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Abstract
Currently, butanol obtained by fermentation is considered as potential biofuel. In this work, it has been simulated and 
optimized a process to produce acetone, butanol and ethanol by means of lignocellulosic material. To accomplish this task, 
initially, it was planned the raw material selection, followed by the simulation in MATLAB of simultaneous saccharification, 
fermentation and separation reactor (SFS) and finally, the stream coming from fermentation was purified. The separation 
stage was selected from three different options to purify that effluent. The entire process was evaluated under a robust opti-
mization process considering environmental, economic and energetic objective functions by means of a hybrid stochastic 
method, differential evolution with tabu list. The obtained results showed that the best scheme to produce and purify butanol 
was the SFS-3C, which considers thermally coupled columns to purify acetone, butanol and ethanol. In general terms, it was 
obtained as result 0.138 $/kgbutanol, 0.132 points/kgbutanol and 66.8 regarding to the total annual cost, environmental impact 
and exergy efficiency, respectively.
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List of symbols
ABE	� Acetone–butanol–ethanol
CTM	� Capital cost of the plant
Cut	� Utility costs
DDE	� Dynamic data exchange
DE	� Differential evolution
DETL	� Differential evolution with tabu list
Dcn	� Column diameter
Fext	� Extractant flow
Frn	� Distillate fluxes
TAC​	� Total annual cost
LLE	� Liquid–liquid extraction
LCA	� Life cycle assessment
Ntn	� Total column stages
Nfn	� Feed stages

ROI	� Return of investment
SFS	� Integrated reactor saccharification–fermenta-

tion with simultaneous recovery
Rrn	� Reflux ratio
TAC​	� Total annual cost
TL	� Tabu list
xm	� Vectors of required purities
ym	� Vectors of obtained purities
F	� Mass flow
V	� Volume
S	� Substrate
x	� Molar fraction
C	� Amount of mass in the reactor
GEI99	� Global ecoindicator 99
NEB	� Net energy balance
η	� Exergy efficiency
NPV	� Net present value
IES	� Ideal energy efficiency of separation
A	� Raw material
X	� Amount of biomass used
D	� Dilution rate
ENZ	� Amount of enzyme
Nfni	� Feed stage
Frni	� Flow of interconnection
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MODE-TL	� Multi-objetive differential evolution with 
tabu list

Rs	� Yield for butanol fermentation
LHV	� Lower heating value of butanol
Hs	� Energy consumption for purification
PUb	� Quantity of each raw material
RMUb	� Unitary ecoindicator of raw material
EI99PUR	� Ecoindicator of purification stage
βb	� Amount of chemical released per unit of 

reference flow
αb,k	� Damage caused in category
ωd	� Weighting factor for damage in category
δd	� Normalization factor for damage
EI99RM	� Ecoindicator 99 of total raw material used
CGR	� Total grassroots costs
C
BM,i

	� Module cost of the equipment
CBM,i	� Module cost of the equipment considers real 

operation
CR	� Reactor cost
CT	� Column cost
CIN	� Condenser cost
CIE	� Initial investment
CE	� Electricity cost
CV	� Steam cost
CAE	� Cooling water cost
CS	� Substrate cost
CENZ	� Enzyme cost
CEx	� Cost due to extractant lost
NEB	� Net energy balance
LHV	� Lower heating value
IES	� Ideal energy efficiency of separation
Rs	� Yield ABE
Hs	� Energy consumption for purification
NEt	� Net earnings value
FTDCt	� Depreciable capital investment
φ	� Net earnings after tax rate
Revt	� Revenues
FOCt	� Facility operating
TOCt	� Transportation
Ex,ABE	� Exergy of produced ABE (MW)
Ex,biomass	� Exergy of biomass (MW)
Ex,heating	� Exergy of heating (MW)
Ex,reactor	� Exergy of reactor (MW)

Introduction

 In recent years, both social and political pressures trying 
to diminish the use of fossil fuels have acquired a major 
exigency. In the past years, butanol has attracted a constant 
interest because of its thermodynamic properties, some of 
them quite similar to gasoline. Those butanol properties, 
such as high energy density, low volatility, less hygroscopic, 

etc., have pointed out butanol as an interesting biofuel (Xue 
et al. 2013).

Biobutanol is produced via the fermentation by means 
of a Clostridium bacteria obtaining as main products ace-
tone, butanol and ethanol (ABE) in a typical relation of 
3:6:1 (Cooksley et al. 2012; Niemistö et al. 2014). Despite 
biobutanol properties, this process should overcome several 
challenges related with butanol concentration and volumet-
ric productivities, as well as diminishment in by-products 
(Xue et al. 2013). In this manner, the performance of this 
process is limited by the high substrate cost and both inhibi-
tion by substrate and butanol concentration (near to 20 g/L). 
These hurdles produce diluted effluents, and consequently 
the energy requirements in downstream process increase as 
well (Kiss et al. 2016). Having an aim to reduce substrate 
cost, it is proposed lignocellulosic biomass as fermentable 
substrate because of its low economic and environmental 
impact. Currently, a wide variety of substrates have been 
proposed; the options vary from saccharose (Parekh and 
Blaschek 1999; Tashiro and Sonomoto 2010), domestic and 
agricultural wastes (Jang et al. 2012; Niemistö et al. 2014), 
biomass from algae (Ranjan and Moholkar 2009; Jang et al. 
2012), wheat straw, starch (Ranjan and Moholkar 2009), 
whey (Ranjan and Moholkar 2009) among others. How-
ever, to select any raw material it is necessary to consider 
the nature of the raw material and its availability, and this 
task must be done to find a feasible combination to produce 
sustainable butanol.

Because of the high content of lignocellulose, it is 
necessary to perform a pretreatment stage. In this stage, 
the hemicellulose is converted to xylose and a further 
diminishment in crystalline cellulose is observed. Sev-
eral options are currently available, for example, diluted 
acid, steam explosion or enzymatic hydrolysis. Currently, 
enzymatic hydrolysis is the most accurate option accord-
ing to several authors (Andrié et al. 2010; Qureshi et al. 
2014). Because of diluted products, it is estimated that the 
necessary energy to increase the butanol concentration 
from 0.5 to 99.9% wt in a binary system butanol–water is 
near 79.5 MJ/kg, much more energy than that contained 
in butanol. Under this scenario, it has been proposed inte-
grated systems (saccharification–fermentation) where the 
products can be withdrawn avoiding inhibition by butanol 
concentration (Qureshi et al. 2005; Mariano et al. 2012) 
increasing also the concentration of products after fermen-
tation. On the other hand, some reports have proved that 
the hybrid process, which involves a liquid–liquid extrac-
tive column, can reduce the energy requirements since it 
can separate in a single column the azeotropes involved in 
the mixture coming from fermenter. So, much energy used 
to concentrate the ABE compounds is saved in a single 
stage (Errico et al. 2016).
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Because of the above-mention fact, much attention has 
been focused on the process in such manner that energy 
requirements do not exceed the contained energy of 
butanol. The main purification process and their average 
energy requirements are summarized in Table 1. In this 
manner, an effective alternative to make more profitable 
the biobutanol production uses an integrated reactor fol-
lowed by a hybrid process to purify the effluent coming 
from fermenter.

Since the energy demand is a primary measure to evaluate 
a process, the evaluation of exergy seems a reliable option 
to evaluate and improve energy systems. Also, it can help to 
understand the benefits of use a green alternative in compari-
son with the traditional energetic point of view. For exam-
ple, different works show how to use the exergy efficiency 
as comparison among several schemes (Rosen et al. 2008, 
Gassner and Marechal 2013; Bechara et al. 2016). With this 
in mind, this research describes a quantitative analysis of 
efficiency based on an exergy analysis as additional criteria 
to select the best process to produce and purify butanol. This 
analysis also considers economic and environmental criteria 
to complement this selection.

Therefore, the aims of this research were: (1) to evaluate 
the biobutanol production considering several raw materials, 
all lignocellulosic materials evaluated through an environ-
mental and economic indicators, such as the ecoindicator 
99, the total annual cost (TAC) and the net present value 
(NPV) and (2) to perform an analysis of the better schemes 
to produce biobutanol having as base both exergy and energy 
requirements.

Methodology

Problem statement

The complete problem to be solved can be described as fol-
lows: from a series of raw materials, it must be planned the 
correct selection of them considering the amount of sugar 
on each raw material, its availability through the year and 
the economic and environmental impact. Those raw materi-
als will be fed to an integrated reactor to simultaneously 
carry on the saccharification and fermentation process. As a 
product, a stream will be produced with different character-
istics according to the selected raw materials (see Fig. 1). In 
this manner, because of the complexity of the process, it is 
necessary to perform a rigorous optimization to handle this 
kind of nonlinearity and potential non-convexity. The next 
section will briefly describe each analyzed section.

Biomass

The raw material for fermentation is the main parameter to 
warranty economic profitability of any fermentation process 
(Lenz and Morelra 1980; Gapes 2000; Qureshi and Blaschek 
2000, 2001). The substrate in fermentation represents near 
60% of the production cost (Qureshi and Blaschek 2000). 
Commonly chemical components produced by fermentation 
are preferably produced in small plants to satisfy the spe-
cific needs of communities. Besides, the cost of the substrate 
must be optimized to establish how much the maximum is 
to be paid to generate profit and return of investment (Gapes 
2000).

Table 1   Comparison of several integrated butanol recovery processes (Groot et al. 1992; Oudshoorn et al. 2009; Xue et al. 2014)

Process Advantage Disadvantages Selectivity Energy require-
ments (MJ/kg)

Pervaporation High selectivity Cost of the membrane 2–209 2–145
Liquid–liquid extraction High selectivity Formation of emulsion 1.2–4100 7.7 (26 for ABE)

Cost of extractant
Toxic to the culture
Recovery and loss of the extractant

Gas stripping It does not soil or damage the crop Low selectivity 4–22 14–31
Easy to operate Low efficiency

Vacuum fermentation It does not soil or damage the crop Low selectivity 15.5–33.8 –
Easy to operate Low efficiency

Perstraction High selectivity Formation of emulsion 1.2–4100 7–7
Low toxicity to the crop Cost of material

Adsorption Easy to operate High cost of the material 130–630 1.333
Under energy requirement Low selectivity

Adsorption regeneration
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From all available raw materials, the lignocellulosic 
material is considered the most promising because of its 
availability, sugar content and its renewable nature so far. 
In this research, as boundaries in raw material selection, 
we consider the available raw material in México which is 
presented in Table 2.

Integrated reactor saccharification–fermentation 
with simultaneous recovery (SFS)

An advantage of new technologies is to improve the produc-
tivity in a reactor by means of integration of fermentation 
and recovery stages (Maddox 1989). Simulation of simul-
taneous fermentation and saccharification separation was 
performed in MATLAB®.

To describe the behavior of enzymatic hydrolysis in the 
biomass, it has been considered the kinetic model developed 
by Kadam et al. (2004). This model includes a reaction for: 
(2) decomposition of cellulose to cellobiose and glucose; (2) 
hydrolysis of cellobiose to glucose; (3) enzymatic adsorp-
tion; (4) substrate reactivity; and (5) effect of temperature on 
hydrolysis.

The parameter which describes the enzymatic reactivity 
was adapted considering a continuous process with changes 
in cellulose concentration by means of Eq. 1 (Díaz and Tost 
2016a, b).

(1)RS =
S(t) ⋅ V(t) + ∫

tf

0
xBS ⋅ FB ⋅ dt

x1s ⋅ F1 ⋅
(

tf − ta
)

+ S(0) ⋅ V(0)

Fig. 1   Schematic representa-
tion of the butanol production 
process including the raw mate-
rial selection, saccharification–
fermentation and downstream 
process

Table 2   Ecoindicator 99 for 
processed feedstock amount for 
biofuel production (Santibañez-
Aguilar et al. 2014)

Raw material Cellulose 
%(w/w)

Hemicellulose 
%(w/w)

Lignin 
%(w/w)

Cost (USD/ton) Ecoindicator 
99 (points/ton)

1 Wood chips 40 24 18 27 39.31
2 Wheat straw 30 50 15 38.29 11.84
3 Sugar cane 43 24 20 30.49 1.84
4 Wheat 30 39 18 50.68 13.1
5 Corn grain 41 23 12 55.86 17.16
6 Sorghum grain 20 42 18 53.2 5.85
7 Cassava root 30 22 22 88.2 42.05
8 Sugar beet 35 29 22 27.5 2.75
9 Sweet sorghum 22 48 18 16.1 5.85
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where F1 represents the feed flow, FB are the flow of bleed-
ing; S is the concentration of cellulose into the reactor 
(mmol/L); V is the volume (L); xBS is the mole fraction of 
cellulose into the reactor; x1s is the mole fraction of cellulose 
in the feed stream; ta is the initial time of continuous feed; 
and tf is the end time of fermentation.

On the other hand, the kinetic model to describe the 
production of ABE from lignocellulosic sugars is based 
on the model proposed by Shinto et al. (2007, 2008), 
which considers the participation of clostridium aceto-
butilum bacteria to ferment glucose and xylose simultane-
ously. This model considers several fermentation stages: 
cellular growth, substrate consumption and biobutanol 
production. In this manner, the global balance in the inte-
grated reactor is described as follows:

where Ci is the concentration of each component: butanol, 
ethanol, acetone, butyric acid, acetic acid, glucose and 
xylose, and all F′s are flow streams considered as input or 
outputs in the integrated reactor (see Fig. 1). F1 is the flow 
of feedstock, Fp is the flow purge and FL is the flow of bleed-
ing, x is the molar fraction. Ri (mmol/h/L) is the reaction 
rates of the fermentation and the hydrolysis. VF is the volume 
of liquid fraction plus the solid fraction.

As a separation stage on the integrated reactor, the liq-
uid–liquid extraction was selected, having as extractant 
agent N-hexyl-acetate according to the work of Barton 
and Daugulis (1992) and Groot et al. (1990). This selec-
tion was carried out considering the high partition coeffi-
cient, high selectivity, low cost and medium boiling point.

To guarantee a more competitive fermentation process, 
the best condition to achieve must be identified to achieve 
good values concerning some bioindicators (productiv-
ity, yield, product concentration), all of them evaluated 
under the correct selection of raw material used as feed 
in the fermenter. Those best conditions are probably only 
provided if the model is optimized searching for the best 
values of the objective functions, varying the amount 
of enzyme added, the dilution rate and the amount of 
extractant agent. For example, as a result some direct rela-
tionship might be observed, if high amount of extractant 
is added, it is easier to separate the compounds. How-
ever, the amount of extractant agent increases the energy 
required in further separation. It is considered that the 
reactor is at a steady state without variations in the out-
let stream (Quiroz-Ramírez et al. 2017); at this moment 
the effluent is fed to the downstream process. Note the 
time to reach the steady state has not been taken into 
consideration.

(2)
dCi

dt
= Ri ⋅ VF + F1 ⋅ x1i − Fp ⋅ xPi + FL ⋅ xLi

Separation and purification stage

To perform the purification of biobutanol after fermenta-
tion, three different schemes were considered. The first one 
is a conventional system with a side stream, the second one 
is a thermally coupled design and finally, the third one is 
a thermodynamic equivalent design (see Fig. 1). Those 
designs were previously presented by Errico et al. (2016) 
as the most promising designs among several options to 
separate an effluent coming from fermenter. In this work, 
those separation schemes were modeled in Aspen Plus, 
using the RADFRAC module, which considers the entire 
set of MESH equations. Note that these process models 
were robust and thermodynamically rigorous. The NRTL 
model was used to calculate the activity coefficient for the 
liquid phase and the Hayden–O’Connell equation for the 
vapor phase (Wooley and Putsche 1996; Oudshoorn et al. 
2009a; van der Merwe et al. 2013).

Besides, both processes were modeled in MATLAB 
and Aspen Plus, linked with each other. In this manner, 
the feed stream (previously proposed by the planning) 
was sent as a vector to MATLAB where the saccharifi-
cation–fermentation and recovery are modeled. As the 
reactor products mainly obtained were acetone, butanol, 
ethanol and N-hexyl-acetate, it was also possible to cal-
culate all bioindicators, productivity, yields and product 
concentration. This produced flow was further used as a 
feed stream in the purification process. Finally, Aspen Plus 
generates the necessary energy and mass balances to cal-
culate all objective functions.

The raw material planning, the integrated reactor sac-
charification–fermentation with simultaneous recovery 
(SFS) and the separation unit are integrated in a single 
process.

Those integrated processes are referred to as SFS-3C, 
SFS-2A and SFS-4B according to the purification stage 
they are formed (see Fig. 1).

Multi‑objective optimization

The process design to produce butanol is an example of 
a highly nonlinear and potentially non-convex system 
because of all of the equations included in the process 
model. All those equations are included in the objective 
function, and the minimization of those objective func-
tions is subject to recoveries and purity products on each 
flow stream. The problem is set as:
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where Ai is the raw material, Xi is the amount of biomass 
used during all year long, D is the dilution rate in fermenter, 
ENZ is the amount of enzyme in fermenter, Ntn is the total 
theoretical stages in the columns, Rrn the reflux ratio, Fm 
the distillate flow, Dcn the column diameter, ym and xm are 
purity and recovery vector for the m components, respec-
tively. Table 3 summarizes a brief description and the range 
on each variable.

In this research, we have used a hybrid stochastic multi-
objective algorithm, differential evolution with tabu list 
(DETL) previously presented by Sharma and Rangaiah 
(2010, 2013). The DETL algorithm specifically includes 
the evaluation stages of differential evolution, and further-
more, the tabu list concept (TL) can be used to avoid the 
revisit of search space by keeping a record of recently visited 
points. This can avoid unnecessary function evaluations, and 
because of this the computational efficiency is improved and 
the diversity is also increased (Srinivas and Rangaiah 2007; 

(3)

Min(TAC,GEI99, NEB, − 𝜂,−NPV,−IES)

= f
(

Ai,Xi,D, ENZ,Fext,Ntni,Nfni,Rrni,Frni,Dcni

)

Subject to y⃗m ≥ x⃗m

Sharma and Rangaiah 2010, 2013). The implementation of 
the multi-objective optimization approach was performed 
using a hybrid platform using a Microsoft Excel program 
of MODE-TL coupled with MATLAB and Aspen Plus (see 
Fig. 2). 

For the multi-objective optimization, we have used the 
following parameters for MODE-TL method: 200 individu-
als, 500 generations, a tabu list of 50% of total individu-
als, a tabu radius of 2.5E−06, 0.80 and 0.6 for crossover and 
mutation fractions, respectively. The best parameter values 
are obtained by a preliminar tuning process of values based 
on both previous work and computational efficiency of the 
algorithm (Sharma and Rangaiah 2013).

Actually, much research has used this algorithm to han-
dle several problems in chemical engineering in example 
those presented by Miranda-Galindo et al. (2014), Vázquez-
Castillo et al. (2015), Errico et al. (2016), and other applica-
tions in the form of global optimization (Yerramsetty and 
Murty 2008; Kheawhom 2010; Bonilla-Petriciolet et al. 
2010; Kumar et al. 2011; Vakili et al. 2011; Bhattacharya 
et al. 2011, among others). In all these studies, the use of 
this algorithm has proved to be robust enough to solve highly 
nonlinear problems.

Table 3   Definition of 
optimization problem: decision 
variables and measured 
parameters

x represents the flow of the sum of the components coming out of the corresponding current

Block Decision variables Optimization range

Raw material Type of raw material (9 variables) (–) [0;1]
Hydrolysis Enzymes ratio (2 variables) (kg/kg) [0;1]
Reactor Dilution rate (h−1) [0.01–0.3]
Decanter Solvent to feed ratio (kg/kg) [30–60]
Distillation Number of theoretical stages (3 variables) (–) [15–80]

Reflux ratio (3 variables) (–) [0.1–60]
Feed stage (5 variables) (–) [3–79]
Interlinking stages (8 variables) (–) [3–79]
Side stream stage (5 variables) (–) [3–79]
Column diameter (4 variables) (m) [2–4.5]
Distillate flow rate (9 variables) (kg h−1) [2x − 4.5x]
Side stream flow rate (9 videos) (kg h−1) [2x − 4.5x]

Fig. 2   Optimization strategy 
considering the connection 
among MATLAB, AspenTech 
and MS Excel
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Environmental objective function

The introduction of environmental issues as an objec-
tive function has been satisfactorily assessed in differ-
ent works and methodologies (Azapagic and Clift 1999; 
Gebreslassie et al. 2009; López-Maldonado et al. 2011; 
Vázquez-Castillo et al. 2015). The life cycle analysis is an 
environmental tool to asses in a quantitative way the envi-
ronmental loads of a process. This approach includes raw 
material extractions, manufacturing, distribution, recycled 
and waste disposition.

The ecoindicator 99 is a methodology based on life 
cycle analysis (see Fig. 3). This environmental index is 
able to give a score to any process or product to calculate 
its environmental load. In the ecoindicator 99 methodol-
ogy, 11 impact categories are considered (Goedkoop and 
Spriensma 2000):

	 1.	 Carcinogenic effects on humans
	 2.	 Respiratory effects on humans that are caused by 

organic substances
	 3.	 Respiratory effects on humans caused by inorganic 

substances
	 4.	 Damage to human health that is caused by climate 

change
	 5.	 Human health effects that are caused by ionizing radia-

tions
	 6.	 Human health effects that are caused by ozone layer 

depletion
	 7.	 Damage to ecosystem quality that is caused by ecosys-

tem toxic emissions
	 8.	 Damage to ecosystem quality that is caused by the 

combined effect of acidification and eutrophication
	 9.	 Damage to ecosystem quality that is caused by land 

occupation and land conversion

	10.	 Damage to resources caused by the extraction of miner-
als

	11.	 Damage to resources caused by extraction of fossil 
fuels.

These 11 categories are divided into three major damages 
categories: (1) human health, (2) ecosystem quality and (3) 
resources depletion.

Since in this study the selection of raw material is a 
main issue, the environmental load generated by the bio-
mass should be carefully calculated. Due to this, during the 
fermentation, the environmental impact can be estimated 
according to Eq. 4, RMUb is the unitary ecoindicator of each 
raw material and PUb is the quantity of each raw material 
used, and the environmental impact caused by the purifica-
tion stage (EI99PUR) is represented in Eq. 5. βb represents 
the total amount of chemical released per unit of reference 
flow due to direct emissions, αb,k is the damage caused in 
category k per unit of chemical b released to the environ-
ment, ωd is a weighting factor for damage in category d, and 
δd is the normalization factor for damage (Goedkoop and 
Spriensma 2000), as seen in the following

So the overall environmental damage per category (GEI99) 
is estimated as follows:

(4)EI99RMb =

EI99RMUb

∑

g

∑

t

PUb

Fbutanol

∀t

(5)EI99PURb =

∑

b

∑

d

∑

k∈K

�d�d�b�b,k

Fbutanol

∀b

(6)GEI99 = EI99RMb + EI99PURb ∀b

Fig. 3   Environmental impact 
assessment in the methodology 
of the ecoindicator 99 (EI99) 
(adapted from Goedkoop and 
Spriensma 2000)
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Economic analysis

In the methodology of this work, the thermodynamic condi-
tions have been considered as decision variables. Once those 
conditions are determined in the model, the performance 
and cost are calculated. This methodology differs from the 
conventional thermo-economic approaches where the equip-
ment size is considered as variable decision and the total 
investment cost is estimated with the nominal capacity of 
the component (Tijmensen et al. 2002).

The estimate of investment presented in this work is 
obtained performing a simplified sizing of the main equip-
ment. This methodology takes into account that the equip-
ment cost mainly depends on the size and building materi-
als, and it is also influenced by the process condition, such 
as temperature, pressure and auxiliary services. Thus, the 
available information allows to connect the investment cost 
of the process with its thermodynamic and operative con-
ditions. Following the method presented by Turton et al. 
(2012), the total grassroots costs (CGR) can be related 
with the equipment purchase cost according to the next 
equation:

where C
BM,i

 is the module cost of the equipment i on stand-
ard condition (atmospheric pressure and carbon steel as 
building material), CBM,i considers real operation conditions, 
and c1 and c2 represents additional spends related with the 
building of the plant. Table 4 summarizes the main param-
eters used in this economic evaluation.

Equipment cost

 To calculate the total annual cost (TAC) used as objective 
function, we used the method published by Guthrie (1969), 
which was modified by Ulrich (1984). It performs cost esti-
mation of an industrial plant separated in units using equa-
tions published by Turton et al. (2012). So, this economic 
index is calculated as follows:

(7)CGR =
(

1 + c1
)
∑

i

CBM,i + c2

∑

C0
BM,i

where TAC is the total annual cost, CTM,i is the capital 
cost of the plant, n is the total number of individual units 
and Cut,j is the cost of services, Fbutanol is the production 
flow (kgbutanol/h), and tri, is the payback period (3 years). It 
was assumed that the plant is running 8500 h per year (to), 
respectively.

The total investment is given by:

where CR, CT, CIN and CIE correspond to the reactor cost, 
column cost, condenser cost and initial investment, respec-
tively. All costs were calculated as functions of the instal-
lation cost.

The annualized operative cost is calculated as follows:

where CE, CV, CAE, CS, CENZ and CEx represent the elec-
tricity cost, steam cost, cooling water cost, substrate cost, 
enzyme cost and cost due to extractant lost, respectively.

 The payback period was considered as 3 years (Luyben 
and Chien 2011), and it is assumed the plant runs 8500 h/
year. Also, the following costs for heating and cooling were 
taken into account: high-pressure steam (42 bar, 254 °C, 
$9.88/GJ), medium-pressure steam (11 bar, 184 °C, $8.22/
GJ), low-pressure steam (6 bar, 160 °C, $7.78/GJ) and cool-
ing water ($0.72$/GJ) (Luyben and Chien 2011).

The cost of feedstock was calculated as the sum of all 
feedstock purchased from each supplier i (Fi):

where Ci is the raw material cost, F1 and F2 is the biomass 
flux considered as feed stream to the reactor.

However, for further analysis in the production process, 
the TAC is divided in three areas: the cost associated with 
raw material (CRM), the cost associated with the reactor 

(8)TAC
�

US$∕kg − ABE
�

=

∑n

i=1
CTM,i

n
+

∑n

j=1
Cut,j

tri

Fbutanol ⋅ to

(9)Total investment = CR + CT + CIN + CIE

(10)Operating cost = CE + CV + CAE + CS + CENZ + CEx

(11)FeedstockCost =
∑

i
CBiomass1
i

F1+
∑

k
CBiomass2
k

F2

Table 4   Used parameters for the 
economic evaluation

Parameter Value Parameter Value

Tax rate 34% Depreciation strategy 10 years linear
Discount rate 10% Overhead costs 5% CFixed
Working capital cost 5% (CFixed) Operator salary USD 3 M/y
Maintenance costs 5% Fixed capital cost 

(CFixed)
Marshall and Swift index (2006) 1302

Interest rate 6% Discount period 15 years
Dollar exchange rate 1.5 US$/e Butanol price 198$/ton
Acetone price 119 $/ton Ethanol price 158$/ton
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(CR) and the cost of purification (CPUR). Thus, it can be 
analyzed the behavior of these zones and their effect on the 
tested objective functions.

Energy balance

The total energy consumption is a key factor when the opera-
tive cost is calculated. For such reason, during selection of 
technology, the energy consumption should be considered 
as a key parameter for the correct selection of separation 
technology.

On the other hand, the net energy balance (NEB) is a sig-
nificant index to evaluate the energy performance in biobu-
tanol production, in other words to evaluate if biobutanol 
production produces gain or loss of energy.

The net energy balance was addressed as follows: the 
energy requirements (MJ/h) were divided by the biobutanol 
mass flow (kg/h) to obtain the specific energy requirement to 
produce butanol (MJ/kgbutanol). This value must be also mini-
mized as small as possible in comparison with the invested 
energy to produce and separate butanol.

For pure butanol, the energy density is named as LHV 
(Akinci et al. 2008). According to some authors, the LHV of 
butanol is approximately 31.5 MJ/kg (Wu et al. 2008). The 
LHV provides the energy content in 1 kg. of fuel. For ABE 
fermentation, the energy content also can be considered as, 
ethanol and acetone, by-products. Thus, to calculate the net 
energy return is only necessary to subtract the energy con-
tent in 1 kg of butanol (LHV) from the energy to produce 
1 kg of butanol.

Because of nature of the problem, several butanol flows 
are handled, so it is necessary a comparative measure for 
each design. For such purpose, the ideal energy efficiency 
of separation is used for each system (IES), and this index is 
calculated through the next equation (Díaz and Tost 2016a, 
b):

where LHV is considered as the lower heating value of 
butanol (MJfuel/kgsolvent), Hs is the energy consumption for 
purification (MJfuel/kgsolvent). The energy efficiency was con-
sidered as ideal since only the energetic requirements for 
purification were taken into account. The performance Rs is 
the amount of ABE (g) multiplied by the mass of substrate 
fed (g).

Exergy analysis

The exergy as thermodynamic concept is a measure of 
the amount of the maximum mechanic work which can be 
obtained from a stream if it is displaced to the equilibrium 
with its environment at T0 = 25 °C and P0 = 1 atm.

(12)IES = Rs ⋅
(

LHV − Hs

)

Besides, exergy is a thermodynamic measure which 
may be used to evaluate and improve any energetic system. 
Increasing the energy efficiency is consequently possible to 
reduce the environmental impact. It has been suggested that 
the most appropriate relation between the second thermody-
namic law and the environmental impact is exergy because 
it is a measure of the outputs system to the environment 
(Szargut 1980; Edgerton 1992).

The exergy balance identifies and quantifies the main 
sources of thermodynamic irreversibility on each process. 
However, unlike entropy balances, which is only function of 
the process itself, the exergy balance is a function of both the 
system and a reference state. Therefore, the choice of this refer-
ence point is important for having an idea concerning the avail-
ability at each stage of the process. It is particularly significant 
to evaluate the residual flows released and further mixed with 
the environment.

With the purification and separation schemes, the thermo-
dynamic efficiency might be calculated using the thermody-
namic laws. For such task, it has been used the equation previ-
ously proposed by Seader et al. (2011).

Minimum separation work is represented as:

where b = h – T0s is function of exergy, LW = T0ΔSirr is the 
waste of work in the system and η the exergy efficiency. To 
calculate entropy and enthalpy of any stream in the process, 
Aspen Plus simulator was employed.

Cash flow analysis

All proposed scenarios have been economically evaluated 
and compared using general sustainable criteria (Turton et al. 
2012). The most meaning criteria for economic purposes is 
the net present value (NPV). If the NPV value is lower than 
zero, the project is not sustainable. On the other hand, if NPV 
is higher than zero, the process is profitable. The NPV quan-
tifies the economic performance and is calculated along the 
discounted annual cash flow for an undefined time. Besides, 
it represents the sum of present values or effective cash flow 
discounted along the project life. As results, NPV is a useful 
tool to determine the net profitability of a project. To calculate 
the NPV could be used the next equation (Turton et al. 2012).

(13)
Wmin =

∑

sal del
sistema

nb −
∑

ent al
sistema

nb

(14)Exergy efficiency(�) =
Ex,ABE

Ex,biomass + Ex,heating + Ex,reactor

(15)NPV =

LT
∑

i=1

DCFi =

LT
∑

i=1

CFi
(

1 + rdc
)i
($)
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The cash flow is calculated as the difference between net 
earnings NEt and the fraction of the total depreciable capital 
investment (FTDCt):

Net earnings after tax rate (φ) are determined by the differ-
ence between revenues (Revt) and expenses related to facility 
operating (FOCt) and transportation (TOCt) costs:

Accordingly, revenues are estimated from the sales of the 
final products, which involve the delivered flow and the cor-
responding price (PRigt):

Operating costs are given by the product between the pro-
duction rate and the average inventory levels with the cor-
responding unit production cost (UPCipgt) and unit storage 
cost (USCisgt), respectively:

Disposal cost (DCt) as part of the operating costs is a term 
related to the landfill tax (LTigt) to be handled as a con-
sequence of the amount of waste generated in the process 
(Wigt):

Other economic criteria calculated in this work are the return 
of investment (ROI). This measure is aimed at reducing the 
complex process of cash flow that takes place in differ-
ent periods in the future to one single number. The ROI is 
defined in Eq. (21).

(16)CFt = NEt − FTDCt t = 1,… , t − 1

(17)NEt = (1 − �)
(

Revt − FOCt − TOCt

)

+ �DEPt ∀t

(18)Revt =
∑

i∈SEP(i)

∑

g

DTSigtPRigt ∀t

(19)FOCt =
∑

i

∑

g

∑

p∈IM(i,p)

UPCipgt + DCt ∀t

(20)DCt =
∑

i

∑

g

WigtLTigt ∀t

Results and discussion

According to all that was mentioned above, an efficient pro-
cess design helps to diminish the total energy required in a 
process. Figure 4 shows the Pareto front generated after the 
optimization process, and this Pareto front shows the total 
annual cost evaluated jointly the exergy efficiency. At first 
sight, it is possible to observe process with relative high 
exergy efficiency, but those processes also show a high cost 
(point I). On the other hand, there are several process with 
low TAC values but with also low exergy efficiency (point 
III). So, to find a feasible process design it is necessary to 
select a point inside the Pareto front which does not com-
promise any objective function. In Fig. 4, this selection is 
highlighted with a red point (point II). Please note in further 
figures, this behavior is also observed for the environmental 
impact, namely a rise in exergy values is observed when the 
environmental impact rise as well and vice versa.

Figure 4a shows the TAC values evaluated jointly with 
the exergy efficiency. Note the maximum efficiencies were 
obtained for the whole process which carries out the puri-
fication with the scheme SFS-3C, followed by the schemes 
SFS-2A and SFS-4B. This thermodynamic equivalent design 
has exhibited the worse efficiency values. In this manner, the 
exergy efficiency for such selected points was 66.8, 50.97 
and 44.13% for the schemes SFS-3C, SFS-2A and SFS-4B, 
respectively.

Figure 4b shows the behavior of the analyzed designs 
when the exergy efficiency is evaluated with the environ-
mental impact. As can be observed, to increase the efficiency 
it is necessary to increase the environmental impact as well. 

(21)ROI (%) =
Annual net profit

Capital cost
× 100%

Fig. 4   Pareto fronts: a TAC 
with exergetic efficiency and b 
GEI99 with exergetic efficiency
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In this case, the lowest environmental load was observed for 
the whole process which considers the purification stage by 
the process SFS-2A. This behavior is related with the previ-
ous selection of raw materials.

In Fig. 5, the best point of each scheme (point II) is high-
lighted. Performing a deeper analysis about the contribution 
regarding the TAC and the GEI99, note that for schema SFS-
3C in Fig. 5a, low thermodynamic efficiencies are related 
with low cost values. Moreover, the main contribution to the 
TAC is due to the cost of the reactor, followed by the cost of 
raw material and finally the cost associated with the purifica-
tion stage. This behavior is closely linked to the character-
istics of the selected raw material (cost, sugar available and 
environmental impact). On the other hand, thermodynamic 
efficiency increases because of purification costs, and raw 
material costs and the reactor cost increases as well.

In the same way, the contribution to the GEI99 is shown 
in Fig. 5b, where the main contribution to the GEI99 is due 
to the raw material. One may notice that for high thermody-
namic efficiencies the ecoindicator tends to increase signifi-
cantly. This behavior is due to the use of raw material with 
great environmental impact which is also associated with a 
greater amount of available sugar.

For each analyzed scheme, Table 5 shows the most rep-
resentative values related to economic and environmental 
indexes. Note the lowest value for raw material was obtained 
for the scheme SFS-2A with 0.0042 $/kgbutanol followed by 
scheme SFS-3C and SFS-4B, respectively. Regarding the 
environmental impact, the scheme SFS-4B exhibited the best 
value with 0.112 points/kgbutanol followed by schemes SFS-
3C and SFS-2A. 

For the scheme SFS-4B in Fig. 5c, d, a similar trend is 
observed that is described for the scheme SFS-3C. However, 
for this scheme the low thermodynamic efficiencies are asso-
ciated with the raw material cost, in other words, if the pro-
cess uses more expensive raw materials, the thermodynamic 
efficiency increases as well. Note in this scheme the lowest 
TAC contribution is related with the raw material selection. 
On the other hand, the purification stage provides the main 
contribution. So, the manner in which this process route 
increases its thermodynamic efficiency, it also increases the 
purification cost. In the case of this scheme presented in 
Fig. 5d, the main contribution of the ecoindicator is largely 
due to the raw material. This scheme is not actually efficient 
in the purification stage, and in this manner, the reaction 
stage should provide better performance.

Figure 5e shows a similar behavior, and the low thermo-
dynamic efficiencies are related to low raw material cost. 
In this manner, the main contribution to the TAC is attrib-
uted to the TAC in reaction stage. For high thermodynamic 
efficiencies again the three zones cost increase in a similar 
way. Figure 5f shows the contribution to the GEI99 of each 

analyzed area, being the less efficient stages both the purifi-
cation stage and raw materials.

In a relative deeper analysis for the best point found (point 
II of scheme SFS-3C) in Fig. 6, it is possible to observe each 
category and the contribution for the total ecoindicator 99. 
Note that to carry out this environmental process, we con-
sidered the environmental loads of three sources: steam for 
heating, electricity for pumping and steel for building.

Thus, as Fig. 6 shows that due to using electricity and 
steam, the biggest impact is found in the fossil fuels cate-
gory. On the other hand, the use of steel for building impacts 
directly ecotoxicity and use of minerals. To summarize the 
environmental impact in those three sources previously 
mentioned, Fig. 6 shows the environmental impact for each 
source.

Figure 7a, b shows the energetic performance of all ana-
lyzed schemes. In other words, both figures illustrate the 
performance of those whole processes which consider three 
different schemes as purification stages. Note the preferable 
behavior in the whole process is to consume energy as low 
as possible and increasing the exergy efficiency.

Under this expected behavior, Fig. 7 a shows the behavior 
of the energy consumed per kilogram of butanol and the 
exergy efficiency. With this in mind, the best results obtained 
concerning scheme SFS-3C which exhibited the lowest 
energy consumption are evident. However, one can notice 
the average behavior of all Pareto fronts is that as long as 
the energy consumption increases also increases the exergy 
efficiency. Considering the above mentioned, it is necessary 
to select a single design from the zone where both exergy 
and energy efficiencies reach a relative good value. Thus, in 
Fig. 7a was selected a point, which is highlighted in Pareto 
front. Concerning scheme SFS-3C, this selected point exhib-
ited a thermodynamic efficiency of 66.80% and an energy 
consumption of 7.6 MJ/kgbutanol. On the other hand, the 
worst observed values were obtained by the scheme SFS-4B, 
with exergy efficiency of 44.13% and energy consumption of 
17.78 MJ/kgbutanol. In the same way, in Fig. 7b it is possible 
to observe that the scheme SFS-3C generates a greater IES 
and the scheme SFS-4B generates less IES with values of 
6.77 MJ/kgglucose and 5.32 MJ/kgglucose, respectively.

Furthermore, Fig. 8 shows the variation of the process 
cost when the concentration of acetone, butanol and etha-
nol also vary in the feed stream of the purification process. 
In concordance with all results observed so far, the whole 
process with scheme SFS-3C shows the lowest TAC values, 
followed by scheme SFS-2A and SFS-4B. Moreover, note 
the better-feed stream has values like 1258.29, 1332.13, 
1278.61, kmolABE-ext for SFS-3C, SFS-2A and SFS-4B 
schemes, respectively.

Figure 9a, c shows the oscillation of the cost and sale 
price regarding the plant capacity. It can be clearly observed 
a tendency, the cost and sale price decrease when the plan 
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Fig. 5   Contribution of TAC, ecoindicator 99 and exergy efficiency for each of the analyzed scheme
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capacity increases. In this tendency, scheme SFS-3C shows 
the lowest cost values and sale price. In this manner, when 
the plant operates at low production capacity, there is a dif-
ference of almost 70% among some schemes. Specifically, 
a huge difference is observed among both SFS-3C and SFS-
4B schemes. On the other hand, at high capacity production 
this difference diminishes significantly.

Furthermore, Fig. 9b shows the evaluation of the return 
of investment (ROI) regarding to the plant capacity. Notice 
that this scheme SFS-3C shows the best values overcom-
ing both schemes SFS-2A and SFS-4B. Considering this 
economic behavior, it is clear that scheme SFS-3C always 
shows better economic benefits in comparison with the other 
studied scenarios.

Table 5   Summary of the main 
indexes for the raw material 
section for three representative 
designs on the Pareto front

Parameter SFS-3C SFS-4B SFS-2A

I II III I II III I II III

Cost of raw 
material ($/
kgbutanol)

0.057 0.135 0.213 0.058 0.077 0.300 0.042 0.073 0.123

Ecoindicator 
99 (points/
kgbutanol)

0.118 0.373 0.523 0.112 0.341 0.716 0.144 0.164 0.478

Fig. 6   Detailed contribution of the ecoindicator in its main sections and impact sources for the best point select
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As has been mentioned, increasing the production the 
economic scenario improves. In almost all economic sce-
narios scheme, SFS-3C showed the best economic indexes. 
However, we decided to consider additionally another eco-
nomic index, the net present value (NPV) which allowed us 
to figure out if the investment accomplished its basic finan-
cial target: to maximize the investment.

The benefit of the exergy analysis goes beyond the appli-
cation of the second thermodynamic law, which constitutes 
the base of the exergy methods. The second thermodynamic 
law might indicate the theoretical limits of efficiency in a 
reversible process. Figures 4 and 8 demonstrate how those 
limits vary on each process. Figure 10a presents the Pareto 
front generated when is evaluated the exergy efficiency with 
the NPV values. It is important to remember we tried to 
maximize the NPV value jointly with the energy efficiency. 

However, according to the behavior observed, both objective 
functions are in conflict, and one can observe the highest 
values of energy efficiency are found with low NPV values 
and vice versa. Thus, must be selected a single point from 
both objective functions reach its best value. 

The reader can observe in Fig. 7b that again the scheme 
SFS-3C shows the best values for both objective func-
tions since higher NPV and exergy efficiency values are 
observed. On the other hand, the process which includes 
scheme SFS-4B demonstrated again the worse NPV and 
exergy efficiency values.

As mentioned previously, the amount of sugar fed to the 
fermenter is mainly responsible for the final concentration 
of products in the outflow. Moreover, since it is not always 
the same raw material considered in the fermenter, differ-
ent butanol flows are obtained throughout the year.

Fig. 7   Energy indicators 
regarding exergy efficiency. a 
Exergy with NEB and b exergy 
efficiency with IES

Fig. 8   Variation of cost respect to the molar flow of feed stream at the separation zone
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It is important to keep in mind that the value of the net 
present value depends on the following variables: initial 
investment, investments during the operation, net cash 
flows, discount rate and time of the project.

Figure 10b, c displays the behavior of the NPV with 
respect to the TAC and the GEI99. According to previous 
sections, the greatest economic benefit is obtained with 
higher NPV values which are obtained when the cost of the 
process decrease. It can be seen that the scheme SFS-3C 
has the highest values of NPV. The SFS-2A and SFS-4B 
schemes showed similar values; however, SFS-3C schemes 
exhibited a little improvement.

The variation of the environmental impact follows an 
even more marked trend than the cost, while the scheme 

SFS-2A showed the lowest environmental impacts, but low 
NPV. On the contrary, scheme SFS-3C displayed the highest 
NPV values but a lower environmental impact. It is impor-
tant to mention that those values are not the smallest, how-
ever, are in the zone of the minimum values.

Clearly, the value of NPV can be taken as a distinctive 
economic criteria in order to select the best scheme. Regard-
ing the use of energy, we can observe different behaviors 
from those previously analyzed.

Figure 11a shows the behavior of the economic objective 
function when is evaluated with the energy target. According 
to the Pareto front, the most energy generated the most NPV 
obtained. However, scheme SFS-3C presents the best values 
of NPV and higher energy generated as well. This scheme 

Fig. 9   a Evaluation of TAC with the plant capacity. b ROI with plant capacity and c sale price versus plant capacity
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covers a wide range of values, contrary to schemes SFS-
2A and SFS-4B where NPV values are centered in a small 
range. However, all the three analyzed schemes showed very 
similar values.

A similar analysis is presented in Fig. 11b where the 
value of NPV is compared with the IES. The higher values 
of IES and NPV are for the SFS-3C scheme, which is the 
best performance scheme. On the other hand, the scheme 
with the lowest values of IES and NPV was scheme SFS-4B.

The trend is that the economic benefit measured through 
the NPV is in conflict with the energy values. It can be seen 
that scheme SFS-4B presents the highest values of energy 
requirements, contrary to scheme SFS-3C, which presents 
the lowest values.

 On the other hand, Fig. 12 presents the optimal planning 
of raw material for scheme SFS-3C (Fig. 4, point II). Note 
a clear tendency to use corn grain and wheat as raw materi-
als. This selection is completely due to the amount of sugar 
present in each raw material. Yet, the most sugar content the 
most expensive becomes the process, so it must be selected a 
correct combination of raw material with high sugar content 
and cheap raw materials. Therefore, the planning presented 
in Fig. 12 represents the best planning to equilibrate and 
reach the best values of the objective functions.

Moreover, Fig. 13 shows the correct selection of raw 
material for scheme SFS-2A. Note in this process the best 
values converges in sugar cane as main raw material. As 
well as SFS-3C scheme, this selection totally regards to raw 

Fig. 10   Pareto front: a TAC evaluated with NPV, b ecoindicator 99 evaluated with NPV
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materials with high sugar content; however, this raw material 
is more expensive and the trend is to balance this cost with 
a cheaper raw material. As concern to the environmental 

impact, at the beginning of the year, as long as the year goes 
forward was selected raw materials with high environmental 
impacts according to the availability of raw material.

Fig. 11   Evaluation of NPV values with: a NEB, b IES

Fig. 12   Planning of raw mate-
rial through the year for the best 
design in Pareto front of scheme 
SFS-3C

Unit (kg) Scheme SFS-3C
sweet sorghum

sugar beet
cassava root 9624

sorghum grain 16207 1006

corn grain 1137 13767 13767 29123 482 8474

wheat 14372 4353 14611 6911 2710 6918 9138

sugar cane 11820 6032 54374

wheat straw 8401 48238 13619 10339 20175

wood chips
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Fig. 13   Raw material planning 
throughout the year for the 
best selected point in scheme 
SFS-2A

Unit (kg) Scheme SFS- 2A
sweet sorghum

sugar beet
cassava root 16701 1672 1672 8595

sorghum grain 2826 3241 16187
corn grain 155 1019 12023 268 9786 10406

wheat 3399 1210 4932 22835
sugar cane 15571 22302 14580 18041 7655 3141

wheat straw 47998
wood chips
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Unit (kg) Scheme SFS-4B

sweet sorghum

sugar beet

cassava root 16602 3496

sorghum grain 5799 10547 6242 9146

corn grain 7219 8776 13525 9735 3359 5781

wheat 5962 6602 7134 75488 15382 41597

sugar cane 10801

wheat straw 75488 14189 42181 23287 10597

wood chips
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Fig. 14   Planning of raw material through the year for the best design in Pareto front of scheme SFS-4B

Table 6   Summary of the main indexes of the integrated reactor for three representative points of the Pareto front

Parameter SFS-3C SFS-4B SFS-2A

I II III I II III I II III

Productivity of 
butanol (g/L h)

0.7384 0.6703 0.3861 0.7279 0.7308 0.3417 0.7088 0.6548 0.4883

Yield of butanol 
(g/g)

0.309 0.332 0.338 0.314 0.327 0.341 0.321 0.316 0.346

Concentration of 
butanol in the 
fermentor (g/L)

6.8 5.2 3.0 6.7 5.6 2.7 6.3 5.5 3.9

Dilution rate (L−1) 0.0198 0.0175 0.0122 0.0103 0.0184 0.0192 0.0193 0.0199 0.0119
Extract (kg/

kgbutanol)
50.05 65.3 69.91 50.12 66.4 67.95 52.75 58.5 68.45

Table 7   Summary of the main indexes for the preaching processes for three representative points of the Pareto front

Parameter SFS-3C SFS-4B SFS-2A

I II III I II III I II III

Destilation TAC 
($/kgbutanol)

0.0368 0.0808 0.2468 0.070 0.116 0.428 0.064 0.0738 0.199

Cost of installation 
($/kgbutanol)

0.0013 0.0019 0.0067 0.002 0.003 0.013 0.002 0.0026 0.005

Cost of utilities ($/
kgbutanol)

0.0355 0.0789 0.2401 0.067 0.112 0.415 0.062 0.0711 0.195

Ecoindicator 
of distillation 
section (points/
kgbutanol)

0.0133 0.0296 0.0903 0.029 0.048 0.176 0.044 0.0476 0.122

Internal rate of 
return (% year−1)

18.09 11.49 7.05 7.62 5.97 1.82 12.42 9.60 7.85

Production capac-
ity (kton/año)

2586 1514 495 2542 1738 417 2223 1699 839

Sale price ($/
kgbutanol

35.22 39.17 80.09 47.62 49.42 55.41 52.08 58.23 76.11
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Table 8   Summary of results of objective functions of the sequences for three representative points of the Pareto front

Parameter SFS-3C SFS-4B SFS-2A

I II III I II III I II III

TAC ($/kgbutanol) 0.138 0.198 0.429 0.172 0.227 0.626 0.169 0.192 0.347
GEI99 ($/kgbutanol) 0.132 0.403 0.613 0.142 0.388 0.892 0.188 0.095 0.244
NEB (MJ/kgbutanol) 7.62 11.14 14.9 14.5 17.78 22.2 11.80 11.70 16.30
IES (MJ/kgglucose) 7.37 6.77 5.60 5.32 4.49 3.16 6.33 6.25 5.25
NPV (M$) 266.4 148.7 107.8 211.4 161.8 51.1 251.3 192.4 146.3
Exergy efficiency (–) 64.0 66.8 67.4 39.3 44.1 46.4 64.0 47.4 54.3

Fig. 15   Energy and mass balance of the whole process considering a different downstream process
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Regarding scheme SFS-4B, Fig. 14 shows the planning 
of raw material for this scheme. This process prefers to 
use preferably wheat, wheat straw and corn grains. Those 
schemes selected raw material with high environmental 
impact. Such raw material selection is completely related 
with the sugar content, which consequently improves the 
performance at fermenter.

Table 6 illustrates the main parameters of the integrated 
reactor for each selected point in the Pareto front. The 
scheme SFS-3C has good performance with butanol con-
centration near 6.8 g/L and productivities of 0.738 g/L h. In 
the same way, Table 7 shows the main indexes considering 
only the purification/separation stage. In this scenario, the 
scheme SFS-3C overcomes the other designs with almost 
50%. Because of this economic view, it was possible to 
obtain NPV values near to 19.09%.

On the other hand, Table 8 summarizes the three objec-
tive functions for each point selected in Pareto front which 
considers the whole process fermentation and purification. In 
this scenario, the scheme SFS-3C resulted as the best option 
with cost values of 0.138 $/kgbutanol, and an ecoindicator of 
0.132 points/kgbutanol. Actually, this environmental impact 
is not the lowest; however, it generates the lowest energetic 
requirements near to 7.62 MJ/kgbutanol and 7.37 MJ/kgbutanol 
of generated energy. Finally, Fig. 15 presents the updated 
flow sheet of the best points of the best sequence analyzed, 
including the mass balance, energy requirements and design 
parameters. It should be pointed out that for each schema 
design, was a multi-objective optimization which obtained 
these best designs.  

Conclusions

To determine the most feasible condition to produce butanol 
it must include rigorous simulations and even better a multi-
objective optimization to evaluate several objective func-
tions. This optimization will show the different areas, which 
promote any improvement in the process.

In general terms, the whole process which consid-
ers the separation stage by means of the scheme SFS-3C 
shows the best indexes with 0.138$/kgbutanol, 0.132 points/
kgbutanol, 66.8, 266.4 M$ and 2586 ton/year of TAC, GEI99, 
exergy efficiency, NPV and annual production, respec-
tively. Moreover, the scheme SFS-3C exhibited the low-
est energy requirements per kg of produced butanol with 
5.7 MJ/kgbutanol which is only 16% of the energy contained 
in 1 kg. of butanol. This reduction is a meaning improve-
ment in comparison with the other scheme analyzed in this 
work and with other reported in the literature. For example, 
the results reported by Qureshi et al. (2005) with a process 

of adsorption–distillation presented an energy consump-
tion of 8.2 MJ/kgbutanol. Moreover, if acetone and ethanol 
are also produced as by-products is considered, this prof-
itability could increase. Regarding raw material selection, 
the most selected biomass was corn grain, wheat and wheat 
straw. Those raw materials were also selected in the scheme 
SFS-3C.

The multi-objective optimization carried out which 
includes the concepts of energy, exergy, cost and environ-
mental impact have an important role to play in the evalua-
tion and increase of the use of sustainable energy and tech-
nologies. The inclusion of energy and exergy in the design of 
the processes could be useful for identifying and improving 
processes.
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