study because
it is a decisive step in production process performance. The exergy analysis concept has been applied to
evaluate two types of enzymatic hydrolysis reactors of lignocellulosic biomass for the production process
of second generation bioethanol fuels from renewable resources, with the support of ASPEN-HYSYS® and

other software developed by the authors.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ethanol can be produced using agricultural feedstock such as
starch and sugar, or lignocellulosic biomass. The fast development
of the world’s bioethanol industry initiated debates on “food versus
fuel” and the industry’s environmental impact. According to Hayes
[1], the production of biofuels through second generation technolo-
gies disputes many food versus fuel and socio-economic concerns
since they use waste resources and, hence, do not compete with
food crops. Land unsuitable for food production can instead be uti-
lized for lignocellulosic energy crops. One of the largest potential
feedstock for ethanol is lignocellulosic biomass, specifically agri-
cultural residues (e.g., sugar cane bagasse, crop straws, and corn
stover), herbaceous crops(e.g., alfalfa, switchgrass), forestry wastes,
wood (hardwoods, softwoods), wastepaper, and municipal waste.

Other point to be considered in biofuels production is “energy
consumption versus energy production.” The processing of a
renewable energy source usually involves the consumption of non-
renewable resource (NRRs). When the exergy content of a NRR is
altered through an irreversible process, the environment is also
considered altered. Hence, much research [2-4] has been under-
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taken on the exergy accounting of NRR consumption in order to
measure the environmental impact of many manufacturing pro-
cesses. The intensive exploitation of a renewable energy source may
also generate excessive wastes due to insufficient recycle systems.
Some work and NRRs must be consumed to treat these wastes in
order to prevent environmental damage.

In accordance with Dincer and Rosen [5], sustainable devel-
opment requires sustainable energy resources and the efficient
use of such residues. In this work, a decisive step in production
process performance; that of enzymatic hydrolysis was chosen as
a case study. Hence, Continuous Stirred-Tank Reactor (CSTR) and
Plug-Flow Reactor (PFR) were evaluated as two types of enzymatic
hydrolysis reactors of lignocellulosic biomass for the production
process of second generation bioethanol fuels using the exergy
analysis method. Exergy methods are important since they are use-
ful tools for improving the efficiency of a production system.

2. Energy consumption in ethanol production process
versus energy content in second generation bioethanol
produced from lignocellulosic biomass

The biofuels production process starts with the farming of
biomass (corn, sugarcane, lignocellulosic biomass, etc). Chemicals
are used to help biomass growth; lime is used for soil pH adjust-
ment. Energy and raw materials are consumed in all fertilizer and
pesticide production processes. Machinery consumes diesel fuel,
exemplifying the high energy consumption of farming. The biomass
is transferred to a manufacturing plant, where it then could be
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Nomenclature

Er total enzyme concentration (g/kg)

Ep bound enzyme concentration (g/kg)

Er free enzyme concentration (g/kg)

Eqp bound concentration of CBH and EG (g/kg)

Esp bound concentration of 3-glucosidase (g/kg)

EoF concentration of 3-glucosidase in solution (g/kg)

Emax maximum mass of enzyme that can adsorb onto a
unit mass of substrate (g protein/g cellulose)

G glucose concentration (g/kg)

Gy cellobiose concentration (g/kg)

Kad dissociation constant for enzyme adsorp-
tion/desorption reaction (g protein/g cellulose)

kir reaction rate constants (kg/gh)

Kiic inhibition constants for glucose (g/kg)

Kii, inhibition constants for cellobiose (g/kg)

Kirx inhibition constants for xylose (g/kg)

K3p substrate (cellobiose) saturation constants (g/kg)

T reaction rate (g/kgh)

R universal gas constant (cal/mol K)

Rs substrate reactivity

S substrate concentration (g/kg)
T temperature (K)

X xylose concentration (g/kg)

o Adjustment factor

M mass flow of substrate (g/h)

mr total mass flow (kg/h)

Om density of mixture (kg/m3)
mr reaction mass (kg)

G mass flow of glucose (g/h)
XM substrate conversion

1% volume (m3)

transformed into biofuel. Electricity and fossil fuels are consumed
during the conversion of the biomass into ethanol [5].

The global energy consumption in ethanol production from
lignocellulosic residues, like bagasse, is lower than that of non-
residual energy crops because the residual biomass from existing
sugar industry is used. As such the energy consumption for all
farming stages of sugar cane is assumed by the traditional sugar pro-
duction chain. According to Cardona and Sanchez [6], the bioethanol
production process from lignocellulosic biomass requires steam,
electricity, and a cooling water supply. Thermal energy in the form
of steam is the primary energy used in this process. Overall, produc-
tion of fuel ethanol from lignocellulosic biomass includes five main
steps: biomass pretreatment, cellulose hydrolysis, fermentation of
hexoses, separation, effluent treatment, and, depending upon the
feedstock, gathering, which may have an additional cost (Fig. 1). Fur-
thermore, the pentoses released during the pretreatment step can
be detoxified and fermented. According to Claassen et al. [7], one of
the main problems in bioethanol production from lignocellulosics is
that S. cerevisiae can ferment only certain mono- and disaccharides
like glucose, fructose, maltose and sucrose. This microorganism is
not able to assimilate cellulose and hemicellulose directly. In addi-
tion, pentoses obtained during hemicellulose hydrolysis (mainly
xylose) cannot be assimilated by this yeast. Pentose fermentation,
when it is carried out, is accomplished in an independent unit. The
need for separate fermentations is due to the fact that pentose uti-
lizing microorganisms ferment pentoses and hexoses slower than
microorganisms that only assimilate hexoses. Moreover, the for-
mer microorganisms are more sensitive to the inhibitors and to the
produced ethanol; for this reason, the hemicellulose hydrolyzate
resulting from pretreatment should be detoxified [6]. The sequen-

tial configuration employed to obtain cellulosic ethanol includes
the hydrolysis of a solid fraction of pretreated lignocellulosic that
contains cellulose easily accessible to acids or enzymes. Once the
hydrolysis has been completed, the resulting cellulose hydrolyzate
is fermented and converted into ethanol [8].

The pure bioethanol produced can be used as fuel or as inputs in
other chemical processes. Like all biofuels, ethanol produces work,
CO,, and other combustion products. It represents an energy pro-
duction that can be quantified (Fig. 2).

To justify the production of second generation biofuels it is nec-
essary to confirm that the energy produced from the lignocellulosic
biomassis greater than the energy consumed in the ethanol produc-
tion. The exergetic method provides a unified and effective tool to
evaluate the biofuel process efficiency. This methodology requires
an analysis of each stage of the production process. In this work, the
reaction stage was selected as a case study because it is decisive step
of production process performance. The exergy analysis concept has
been applied to evaluate two types of enzymatic hydrolysis reac-
tors of lignocellulosic biomass for the production process of second
generation bioethanol fuels from renewable resources.

3. Exergy analysis—formulations

The concept of exergy provides an estimate of the minimum
theoretical resource requirement (requirement for energy and
material) of a process [9]. The energy and exergy balances for a flow
process in a system during a finite time interval may be written as

Energy input — energy output = energy accumulation (1)

Exergy input — exergy output — exergy consumption

= exergy accumulation (2)

According to Wall [10], the exergy E of a system may be written
as

E=5(T—To)—V(P—Po)+Zni(Mi—Mio) (3)

1

where the extensive parameters are entropy S, volume V, and num-

ber of moles of substance i n;, and the intensive parameters are

temperature T, pressure p, and chemical potential of substance i j;

for the system. The subscript o describes the state when thermody-

namic equilibrium with the reference environment is established.
The exergy of a flow can be written as

E=H—-Hg—To(S—So) + Zﬂio(ni —Njp) (4)

where H is the enthalpy.
The energy and exergy efficiencies are generally defined as

__energy in products
" total energy input

(5)

_exergy in products
e = Total exergy input

(6)

The standard exergy of many compounds can be found in the
literature [11,12]. When not available, the chemical exergy content
of any pure substance can be computed by the approximate Eq. (7)

Ben = AGro+ »_Nib; (7)

1

where AGp, signifies the standard Gibbs free energy of formation of
the substance [J/kg]; b;, chemical exergy of the ith pure element of
the substance [J/kg]; and N;, molar fraction of the ith pure element
of the compound.
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Fig. 1. General diagram of bioethanol production from lignocellulosic biomass.

The Gibbs free energy of formation is available for most chemical
compounds in standard reference sources for a large number of
chemicals. If not available, it is determined by methodologies as
the Van Krevelen-Chermin equation [13]

AGp, = A+ BT (8)

where T, temperature [K]; AGg, [kcal]; A-B, functional groups con-
tributions.

The chemical exergy of mixtures is defined as the sum of the
chemical exergy of substances forming the mixture plus the exergy
loss due to the mixing of the substances [14]

Bchmixture = ZNibi + RTpy; Iny; (9)

1

where b;, chemical exergy of the ith substance [J/kg]; N;, molar
fraction of the ith substance; R, gas law constant [J/kgK]; Ty, tem-
perature [K]; y;, mole fraction of the ith substance.

According to Sorin et al. [15] it is possible to compute the exergy
contents of all in-coming and out-going streams to and from a sys-
tem and to establish an overall exergy balance over any system.

The total exergy input of a real system is always higher than its
exergy output, because a certain amount of exergy is irreversibly
destroyed within the system. This exergy, generally referred to as
the internal exergy losses, is directly linked to the thermodynamic
irreversibilities in the system.

As reported by Talens et al. [14], Exergy Flow Analysis provides
a way for process assessment that can be used as a tool for iden-
tifying material wastes and energy loss, detecting areas needing
technological improvements by calculating the exergetic efficiency.
Exergy is also a useful indicator for measuring material potential
reactivity and quality, comparing different production processes of
product substitutes that are especially useful in comparing renew-
able sources of energy.

4. Exergy analysis of enzymatic hydrolysis reactors
4.1. Kinetic model

Several theoretical and empirical models have been proposed
to depict enzymatic hydrolysis of lignocellulose [16-22]. In this

Energy
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E
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Fig. 2. Global energy consumption in the second generation bioethanol production process.
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work, the kinetic model proposed by Kadam et al. [23] was
selected because it considers all assumptions of the above men-
tioned models in addition to inhibition by xylose, a major sugar in
hemicellulose-derived hydrolyzates. The model performed well in
predicting cellulose hydrolysis trends at experimental conditions
both inside and outside the design space used for parameter esti-
mation [23].

Kadam et al. [23] modeled three hydrolysis reactions: two het-
erogeneous reactions for cellulose breakdown to cellobiose and
glucose and one homogeneous reaction for hydrolyzing cellobiose
to glucose. The following sugar products of cellulose hydrolysis
were assumed to competitively inhibit the enzymatic hydroly-
sis reactions: cellobiose, glucose, and xylose, the dominant sugar
prevalent in most hemicellulose hydrolyzates.

Cellulose hydrolysis is effected via a synergistic action of
endo-$3-1,4-glucanase (EG), exo-[3-1,4-cellobiohydrolase (CBH),
exo-[3-1,4-glucan glucohydrolase, and B-glucosidase. The first three
enzymes produce cellobiose and glucose; additionally, cellobiose
is hydrolyzed to glucose by the action of 3-glucosidase. Both sug-
ars cause end-product inhibition. However, cellobiose is a much
stronger inhibitor than glucose [23].

Cellulose—' cellobiose

Celluloselglucose

Cellobiose > glucose

Enzyme adsorption:
EimaxKiadEirS
1 + KijgqEir
Cellulose-to-cellobiose reaction with competitive glucose, cel-
lobiose and xylose inhibition:
_ k1rE18RsS
1+ (G2/Kqy,) + (G/Kqy6) + (X[Kq x)

Cellulose-to-glucose reaction with competitive glucose, cellobiose
and xylose inhibition:

ry— kor(E1p + E2p)RsS
1+ (G2/Ky,) + (G/Ky6) + (X[Kpx)

Cellobiose-to-glucose reaction with competitive glucose and xylose
inhibition:

Langmuir isotherm Ejp = (10)

r (]])

(12)

_ k3rEarGao
Kam(1 + (G/K3i) + (X[K3x)) + G2

These rate equations assume that (1) enzyme adsorption follows
a Langmuir-type isotherm with the first order reactions (r; and ry)
occurring on the cellulose surface, (2) the cellulose matrix is uni-
form in terms of its susceptibility to enzymatic attack, (3) enzyme
activity remains constant, and (4) conversion of cellobiose to glu-
cose occurs in solution and follows classical Michaelis-Menten
kinetics [23].

(13)

r3

4.2. Reactor model

Continuous Stirred-Tank Reactor (CSTR) and Plug-Flow Reactor
(PFR) were chosen for having been considered reference models
for industrial processes. An analysis of the efficiency of exergy in
these two types of reactors using lignocellulosic biomass as raw
material for second generation of biofuels production was made
by the assistance of ASPEN-HYSYS® and software developed by the
authors.

In this work a process of enzymatic hydrolysis on 1ton/h of
bagasse generated in conventional sugar production with typical

chemical composition (w/w): cellulose 47.5%, hemicellulose 20%,
lignin 32.5%, was simulated [24,25]. Properties such as: critical
temperature, volume and pressure; acentric factor; I.G. heat of for-
mation@ 298.15 K; vapour pressure; heat of vaporization; among
others for cellulose, xylose and glucose components were obtained
from [26]. The NRTL model for the calculation of the activity coeffi-
cients for the liquid phase and equation of state SRK for the vapour
phase were chosen. Lignocellulosic biomass was pretreated using
the organosolv process (solution (v/v) with ethanol 65%, NaOH 2.5%
and water) after this process the liquid phase containing dissolved
lignin in organosolv solution is recovered. Xylose and glucose were
used in this simulation for representation of pentoses and hexoses.
The cellulose removed in the delignification step is diluted with
water in a hydrolysis reactor to obtain 4% (w/w) solids concentra-
tion. So for both types of enzymatic hydrolysis reactors the inputs of
6 ton/h of the obtained solution, with same reactor volume (7 m3)
were considered. The output solution composition for example, for
temperature in reactor 50 °C, for PFR was (w/w): glucose 3.71%, un-
reacted cellulose 0.4%, xylose 0.13%, moisture 95.7%, and for CSTR
was (w/w): glucose 3.24%, un-reacted cellulose 0.88%, xylose 0.13%,
moisture 95.7.

4.2.1. CSTR (Continuous Stirred-Tank Reactor)
Assumptions:

e Lignocellulosic biomass pretreated with organosolv process.

e Enzymes: Trichoderma reesei cellulases.

e Cellobiose conversion 100%.

¢ In terms of inhibition capacity, xylose was used as the surrogate
for both pentoses (xylose and arabinose) and glucose was used
as the surrogate for all hexoses (glucose, galactose, and man-
nose). Xylose, glucose and cellobiose competitively inhibit the
enzymatic hydrolysis reactions.

e Steady-state reaction conditions are prevalent.

Mass balances

Cellulose : M, — M = my(rq +13) (14)
Cellobiose : ar; =13 (15)
Glucose : G = mp(ry +13) (16)
Energy balance : rmp(ho — hs)+ AH+Q =0 (17)

4.2.2. PFR (Plug-Flow Reactor)
Assumptions:

e There is a steady-state operation (i.e., no change with time in the
system).

e Plug flow.

e Enzymes: Trichoderma reesei cellulases.

e Cellobiose conversion 100%.

¢ In terms of inhibition capacity, Xylose was used as the surrogate
for both pentoses (xylose and arabinose) and glucose was used
as the surrogate for all hexoses (glucose, galactose, and man-
nose). Xylose, glucose and cellobiose competitively inhibit the
enzymatic hydrolysis reactions.

e The system operates isothermally (i.e., the rate constant does not
change with L).

Mass balances

Cellulose:
M =M +dM + pm(—r1 —12)dV (18)
dM = d[Mo(1 — Xy)] = —MdXp (19)
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Xm
/ _Xu___ pmV (20)
o (n+12) Mo
Glucose:
Xy pmV
— M _m7 (21)
o (r2+13) Mo

Sugar and substrate concentrations are expressed as g/kg, i.e., grams
of entity per kilogram of total system mass.

4.3. Results and discussion

Chemical exergy of the components was calculated by means
of the Gibbs Free Energy of Formation of the Substance based
on the Van Krevelen-Chermin equation [13]. With this informa-
tion, the exergy flows—both exergy consumed and produced by the
process—were calculated.

The comparison of exergetic efficiency between CSTR and PFR
is shown in Fig. 3. Exergy efficiencies between 64.27 and 68.12%
for the CSTR and between 65.21 and 72.06% for the PFR were
obtained. The analyzed reactors presented an increase in exergy
efficiencies during the change of temperature operation from 40
to 50°C, the operating range of cellulase enzymes. However, tem-
peratures higher than 50°C decreased the exergy efficiency. This
is explained by the fact that the temperature optimum for the
enzyme is near 50 °C, and the enzyme slowly inactivated at higher
temperatures [16]. CSTR shows a characteristic sigmoidal curve in
the 40-50 °C temperature interval. This behaviour was also noticed
when the mechanism of the reaction changes with temperature
[13] for instance, a change in the rate-controlling step. In the lower
temperature interval the global velocity process is controlled by the
biochemical reaction. But in the higher temperature interval diffu-
sion has a greater influence on the controlling velocity factor. As
is well known the PFR can be considered as a sequence of CSTR. In
this way, the highest exergy efficiency for PFR and the lowest exergy
efficiency for CSTR were obtained.

Fig. 4 shows the consumed exergy and the produced utilizable
exergy in CSTR and PFR, respectively. The results show supe-
rior values of exergy flows for PFR. The system presents internal
and external exergy losses that decreases the produced utilizable
exergy. The influence of the temperature of the reactor on the exergy
losses in CSTR and PFR is shown in Fig. 5. The exergy losses decrease
with the increase in temperature of the reactor, but rise at higher
temperatures (>50°C).

According to Sorin et al. [15], in a chemical reactor only part
of the utilizable exergy is produced by the system in the accom-
plishment of all the physicochemical phenomena which take place
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Fig. 3. Comparison of exergetic efficiency between Continuous Stirred-Tank Reactor
(CSTR) and Plug-Flow Reactor (PFR).
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Fig. 4. Exergy analysis results for Continuous Stirred-Tank Reactor (CSTR) and Plug-
Flow Reactor (PFR).

within its boundaries. The rest of the exergy that leaves the system
with the utilizable exergy stream is a part of the exergy input which
has simply traversed the system without undergoing any transfor-
mation. Therefore only part of the exergy input is consumed by the
system in order to produce new forms of utilizable exergy. Thus, a
certain amount of exergy is irreversibly destroyed within the sys-
tem. This exergy, generally referred to as the internal exergy loss,
is directly linked to the thermodynamic irreversibilities in the sys-
tem. Both bioreactors (PFR and CSRT) had exergy losses, which are
associated with: the irreversibility of the system, un-reacted prod-
ucts during the enzyme attack, or other inhibitory effects in the
reaction.

The inhibition effect of xylose concentration in exergy efficiency
of CSTR and PFRis shown in Fig. 6. An increased 0 and 40 g/kg xylose
concentration generated a decrease of exergy efficiency of 35.87%
and 30.98% for CSTR and PFR, respectively, suggesting significant
xylose inhibition effect.

In this study, competitive inhibition was considered; these
inhibitions occur when the substrate and inhibitor have similar
molecules that compete for the identical site on the enzyme. The
inhibitor substantially reduces the enzyme velocity at low substrate
concentrations; hence, the exergy efficiency was reduced for both
bioreactors. Furthermore, the rates of biochemical reactions were
highly dependent on temperature and had a considerable effect
on the output exergy flow from the reactors. The stirring mecha-
nism in CSTR generated higher energy consumption; this is one of
the reasons that make PFR more efficient than CSTR for enzymatic
hydrolysis.

On the other hand, in the preliminary selection of a reac-
tor, the cost-benefit ratio is one of the most important issues.
When using a CSTR for consecutive reactions in the process (for
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Fig. 5. The influence of temperature of reactor on exergy losses in Continuous
Stirred-Tank Reactor (CSTR) and Plug-Flow Reactor (PFR).
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Fig. 6. The influence of xylose concentration on the exergy efficiency in Continuous
Stirred-Tank Reactor (CSTR) and Plug-Flow Reactor (PFR).

example, cellulose-cellobiose-glucose) various elements experi-
ence differing residence times inside the reactor, causing a non
ideal behavior which negatively affects the yield. In contrast, in
the PFR, with a minimal mix, the residence time can be adjusted
to one which is very close to optimal. In addition PFR allows for a
higher glucose yield to be obtained when parallel reactions occur
(cellulose-cellobiose, cellulose-glucose), due to the gradual change
in cellulose concentration.

5. Conclusions

In this work, the exergy analysis concept was applied to eval-
uate two types of enzymatic hydrolysis reactors of lignocellulosic
biomass for the production process of second generation bioethanol
fuels from renewable resources. The results show that the bioreac-
tors have exergetic efficiencies between 64.27 and 68.12% for the
CSTR and between 65.21 and 72.06% for the PFR. There was an
increase in exergetic efficiencies for both types of reactors when
the operation temperature was raised between 40 and 50 °C, which
is the operative range of cellulase enzymes. However, tempera-
tures higher than 50°C represent a decrease of exergy efficiency
because the optimum temperature for the enzyme is near 50 °C, and
the enzyme gradually inactivates at higher temperatures. Obtained
results allow us to recommend the PFR with enzyme packing as
the more energy efficient bioreactor for the enzymatic hydrolysis
process.

The exergy analysis offers a unified and effective method for
the evaluation of the process efficiency for enzymatic hydrolysis
reactors for transformation of lignocellulosic biomass to bioethanol.
Detailed application of exergy analysis to all stages of second gen-
eration bioethanol production will provide a tool to respond to the
“energy consumption versus energy content in ethanol produced”
debate and to verify the sustainable development of the biofuels
industry using lignocellulosic biomass.

Acknowledgements

The authors acknowledge the support provided by the Colom-
bian Institute for Development of Science and Technology

“Francisco Jose de Caldas” (COLCIENCIAS); the Ibero-American Pro-
gram on Science and Technology for Development (CYTED), Project
306RT0279 “New technologies for biofuels production” UNESCO
code: 330303, 332205, 530603, 330999; the Colombian Sugarcane
Research Center (CENICANA), and the Sugarcane Cultivators Asso-
ciation of Colombia (ASOCANA).

References

[1] D.J. Hayes, An examination of biorefining processes, catalysts and challenges,
Catal. Today (2008), doi:10.1016/j.cattod.2008.04.017.

[2] M.L. Neelis, H.J. Van der Kooi, JJ.C. Geerlings, Exergetic life cycle analysis of
hydrogen production and storage systems for automotive applications, Int. J.
Hydrogen Energ. 29 (2004) 537-545.

[3] S. Tonon, M.T. Brown, F. Luchi, A. Mirandola, A. Stoppato, S. Ulgiatic, An
integrated assessment of energy conversion processes by means of ther-
modynamic, economic and environmental parameters, Energy 31 (2006)
149-163.

[4] Q. Yang, B. Chen Ji Xi, YE. He, G.Q. Chen, Exergetic evaluation of corn-
ethanol production in China, Commun. Nonlinear Sci. Numer. Simul. (2007),
doi:10.1016/j.cnsns.2007.08.011.

[5] L Dincer, M.A. Rosen, Exergy, Energy, Environment and Sustainable Develop-
ment, Elsevier, 2007.

[6] C. Cardona, O. Sanchez, Fuel ethanol production: process design trends and
integration opportunities, Bioresour. Technol. 98 (2007) 2415-2457.

[7] P. Claassen, J.B. Van, A.M. Lépez, EW.J. Van Niel, L. Sijtsma, A.J.M. Stams, S.S.
Vries, R.A. Weusthuis, Utilization of biomass for the supply of energy carriers,
Appl. Microbiol. Biotechnol. 52 (1999) 741-755.

[8] W. Kaminski, ]J. Marszalek, A. Ciolkowska, Renewable energy source—
dehydrated ethanol, Chem. Eng. J. 15 (135) (2008) 95-102, Iss 1-2.

[9] A. Abusoglu, M. Kanoglu, Exergetic and thermoeconomic analyses of diesel
engine powered cogeneration: part 1—formulations, Appl. Therm. Eng. (2008),
doi:10.1016/j.applthermaleng.2008.02.025.

[10] G. Wall, Exergy flows in industrial processes, Energy 13 (2) (1988)
197-208.

[11] J. Szargut, D.R. Morris, ER. Steward, Exergy Analysis of Thermal, Chemical, and
Metallurgical Processes, Hemisphere Publishing Corporation, New York, 1988.

[12] R.U. Ayres, W. Ayres, Accounting for Resources 2: The Life Cycle of Materials,
Edward Elgar, Cheltenham, UK and Lyme, MA, 1999.

[13] R.H. Perry, C.H. Chilton, in: R.H. Perry, C.H. Chilton (Eds.), Chemical Engineer’s
Handbook, 6th ed., MacGraw-Hill, New York, 1992.

[14] L. Talens, G. Villalba, X. Gabarrell, Exergy analysis applied to biodiesel produc-
tion, Res. Conserv. Recycl. 51 (2007) 397-407.

[15] M. Sorin, J. Lambert, ]. Paris, Exergy flows analysis in chemical reactors, Trans.
IChemE A 76 (1998) 389-395.

[16] G. Caminal, J. Lopez-Santin, C. Sola, Kinetic modeling of the enzymatic hydrol-
ysis of pretreated cellulose, Biotechnol. Bioeng. 27 (1985) 1282-1290.

[17] A.A.Huang, Kinetic studies on insoluble cellulose-cellulase system, Biotechnol.
Bioeng. 17 (1975) 1421-1433.

[18] S. Wald, C.R. Wilke, H.W. Blanch, Kinetics of the enzymatic hydrolysis of cellu-
lose, Biotechnol. Bioeng. 26 (1984) 221-230.

[19] A.O.Converse, ].D. Optekar, A synergistic kinetics model for enzymatic cellulose
hydrolysis compared to degree-of synergism experimental results, Biotechnol.
Bioeng. 42 (1993) 145-148.

[20] M. Kurakake, T. Shirasawa, H. Ooshima, A.O. Converse, ]. Kato, An extension
of the Harano-Ooshima rate expression for enzymatic hydrolysis of cellulose
to account for changes in the amount of adsorbed cellulase, Appl. Biochem.
Biotechnol. 50 (1995) 231-241.

[21] J.C.Parajo, J.L. Alonso, V. Santos, Development of a generalized phenomenologi-
cal model describing the kinetics of the enzymatic hydrolysis of alkaline-treated
pine wood, Appl. Biochem. Biotechnol. 56 (1996) 289-299.

[22] M.T. Holtzapple, H.S. Caram, A.E. Humphrey, A Comparison of 2 empirical-
models for the enzymatic-hydrolysis of pretreated poplar wood, Biotechnol.
Bioeng. 26 (1984) 936-941.

[23] K. Kadam, E. Rydholm, J. McMillan, Development and validation of a kinetic
model for enzymatic saccharification of lignocellulosic biomass, Biotechnol.
Prog. 20 (2004) 698-705.

[24] A. Nordini, Chemical elemental characteristics of biomass fuels, Biomech. Bio-
eng. 6 (1994) 339-347.

[25] US DOE, Biofuels Program Database, available online www.ott.doe.gov/
biofuels/properties_database.html.

[26] USDOE, Development of an ASPEN PLUS Physical Property Database for Biofuels
Components, 1996, available online www.p2pays.org/ref/22/21210.pdf.


http://www.ott.doe.gov/biofuels/properties_database.html
http://www.ott.doe.gov/biofuels/properties_database.html
http://www.p2pays.org/ref/22/21210.pdf

	Exergy analysis of enzymatic hydrolysis reactors for transformation of lignocellulosic biomass to bioethanol
	Introduction
	Energy consumption in ethanol production process versus energy content in second generation bioethanol produced from lignocellulosic biomass
	Exergy analysis-formulations
	Exergy analysis of enzymatic hydrolysis reactors
	Kinetic model
	Reactor model
	CSTR (Continuous Stirred-Tank Reactor)
	PFR (Plug-Flow Reactor)

	Results and discussion

	Conclusions
	Acknowledgements
	References


