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Butanol is an important compound used as a building block for producing value-added products and an energy carrier. The main 

butanol production pathways are conventional acetone–butanol–ethanol (ABE) fermentation and catalytic upgrading of ethanol. 

On the other hand, the application of biomass as a promising substrate for biofuel production has been widely considered 

recently. However, few studies have compared different butanol production pathways using biomass as raw material. In light of 

that, the present work aims (i) to provide a short review of the catalytic ethanol upgrading and (ii) to compare conventional
 
ABE 

fermentation and catalytic ethanol upgrading processes from the economic and environmental perspectives. Aspen Plus v9.0 

was used to simulate both processes. The economic and environmental assessments were carried out considering the Colombian 

economic context, a gate-to-gate approach, and single impact categories. Considering a processing scale of 1000 ton/d, the 

conventional ABE fermentation process presented a more favorable technical, economic, and environmental performance for 

butanol production from biomass. It also offered lower net energy consumption (i.e., 57.9 GJ/ton of butanol) and higher butanol 

production (i.e., 2.59 ton/h). Nevertheless, the proposed processing scale was insufficient to reach economic feasibility for
 
both 

processes. To overcome this challenge, the minimum processing scale had to be higher than 1584 ton/d and 1920 ton/d for 

conventional ABE fermentation and catalytic ethanol upgrading, respectively. Another critical factor in enhancing the economic 

feasibility of both butanol production pathways was the minimum selling price of butanol. More specifically, prices higher than 

1.56 USD/kg and 1.80 USD/kg would be required for conventional ABE fermentation and catalytic ethanol upgrading, 

respectively. From the environmental impact point of view, the conventional ABE fermentation process led to a lower potential
 

environmental impact than catalytic ethanol upgrading (0.12 PEI/kg vs.
 
0.18 PEI/kg, respectively). 

                                                            

➢ABE fermentation showed a better economic 

performance than catalytic ethanol upgrading. 

 ➢Hydroxyapatite was selected as the best catalyst 

to upgraded ethanol. 
 

➢ABE fermentation was found a more sustainable 

process environmentally than catalytic ethanol 

upgrading. 
 

➢Improved kinetic models to describe the catalytic 

upgrading of ethanol are needed.
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1. Introduction 

 

Butanol is a four-carbon alcohol and a colorless liquid miscible with most 

organic solvents applied in the chemical industry (Lee et al., 2008). The 

molecular formula of this organic compound is C4H9OH with a molecular 

weight of 74.12 g/mol. Butanol is used as a solvent, intermediate, or raw 
material in the chemical industry to obtain a wide variety of value-added 

products (Fig. 1). About 50% of the world`s butanol is used to produce butyl 

acrylate and methacrylate esters (DOW, 2013). Other products derived from 
butanol are detergents, cosmetics, plasticizers, vitamins, amino resins, and 

butyl acetates. Besides, butanol has been applied as a solvent to produce 

lacquers, dyes, and rubber (Kumar and Gayen, 2011). In addition to the 
applications in chemical and textile industries, butanol has been proposed as a 

fuel or fuel additive because this organic compound has better combustion 

properties than ethanol (e.g., lower greenhouse gas emissions and higher octane 
number).  

Alcohols have been proposed as biofuels because these compounds can 

provide higher oxygen contents, increase the heat of evaporation, reduce 

particulate matter release, and decrease NOx emissions. Methanol and ethanol 

have been the most studied alcohols as alternative fuels in internal combustion 

engines (Zhu et al., 2010). However, butanol has been profiled as a more 

promising biofuel owing to the mentioned advantages over methanol, ethanol, 
and gasoline. Global butanol production has been estimated at around 25 

million metric tons per year (Mohapatra et al., 2020). On the other hand, the 

butanol market has been estimated to grow more than 30% from 2017 to 2022 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 
(Markets, 2016). Thus, butanol production is going to be one of the most 
studied processes in the following years. There are different routes to 

produce butanol. Nevertheless, the two most important pathways to obtain 

this organic compound are (i) via
 

acetone-butanol-ethanol (ABE) 
fermentation from biomass and glucose and (ii) catalytic conversion of 

ethanol. 
 

The ABE fermentation produces a mixture of acetone, butanol, and 
ethanol simultaneously from glucose using Clostridium

 
strains

 
(Qureshi et 

al., 2007). The butanol obtained via
 
ABE fermentation is also known as 

biobutanol since the raw material used in this process is biomass. The most 
studied raw materials in ABE fermentation are lignocellulosic biomass 

(e.g., sugarcane bagasse) and agro-industrial residues (e.g., milk whey and 

molasses). These raw materials are preferred over first-generation raw 
materials (e.g., maize) as they do not contribute to the existing food vs.

 
fuel 

conflict. Moreover, the application of agro-industrial residues use could
 

reduce the environmental impacts associated with the improper disposal of 
these waste streams (Mussatto et al., 2013; Kumar Mahapatra and Kumar, 

2017).
  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

Fig. 1. Primary uses of butanol. 
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Abbreviations   

ABE Acetone – Butanol - Ethanol 

BIGCC Biomass integrated gasification combined cycle 

CAPEX Capital expenditures 

CCS Coffee cut stems 

HAP Hydroxyapatite 

HMF Hydroxyl-methyl-furfural 

MPSEF Minimum processing scale for economic feasibility 

MSP Minimum selling price 

NPV Net present value 

OPEX Operational expenditures 

OPW Orange peel waste 
PEI Potential environmental impact 

RM Raw material 

VOC Volatile organic compounds 
WAR Waste reduction 
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Nevertheless, before lignocellulosic biomass can be used for butanol 

production, it should undergo costly processing, i.e., pretreatment and 

enzymatic hydrolysis to produce monomeric sugars (e.g., glucose and xylose) 

(Salehi Jouzani and Taherzadeh, 2015). 

On the other hand, recent efforts have been focused on developing efficient 
routes to obtain value-added products from bioethanol. Conversion of ethanol 

into butanol using heterogeneous catalysts such as mixed oxides, metallic 

oxides, and hydroxyapatite (HAP) has been among these efforts (Ogo et al., 
2011; Carvalho et al., 2012; Ho et al., 2016). The relevant industrial process to 

increase the carbon number of an alcohol by coupling two molecules was 

developed by Marcel Guerbet in the 1890s, thus known as the Guerbet reaction 
(Koda et al., 2009). The most commonly accepted path includes three types of 

reactions: (i) dehydrogenation, (ii) aldol condensation, and (iii) hydrogenation. 

Figure 2 shows the general mechanism to obtain butanol from ethanol. Koda 
et al. (2009) reported on ethanol upgrading at 120oC using homogeneous 

catalysts in a liquid phase, like iridium, sodium ethoxide, and 1,7-octadiene. 

These catalysts allowed to obtain 1-butanol with 51% of selectivity and 21% 
of yield. Other assays carried out in the gas phase and applying heterogeneous 

catalysts have also been reported in the existing literature. For instance, Ndaba 

et al. (2015) used MgO, Carvalho et al. (2012) used Mg-Al mixed oxides, and 

Ho et al. (2016) used Ca–P HAP.All these processes were performed at 

relatively high temperatures, between 300 and 450℃. Among the mentioned 

catalysts, the Ca–P HAP presented the best selectivity to 1-butanol (i.e., 76%) 
and an ethanol conversion (i.e., 15%). Hence, HAP could be regarded as a 

promising catalyst to upgrade ethanol to butanol. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 
 

Fig. 2. Global reaction mechanism of butanol production from ethanol. Adapted from Ogo et al. 

(2011). 

 

Despite the significance of the butanol production pathways, few studies 

have been focused on the techno-economic and environmental assessment of 
different butanol production pathways. Moreover, few studies have been 

devoted to model and understand catalytic ethanol upgrading using kinetic 

expressions. Thus, this works provides (i) a short literature review of the 
catalytic ethanol upgrading to butanol based on operating conditions, catalyst 

type, conversions, selectivity, and yields, (ii) a complete kinetic model to 

simulate the catalytic ethanol conversion to butanol as a function of the 
temperature, (iii) the mass and energy performance of two butanol technologies 

using lignocellulosic biomass as raw material, and (iv) a comparison of ABE 

fermentation and catalytic conversion in terms of economic and environmental 
aspects to find the best pathway to produce butanol. 

 

2. Materials and Methods  

 

2.1. Selection of the kinetic system for catalytic conversion of bioethanol 

 

The catalytic routes to transform bioethanol into butanol are currently under 

dynamic research. The most common catalysts are those based on metals and 

HAP (Ogo et al., 2011). A literature review was carried out to analyze the best 
option, including catalysts, ethanol conversion, butanol selectivity, co-

products, and contact time. The kinetic model proposed by Tsuchida et al. 

(2006) was selected as one of the best to simulate the ethanol conversion into 
butanol. The main selection criterion of the model was the accuracy provided 

by the kinetic parameters and rate equations. Matlab R2013a (MathWorks, US) 

was used to solve a differential equations system in the present work. This 

calculation was done by applying the ode45 function to obtain conversion 

and yield profiles of the process components.  

The kinetic model was used to model the concentration profile of each 

product in the catalytic ethanol upgrading process. The modeling was done 
to understand the process and define operating variables such as 

temperature and residence time. Then, the yields obtained at the best 

conditions were used as input data in Aspen Plus v9.0. Besides, the use of 
these improved operating conditions offers the following advantages: (i) 

better estimation of the energy demand of the catalytic reactor, and (ii) more 

accurate equipment sizing. 
 

2.2. Simulation procedure 

 

As mentioned earlier, Aspen Plus software was used to develop the 

simulations. The Non-Random Two-Liquid (NRTL) thermodynamic model 

was chosen to describe the liquid phase (Gebreyohannes et al., 2014). The 
model provides a good representation of phase equilibria for highly non-

ideal systems (Prausnitz et al., 1999). For the vapor phase, the equation of 

state of Hayden-O'Connell was used due to the presence of carboxylic acids 

in the ABE fermentation process (i.e., butyric and acetic acid). The 

properties of lignin, hemicellulose, cellulose, biomass, and enzymes were 

taken from the NREL/MP-425-20685 "Development of an Aspen Plus 
Physical Property Database for Biofuels Components" (Wooley and 

Putsche, 1996). The energy requirements (i.e., utilities such as steam and 

cooling water) were determined using the Aspen Energy Analyzer v9.0 
software. Besides, the raw materials mass flow in both processes was 

considered 1000 ton/d (41.7 ton/h).  

 

2.2.1. Sugars production 

 

This study was focused on the sugar platform obtained from 
lignocellulosic residues. For this case, the sugar platform was a dilute sugar 

stream (i.e., hydrolysate) with 40 g/L of glucose concentration (approx.). 

This concentration value is a typical value obtained from lignocellulosic 
biomass after pretreatment and saccharification (Jafari et al., 2016). The 

selected raw materials were coffee cut stems (CCS) and orange peel waste 

(OPW). Both raw materials were selected based on three criteria; (i) annual 
production, (ii) supply chain and logistics, and (iii) potential applications at 

different scales. It should be noted that both CCS and OPW are agro-

residues widely produced in Colombia after the harvesting and industrial 
use of coffee and orange, and amounted to 900 ton/d (Aristizábal-

Marulanda et al., 2020) and 1320 ton/d (Ortiz-Sanchez et al., 2020) in 2019, 

respectively. Thus, taking into account the first criterion, these raw 
materials can be considered potential feedstocks in medium and large-scale 

applications. Besides, both raw materials have a well-defined supply chain 

associated with the coffee crop renewal and orange juice extraction.  
As for the second criterion (i.e., supply chain and logistics), CCS is a 

solid residue with relatively low moisture content and can be transported in 

trucks from farms to chemical facilities using the existing means of 
transport used for coffee grains. The CCS is usually left in the fields, with 

only 5%-10% used locally in the farms for cooking purposes. OPW is 
accumulated as residue produced by orange juice factories and is usually 

disposed of in landfills. Thus, this raw material could also benefit the 

existing means of transport used for landfill disposal (Ortiz et al., 2020). 

Finally, and as long as the third criterion is concerned, both proposed raw 

materials have been the subject of different studies to produce several 

value-added products and energy carriers in stand-alone processes or 
biorefineries due to the high sugar yields (Ortiz-Sanchez et al., 2020; 

Solarte-Toro et al., 2020). In Colombia, sugarcane bagasse is also a 

significant residue, meeting all the selection criteria laid forth above. 
However, this raw material is currently used as a fuel in the cogeneration 

systems of sugar mills, and thus was not considered in the present study. 

The sugar production simulations were performed to calculate the mass 
flow and production costs of this stage using the selected raw materials as 

feedstock. This procedure reduces the uncertainty associated with taking a 

single production cost as a reference. The sugar flows and average costs 
were included in the ABE simulation. For the catalytic upgrading process, 

bioethanol production (via fermentation) was considered using the flows 

and the average costs of dilute glucose production (via dilute acid 
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pretreatment and saccharification). Subsequently, the obtained bioethanol was 

converted into butanol by catalytic conversion. Table 1 presents the chemical 

characterization of the selected raw materials used to simulate the sugar 

production process. According to the data tabulated in Table 1, both raw 

materials hold good potentials to recover sugars, especially glucose.  
 
Table 1. 

The chemical composition of coffee cut stems (CCS) and orange peel waste (OPW) considered 

in this study. 

Component Coffee cut stems (% w/w) Orange peel waste (% w/w, d.b.) 

Moisture 4.053 ± 4.053* - 

Cellulose 38.110 ± 0.205 28.887 ± 6.250 

Hemicellulose 30.215 ± 2.422 10.233 ± 0.836 

Lignin 14.906 ± 7.456 4.747 ± 2.396 

Extractives 10.956 ±3.283 - 

Ash 1.759 ± 0.783 3.244 ± 0.765 

Soluble sugars - 19.164 ± 5.061 

Fat - 3.844 ± 0.693 

Protein - 6.444 ± 1.761 

Limonene - 4.311 ± 0.625 

Pectin - 19.125 ± 7.174 

Reference 

Average values of the data 

reported by García et al. (2017b) 

and Quintero et al. (2013) 

Ortiz-Sanchez et al. (2020); 

Pourbafrani et al. (2010) 

*The standard deviations correspond to the deviations of each of the calculated averages.  

 
 

- Sugar platform from coffee cut stems 

 

The concise process flowsheet for producing sugars using CCS as raw 

material is presented in Figure 3. Initially, the raw material particle size was 

reduced until reaching 5 mm using a milling step. After the milling process, the 
feedstock was pretreated with dilute acid to remove hemicellulose (Solarte-

Toro et al., 2019). The conditions chosen for the simulation procedure were: 

acid concentration of 2% (w/v), 2 bar, the temperature of 121°C, 15 min of 
residence time, and solid:liquid ratio of 1.5:10 (Quintero and Cardona, 2011). 

The pretreatment yields were calculated using the kinetic expressions reported 

by Esteghlalian et al. (1997) since CCS is considered woody biomass. A sugars 
stream rich in pentoses (C5), and a spent solid fraction were obtained after the 

dilute acid pretreatment process. One of the disadvantages of acid pretreatment 

is the formation of soluble toxic compounds and inhibitors such as acetates, 
acids, and phenolic compounds (e.g., vanillic acid) (Sun and Liu, 2012). Hence, 

             

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

compounds, respectively (Lu et al., 2013). Nevertheless, the liquid fraction 

(rich in xylose) was not considered to produce butanol since the 

implementation of the process mentioned above increases the capital and 

operating costs. Even so, this stream could be used to generate value-added 

products such as furfural (Aristizábal-Marulanda. et al., 2015). 
After the pretreatment stage, the solid fracti on rich in cellulose was sent 

to the saccharification stage, where a commercial cellulase enzyme was 

used. The enzyme loading was 20.7 mg protein/g cellulose (Liu et al., 
2016). The operating conditions of the saccharification process were (i) 

temperature of 50°C, (ii) solid:liquid ratio of 1.5:10, (iii) residence time of 

50 h, and (iv) agitation speed of 120 rpm (Humbird et al., 2011). The 
saccharification process was simulated stoichiometrically based on the 

results reported by Quintero et al. (2013). This stage produced a hexoses-

rich (i.e., glucose) liquor and a solid rich in lignin. The liquid fraction was 
sent to sterilization (121°C) to inactivate enzymes and other biological 

activities (Li et al., 2014). Finally, the hydrolysate rich in glucose was 

cooled to 37°C, reaching suitable conditions for fermentation. 
 

- Sugar platform from orange peel waste 

 

The simplified process flowsheet for producing the sugar platform from 

OPW is presented in Figure 4. In the same way as CCS, the raw material 

particle size was reduced through a milling step. Then, steam explosion 
pretreatment was used to remove limonene and hemicellulose from OPW 

(Tomás‐Pejó et al., 2008). The conditions chosen for the steam explosion 

simulation were: solids concentration of approximately 10% (w/v), direct 
injection of steam at 150°C, and pressure of 10 bar for 10 min (Forgács et 

al., 2012). Then, the treated slurry was discharged into an expansion tank 

(1 bar). This sudden reduction of the pressure caused disruption of citrus 
peel structure, leading to the extraction of some compounds (e.g., limonene, 

sugars) (Wilkins et al., 2007). The pretreatment yields were calculated 

based on the literature (Zhou et al., 2008; Boluda-Aguilar et al., 2010; 
Forgács et al., 2012). Besides, 40% w/w of total hemicellulosic fraction 

solubilization was considered (Boluda-Aguilar and López-Gómez, 2013). 

The solid fraction was rich in cellulose and pectin. Thus, a simultaneous 
saccharification process would lead to a high yield of fermentable sugars 

(Kuo et al., 2019). For this, pectinase and cellulose loadings of 1163 IU/g 

dry peel and 0.24 FPU/g dry peel were used, respectively (Pourbafrani et 
al., 2007). The operating conditions were (i) temperature of 45°C, (ii) 

residence time of 50 h, (iii) agitation speed of 120 rpm, and (iv) solid 

concentration of 80 g/L (Talebnia et al., 2008). The enzymatic hydrolysis 
was simulated stoichiometrically considering cellulose and pectin 

conversion into glucose and galacturonic acid, respectively (Pourbafrani et 

al., 2007). The liquid fraction (rich in glucose and galacturonic acid) was 
sent to sterilization (121°C) (Kumar and Gayen, 2011). Finally, the 

hydrolysate was cooled to 37°C. It should be noted that no inhibition has 
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after the acid pretreatment, a detoxification and evaporation process would be 

needed to reduce the inhibitor concentration before the ABE fermentation 
process. Such a hydrolysate treatment allows removing 100%, 99.9%, and 

57.9%    of acetic acid, hydroxyl-methyl-furfural (HMF)  , and    phenolic

been associated with the presence of galacturonic acid in ABE or ethanol 

fermentation. In both sugar production processes, the xylose-rich streams 

were not considered to be used as a substrate in the ABE fermentation 

Fig. 3. Process flow diagram of the sugar platform production from coffee cut stems (CCS).
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process since pentoses have not been categorized as a suitable carbon source 

for Clostridium acetobutylicum (Xin et al., 2014). For example, Gu et al. (2009) 
demonstrated that this strain consumed 86% glucose and only 6% xylose.  

 

2.2.2. Conventional ABE fermentation  
 

The process flow diagram of the conventional ABE fermentation process is 

presented in Figure 5. The glucose-rich streams from CCS or OPW were the 
inlet stream in the ABE fermentation process. The reactor was inoculated with 

10% of the total volume and incubat ed at 37°C. The fermentation process was 

simulated considering a residence time of 70 h. The product yields were taken 
from studies using C. acetobutylicum and similar substrate conditions: 0.35 

gABE/gglucose and 0.24 gbutanol/gglucose (Abdul Razak et al., 2013; Al-Shorgani et al., 

2016).  After the fermentation stage, cell biomass was separated from the culture 
broth using a plate and frame filter. The solid was sent to the cogeneration 

stage. The conventional ABE fermentation process consisted of a typical 

fermentation process and a series of distillation columns (Mariano et al., 2013).  
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

The simulation of the distillation columns was carried out in a rigorous 

way using the results obtained by applying the Fenske-Underwood-
Gilliland equations as input data. The short-cut method results were 

obtained using the Distillati on Tower Winn-Underwood-Gilliland 

(DSTW) model, and the rigorous distillation was done using the RadFrac 
model in Aspen Plus v.9.0. The culture broth contained approximately 1-

2% (w/w) of ABE. Thus, four distillation towers and a decanter were 

needed to obtain butanol at 99.5% w/w, acetone at 99.5% w/w, and ethanol 
at 70% w/w. 

 

2.2.3. Catalytic conversion of bioethanol 
 

The catalytic conversion of ethanol was performed using HAP as the 

catalyst. Before the catalytic production of butanol, ethanol production 
using the hydrolysate of CCS or OPW was also considered. Figure 6 shows 

the complete flowsheet for the catalytic conversion of ethanol. The 

hydrolysate obtained from CCS or OPW was the input for the fermentation 
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Fig. 4. Process flow diagram of the sugar platform production from orange peel waste (OPW) (W+L: water+limonene).

Fig. 5. Process flow diagram of the conventional ABE fermentation using glucose obtained from lignocellulosic biomass as substrate.
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process. Fermentation time was assumed in 36 h. The reactor was inoculated 

with 10% of the total volume and incubated at 32°C. In production facilities, 
ethanol yields typically reach 80-90% of the theoretical yield (i.e., 0.51 g/g 

sugar) (Zhou et al., 2007). In this case, a value of 95% was considered. After 

the fermentation stage, cell biomass was separated from the culture broth, and 
the solid was sent to the cogeneration stage. The fermentation broth or "beer" 

with an ethanol concentration of 4-7% (w/w) was sent to a separation section, 

including two distillation columns and molecular sieves. After the separation, 
ethanol at 99.6% w/w was obtained. The ethanol purification is essential since 

the catalytic process is limited by equilibrium or catalyst deactivation due to 

water presence. The industrial data to design the ethanol catalytic conversion 
are not yet available. Thus, the design of this process was carried out according 

to the data reported in the existing literature. Fresh ethanol was preheated to the 

reaction temperature of 350°C in a heat exchanger. A fixed-packed-bed reactor 
(PBR) with HAP and a weight-flow ratio of 130 h gcatalyst/mol ethanol was 

simulated (Ogo et al., 2011). Initially, ethanol was passed through the reactor, 

and the residence time was fixed at 4 h (Ogo et al., 2011; Ho et al., 2016). 
Product yields were estimated by solving differential mass balances of the 

kinetic model proposed by Tsuchida et al. (2006). The reactor outlet stream was 

cooled to 30°C to separate the gaseous products from liquids. This mixture was 
fed to a three-tower distillation train, a decanter, and molecular sieves to obtain 

butanol at 99.5% w/w, a mixture of alcohols at 96% w/w, and ethanol at 99.5% 

w/w (unreacted). The mixture of alcohols consisted of hexanol, octanol, 2-
ethyl-1-butanol, and 2-ethyl-1-hexanol. This hydrocarbon mixture can be used 

as a feedstock in the chemical industry or as a fuel additive. Thus, this mixture 
was considered as a co-product for sale (Dias et al., 2014). 

 

2.2.4. Cogeneration system 

  

In both processes (i.e., ABE fermentation and catalytic upgrading of 

ethanol), the solid fraction from enzymatic hydrolysis and cell-filtration stages 
were used to produce heat and power in a cogeneration system (Fig. 7). The 

cogeneration technology was the biomass integrated gasification combined 

cycle (BIGCC) technology (Rincón et al., 2014). The gasification process was 
simulated using the procedure described by García et al. (2017b). Accordingly, 

an air-downdraft gasifier was used in the BIGCC system. The gasification 

process included four stages: (i) drying (100°C), (ii) pyrolysis (700°C), (iii) 
combustion (900°C), and (iv) reduction (900°C). From this process, syngas 

(i.e., CO, H2, CH4) was obtained. This gas mixture was then combusted with 

pressurized air at 10 bar and an air excess of 10% to produce heat and power 
through a turbine and heat exchangers.  

All wastewater streams were submitted to a tertiary wastewater treatment 
system  composed  of  three  stages: (i) filtration, (ii) activated sludge, and (iii) 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

chemical treatment. Finally, a list of the main assumptions made during the 

simulation procedure are given below:  
 

- A CCS and OPW mass flow of 1000 ton/d each was considered in all 

simulations.  

- Raw materials composition did not vary during the project lifetime.  

- ABE fermentation was simulated as a continuous process, although 
experimental data were obtained in batch mode.  

- No-scaling-up rules were applied. Thus, the same conditions, yields, 

and results at an experimental level were used in the simulation.  

 
2.3. Economic assessment  

 

The software Aspen Process Economic Analyzer was used to calculate 
the equipment costs based on mass and energy balances. Besides, the cost 

of specific equipment (e.g., bioreactors, conveyors) was calculated based 

on the costs reported by Humbird et al. (2011).  
The economic evaluation methodology proposed by Peters et al. (2003) 

was used. The conditions considered to perform this analysis were (i) 

desired rate of return 15%, (ii) project lifetime 15 yr, (iii) annual interest 
rate 13%, (iv) income tax 25%, (v) annual working time 8000 h bearing in 

mind three shifts per day (24/7), (vi) length start-up period 20 weeks, (vii) 

working capital 5% per period, and (viii) straight-line depreciation method 
with a salvage value of 10%. 

 Table 2 presents the cost of the raw materials, utilities, and product sale 

prices used to perform the cash flow analysis. The production costs were 
estimated using the total costs in each process. Based on the calculated total 

cost of the processes and the reported sales price of the products, an 

economic allocation was performed. With that, the production cost of each 
of the products was calculated (Serna-Loaiza et al., 2018). Finally, the Net 

Present Value (NPV) and Payback Period (PBP) were used as economic 

metrics to estimate economic feasibility.  
Assumptions related to the raw materials, utilities, and products costs are 

as follows:  

 

- The costs of raw materials involved the transportation costs by trucks 

for 20 km.  

- The cost of HAP was considered based on the commercial catalysts 

used to convert ethanol to butanol.  

- The price of the enzyme was estimated as an average between enzyme 

case 1 - enzyme case 2  enzyme case 3 - enzyme case 6 reported by 

Liu et al. (2016).  
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Fig. 6. Process flow diagram of the ethanol catalytic conversion using glucose obtained from the proposed raw materials.
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Table 2.

 
Cost of raw materials, utilities, and products used in the economic assessment.
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Fig. 7. Process flow diagram of biomass integrated gasification with a cogeneration system.
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Unit Cost/Selling price Reference

Raw material

Coffee cut stems USD/ton 24 Aristizábal-Marulanda et al. (2020)

Orange peel USD/ton 22 Ortiz-Sanchez et al. (2020)

Water USD/m3 0.9 Average value: Colombian context

Sulfuric acid USD/ton 94 García et al. (2017a)

Enzyme 1 – Cellulase USD/ton 4700 Liu et al. (2016)

Enzyme 2 – Pectinase + Cellulase USD/ton 7000 Guerrand (2018)

Catalyst – Hydroxyapatite USD/kg 75 Nezam et al. (2019)

Utilities

Cooling water USD/m3 0.042 García-Velásquez and Cardona (2019); 

Ulrich and Vasudevan (2006)Process water USD/m3 0.326

Electricity USD/kWh 0.1 Average value: Colombian context

Low-pressure steam a USD/ton 7.92

Moncada et al. (2014)Medium pressure steam a USD/ton 8.56

High-pressure steam a USD/ton 10.32

Personal

Operator labor USD/h 2.56
Aristizábal-Marulanda et al. (2015)

Supervisor labor USD/h 5.12

Products ABE fermentation

Butanol USD/kg 1.37 Mariano et al. (2013)

Acetone USD/kg 1.45 ICIS (2016)

Ethanol USD/kg 0.45b García-Velásquez and Cardona (2019)

Products catalytic conversion

Butanol USD/kg 1.37 Mariano et al. (2013)

Ethanol USD/kg 0.80 García-Velásquez and Cardona (2019)

Mix of alcohols USD/kg 1.13 Dias et al. (2014)

a Prices were updated to 2018 using the Chemical Engineering Plant Cost Index (CEPCI)
b Ethanol 70% (v/v)
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- Sensitivity analysis 

 

The effect of plant capacity was assessed for both production technologies 

to determine the minimum processing scales for economic feasibility 

(MPSEF). The processing scale affects economic performance since higher 
scales could lead to decreased PBP (Serna-Loaiza et al., 2018). The impact of 

the processing scale on the production costs and NPV were assessed by 

applying the six-tenths-factor rule (Peters et al., 2003). This approach agrees 
with the economy of scale concept (i.e., the plant decreases operating expenses 

while increasing the production scale) (Bruins and Sanders, 2012). For the 

analysis, the hydrolysate production cost from CCS and OPW was calculated 
at different scales. The average flow, inversion, and annualized costs were then 

used to determine the total costs of the butanol production processes. On the 

other hand, the effect of the butanol selling price on the NPV was assessed to 
find the minimum selling price (MSP) to make the process feasible through a 

sensitivity analysis. 

 
2.4. Environmental assessment 

 

The waste reduction (WAR) algorithm GUI® software was used to estimate 

the environmental impact of the processes. This software calculates the 

potential environmental impact (PEI) based on the overall mass balance of the 

process and energy consumption (Young et al., 2000). The WAR algorithm 
developed by the National Risk Management Research Laboratory of the U.S. 

Environmental Protection Agency, was used. The WAR software performs the 

PEI impact considering global atmospheric and toxicological categories 
(Moncada et al., 2016). The environmental evaluation was based on the 

calculation of two different groups of impact categories. The global 

atmospheric category involves the calculation of the global warming potential 
(GWP), ozone depletion potential (ODP), acidification potential (AP), and 

photochemical oxidation potential (PCOP) as impact categories. The 

toxicological category involves human (i.e., human toxicity potential by 
ingestion (HTPI), human toxicity potential by inhalation or exposure (HTPE)) 

and ecological (i.e., aquatic toxicity potential (ATP), and terrestrial toxicity 

potential (TTP)) impact categories (Fu et al., 2000). 
 

3. Results and Discussion 

 

3.1. Selection of the kinetic system 

 

3.1.1. Bibliographic review  
 

The bibliographic review was carried out to find available information 

related to the catalytic ethanol upgrading to butanol. A review of process 
conditions, catalyst type, conversions, and yields associated with the catalytic 

ethanol conversion is presented in Table 3. Several possibilities to upgrade 

ethanol applying heterogeneous catalysts are presented. Molar conversions 
vary from 7% to 50% and butanol selectivity from 50% to 90%. Operating 

temperatures vary between 200-350°C. Reactions with metal catalysts usually 

operate at high pressures (~70 bar), while HAP-based systems operate at 
atmospheric temperatures. Additionally, the catalytic conversion of ethanol is 

characterized by producing a considerable amount of co-products of high and 
low molecular weight. High temperatures favor the production of high 

molecular weight hydrocarbons, reducing the selectivity towards butanol. 

Regarding kinetic modeling, this process has not been studied in-depth since 

the kinetic models reported in the existing literature are simple curves without 

parameters estimation. Thus, most studies only report conversions, yields, and 

selectivity. Reaction mechanisms are well discussed, but possible kinetic routes 
are not calculated or proposed. Moreover, the accuracy of the proposed models 

is not analyzed in detail in many cases. In this context, the study of Tsuchida et 

al. (2006) based on HAP was considered an excellent and complete work and 
was chosen to simulate the catalytic conversion of ethanol.  

 

3.1.2. Kinetic system based on hydroxyapatite 
 

HAP has acid and base sites in a single-crystal lattice (Tsuchida et al., 2006). 

This mineral has a calcium-phosphorus molar ratio (Ca/P ratio) of 1.67 but in 
nonstoichiometric forms. The Ca/P ratio can range from 1.5 to 1.7 with the loss 

of calcium ions. Tsuchida et al. (2006) used nonstoichiometric HAP (Ca/P of 

1.64) to catalyze ethanol conversion to n-butanol selectively. The process was 

done at different temperatures (i.e., 300-450°C) and atmospheric pressure. 

The authors proposed a series of reaction steps to elucidate the ethanol 

conversion mechanism based on the experimental conditions. They implied 

that those reaction steps were in agreement with the Guerbet reactions. 

Nevertheless, only reactions between normal alcohols (n-alcohols) were 
considered. The reactions used in this study are listed in Appendix 1 

(Supplementary Data). The products reportedly obtained by Tsuchida et 

al. (2006) are (i) butanol (ButOH), (ii) hexanol (HexOH), (iii) 2-ethyl-1-
butanol (EtButOH), (iv) octanol (OctOH), (v) 2-ethyl-1-hexanol 

(EtHexOH), (vi) ethylene (Ethy), (vii) butene (Bute), (viii) hexene (Hexe), 

(ix) octene (Octe), (x) acetaldehyde (Acetal), (xi) 1,3-butadiene (Butadi), 
and (xii) aromatics. The kinetic model used to simulate the catalytic ethanol 

upgrading proposed by Tsuchida et al. (2006) is presented in Appendix 2 

(Supplementary Data).  
The differential equations system (Appendix 2) was solved considering 

a temperature of 350°C since high butanol yields were obtained at this 

temperature (i.e., low temperatures-low conversion, high temperatures-low 
selectivity) (Tsuchida et al., 2006). The results obtained are depicted in 

Figure 8. An ethanol molar conversion of 34% was reached at a contact 

time of 2 s (among the carbon components). Butanol obtained the highest 

yield, followed by hexanol, 2-ethyl-1-butanol, 2-ethyl-1-hexanol, and 

octanol. Besides, a selectivity of 66% was recorded in the case of butanol. 

The remaining percentage was distributed among the other reaction 
products. The kinetic modeling results, as expected, were similar to those 

reported by Tsuchida et al. (2006). This process was done to obtain the 

components` profiles to understand the process, elucidate the best-
operating conditions, reaction possibilities, and contribute to future analysis 

of the catalytic ethanol conversion. A residence time of 3.8 h was selected 

based on the packed-bed reactor profiles to obtain the highest butanol 
production. The yields obtained in the kinetic system modeling were used 

as input data to simulate the catalytic ethanol conversion. 

 

3.2. Process simulation 

 

The simulation results of the two technologies are presented in Table 4. 
For conventional ABE fermentation, Jafari et al. (2016) report a yield of 

0.078 tons of butanol per ton of sweet sorghum bagasse. This value agrees 

with those obtained in the ABE fermentation process. In the case of 
catalytic conversion, there are no reports of yields from lignocellulosic 

residues. Besides, butanol separation was more efficient in the catalytic 

ethanol upgrading process.  
Regarding butanol production, the catalytic process presented the lowest 

yield and flow of butanol.  This low yield is attributed to the low conversion 

of ethanol (approx. 20% molar basis). Besides, butanol production via 
catalytic upgrading was linked to the limitations of ethanol fermentation. 

From the energy requirements perspective, the produced electricity was 

enough to supply all the energy demand in both processes (Table 4). 
Indeed, the electricity surplus (negative values) was considered as an 

additional product for sale. 30% and 12% of the total thermal energy 

demand were supplied in the ABE fermentation and catalytic upgrading 
processes, respectively. The cogeneration system recovered the heat 

through steam production using hot gases from the power generation stage. 
In the catalytic process, the temperature required in the catalytic reactor was 

reached using these hot gases. Thus, a smaller amount of steam was 

produced in this process. The normalized heating energy requirements, 

considering cogeneration, were: 3.601 GJ/ton and 5.630 GJ/ton for the ABE 

fermentation and catalytic ethanol upgrading processes, respectively. 

The thermal and electric power demands in both processes were 
estimated considering in both cases heat integration. Thus, in the energy 

requirement presented in Table 4, the implementation of a heat exchanger 

network (HEN) has been considered. The ABE fermentation process 
requires 57.9 GJ/ton of butanol produced to supply heating requirements. 

In the same way, this process produces an electric energy flow of 2.07 

GJ/ton of butanol. On the other hand, the thermal demand of the catalytic 
ethanol upgrading is two folds (i.e., 116.57 GJ/ton of butanol) that of the 

ABE fermentation process. This high thermal energy consumption can be 

attributed to the energy requirements of the ethanol production process. The 
catalytic ethanol upgrading process produces less electricity than the ABE 

fermentation process (i.e., 1.78 GJ/ton of butanol). Thus, butanol 

production via fermentation is the best alternative to produce butanol from  
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an energy perspective. Nevertheless, the energy requirements of the catalytic 
upgrading process could be reduced if the in-situ production of ethanol were 

not considered. Finally, the butanol produced can supply 50% (i.e., 75 GJ/h) 

and 25% (58.80 GJ/h) of the thermal requirements of the ABE fermentation 
and catalytic ethanol upgrading processes, respectively. This estimation was 

done assuming a butanol heating value of 29.2 GJ/m3. From these results, the 

ABE fermentation process is profiled as a more efficient process than catalytic 
ethanol upgrading since more energy is conserved in the final product. 

 

3.3. Economic assessment 
 

The economic analysis was based on different parameters, such as 

annualized  cost ( e.g.,  operating  expenditures (OPEX),  capital  expenditures 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

(CAPEX), NPV, and revenues). Table 5 tabulates the results of the 
economic assessment of the two processing technologies. The catalytic 

conversion process presented a higher CAPEX and production costs (i.e., 

utilities and depreciation) because more process units and utility usage were 
required. In terms of NPV, both technologies presented a negative value. 

This behavior implies more expenses than revenues (i.e., gains). Thus, ABE 

fermentation and catalytic ethanol upgrading are not unfeasible processes 
at the studied processing scale (i.e., 1000 ton/d). The ABE fermentation 

process presented a lower negative value, which can be attributed to the 

lower annualized operation costs of this process. Overall, based on the 
findings presented, the ABE fermentation process would be a better 

alternative to produce butanol from biomass from both technical and 

economic  perspectives. The  catalytic  conversion   did   not   show   better 

Table 3. 

General review of catalytic conversion of ethanol to butanol using different catalysts. 

 

Catalyst Catalyst load 
Condition and type of 

reactor 

Molar 

conversion 

of ethanol 

(%) a 

Selectivity 

for butanol 

(%) a 

Co-products Profiles or kinetics Reference 

Hydroxyapatite (HAP) 

- 20% (vol ethanol/He) 

- Gas space velocity: 

10000 L/h 

- 0.6 mL of catalyst 

300°C, 1.78 s, 1 bar, fixed-

bed tubular reactor 
27 68.8 

Ethylene, 

propylene, 

acetaldehyde, 

2-ethyl-1butanol, 

n-hexanol, 

n-octanol, 

n-decanol, 

olefins, aromatics 

Kinetic expression 
Tsuchida et al. 

(2006) 

Cu-Mg-Al 

Cu5MgAl(1)O 
0.01 g catalyst/mL ethanol 

200°C, 70 bar, 25 h, Steel 

autoclave equipped with an 

agitator 

7.3 50.5 

Ethyl acetate, 

diethyl ether, 

acetaldehyde, 

butyraldehyde, 

1,1-diethoxyethane, 

1,1-diethoxybutane 

- 
Marcu et al. 

(2009) 

Mg-Al 

3:1 

24.7 h g catalyst/mol 

ethanol 

5.5% (vol. ethanol/He), 

350°C, 10 h 

U-shaped quartz reactor with 

catalyst bed 

25 16 

Ethylene, 

acetaldehyde, 

2-buten-1-ol, 

butyraldehyde 

- 
León et al. 

(2011) 

Strontium phosphate 

hydroxyapatite 

130 h g catalyst/mol 

ethanol 

16.1% (mol ethanol/Ar), 

300°C, 3 h, 1 bar 

fixed bed reactor 

7.6 81.2 

Ethylene, 

acetaldehyde, 

2-buten-1-ol, 

1-hexanol, olefins 

- Ogo et al. (2011) 

Ni/Al2O3 

(HTC-500)b 

0.033 g catalyst/ mL 

ethanol 

250°C, 70 bar, 1500 rpm 

72 h, autoclave equipped 

with a mechanical Rushton 

turbine 

25 80 

Ethyl acetate, 

1-hexanol, 

diethyl ether, 

butyraldehyde, 

acetaldehyde 

Concentration 

profiles 

Riittonen et al. 

(2012)c 

Mg-Al 

3:1 

12% (vol ethanol/N2) at 40 

mL/min on a catalyst mass 

of 300 mg 

350°C, 8 h, fixed bed reactor 30 38 

Ethylene, 

butyraldehyde, 

acetaldehyde, 

C4 compounds 

- 
Carvalho et al. 

(2012) 

RuCl(η6- ρ- cymene)] 

with ligand 

0.012 g catalyst/mL 

ethanol 

150°C, 4 h, steel autoclave, 

magnetic stirring 
22 94 

2-Ethylbutanol,  

n-hexanol 
- 

Dowson et al. 

(2013) 

Pd5MgAlO 0.01 g catalyst/mL ethanol 

260°C, 5 h, 70 bar, steel 

autoclave equipped with an 

agitator 

17 81 

acetaldehyde, 

1,1-diethoxyethane, 

butyraldehyde, 

ethyl acetate, 

diethyl ether 

- 
Marcu et al. 

(2013) 

Hydroxyapatite 

- 0.3 g of catalyst 

- Partial pressure ethanol: 

5.7 kPa 

330°C, 1 bar 

packed-bed reactor 
17.1 63.2 

Ethylene, 

acetaldehyde, 

butadiene, 

crotonaldehyde, 

butanal, 

C6+alchols 

Kinetic expression 

only for two  

products 

Ho et al. (2016) 

Ruthenium complex with 

sodium ethoxide co-

catalyst 

- 142 mg catalyst 

- 17.2 mmol NaOEt 

- 0.5 mL ethanol 

150°C, 4 h, Schlenk bomb 46 43 C6-C10 alcohols - 
Mazzoni et al. 

(2019) 

a Highest values reported. b Commercial catalyst. c In this study, 13 heterogeneous catalysts were screened and the most promising was Ni/Al2O3.  
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economic performance because bioethanol production was considered. 

The production costs were estimated using an economic allocation since all 
simulations involve more than one product. Table 6 presents the economic 

allocation factor and the production costs for the investigated butanol 

production processes. Butanol was the compound that had the most significant 
economic contribution in both processes and, therefore, the largest allocating 

factor. All the estimated production costs were higher than the selling prices. 

Thus, the profit margin of both processes was negative, implying a negative 
NPV (Table 5)   

Qureshi et al. (2013) reported a production cost of 1.037 USD/kg of butanol 

from wheat straw biomass. The plant was simulated  considering  a  processing 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

scale of 2200 ton/d. The process was composed of (i) dilute acid 

pretreatment, (ii) enzymatic saccharification, (iii) batch fermentation, (iv) 
pervaporation product recovery, and (v) distillation separation (Qureshi et 

al., 2013). Tao et al. (2014) obtained a production cost of 1.088 USD/kg of 

butanol considering a corn stover mass flow of 2000 ton/d. Besides, Jang 
and Choi (2018) evaluated butanol production from lignocellulosic biomass 

by acid pretreatment, hydrolysis, continuous fermentation, and non-

conventional separation. The authors reported a production cost of 1.427 
USD/kg using an almost similar processing scale to the studies mentioned 

above. Thus, butanol production costs via ABE fermentation range between 

1.0 and 1.4 USD per kg butanol. However, the comparison  of  the  butanol  

 

Table 4. 

Obtained amounts of products, yields, and energy requirements for conventional ABE fermentation and catalytic upgrading of ethanol processes. 

 

 Conventional ABE fermentation Catalytic ethanol upgrading 

Product 

Butanol flow [ton/h] 2.592 2.014 

Yield [ton/ton RMa] 0.062 0.048 

Butanol recovery [% of total produced] 89 94 

Co-products 

Acetone flow [ton/h] 1.056 - 

Acetone yield [ton/ton RM] 0.025 - 

Acetone recovery [% of total produced] 99 - 

Ethanol flow [ton/h] 0.291b 1.341 

Yield [ton/ton RM] 0.007 0.032 

Ethanol recovery [% of total produced] 69 82c 

Mixed alcohols flow [ton/h] - 1.820 

Yield [ton/ton RM] - 0.044 

Mixed alcohols recovery [% of total produced] - 99 

Energy requirements (GJ/h)  

Cooling 135.180 203.089 

Heating (required) 213.370 268.307 

Heating (produced)d 63.224 33.537 

Heating (net) 150.146 234.770 

Electricity (required) 17.024 18.810 

Electricity (produced) 22.406 22.387 

Electricity (net) -5.382 -3.591 

a
 RM: raw material 

b
 Ethanol 70% (v/v) 

c
 Calculated based on unreacted ethanol 

d
 Produced by the cogeneration system as medium pressure steam (MPS) 
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Table 5. 

Annualized production costs, investment, revenues, and NPV for the investigated butanol production technologies for a processing scale of 1000 ton/d (41.7 ton/h). 

 
 Conventional ABE fermentation Catalytic ethanol upgrading 

Annualized costs 

Categories M.USD/yr Share [%] M.USD/yr Share [%] 

Raw materials 25.756 53.457 25.756 47.308 

Utilities 8.631 17.914 11.978 22.000 

Maintenance 2.545 5.282 3.051 5.604 

Labor 0.525 1.089 0.729 1.339 

Fixed and general 1.642 3.408 1.986 3.648 

Plant overhead 1.606 3.334 1.979 3.635 

Capital depreciation 7.476 15.517 8.964 16.466 

Total costs 48.180 100 54.442 100 

Revenues 

Products M.USD/yr Share [%] M.USD/yr Share [%] 

Butanol 28.413 66.180 22.080 46.481 

Acetone 12.250 13.75 8.580 18.063 

Ethanol 1.050a 2.445 16.019 33.722 

Electricity 1.221 2.844 0.824 1.735 

Total 42.934 100 47.503 100 

Investment and NPV 

Annual investment [M.USD/yr] - 1.457b 

CAPEX [M.USD] 36.880 44.220 

NPV
 

[M.USD/yr] 

Final value: -28.248 

 

Final value: -47.761 
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Table 6. 

Allocation factor and production costs for the conventional ABE fermentation and catalytic upgrading of ethanol processes. 

 

Product 

Conventional ABE fermentation Catalytic ethanol upgrading Selling pricea 

Production cost [USD/kg] Allocation factor Production cost [USD/kg] Allocation factor  

Butanol 1.537 0.662 1.570 0.465 1.37 

Acetone 1.627 0.285 - - 1.45 

Ethanol 0.505 0.025 0.917 0.181 0.45b-0.8c 

Mixed alcohols - - 1.261 0.337 1.10 

Electricity 0.112 0.028 0.115 0.017 0.10 

a See Table 2.  
b 70% wt.  
c 99.6% wt.  
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production costs is problematic since this cost depends on many factors such 

as the type and cost of the feedstock, product yields, process conditions, and 

processing scale; some approximations can be made though. 

In the case of the catalytic ethanol upgrading, no economic analyses have 

been done considering a similar process configuration. Nezam et al. (2019) 
conducted a techno-economic analysis of the catalytic conversion stage, 

considering an ethanol cost of 0.53 USD/kg. The study reported an n-butanol 

selling price of 1.55 USD/kg, bearing in mind a 25% return on investment. The 
required ethanol flow was 51 ton/h.  

A processing scale of 8160 ton/d of lignocellulosic biomass would be 

required if a 20% mass yield were considered. This processing scale is too large 
compared to the ethanol facilities globally. For instance, Du Pony (Iowa, USA) 

processes 38 ton/h of corn stover to produce 12 ton/h of ethanol, and Abengoa 

Bioenergy Biomass (Kansas, USA) processes 44 ton/h of lignocellulosic 
residues to produce 10 ton/h of ethanol. Therefore, the estimated processing 

scale required to produce butanol from lignocellulosic biomass is not realistic.  

According to the economic analysis conducted herein, none of the butanol 
production processes presented economic feasibility at the proposed processing 

scale of 1000 ton/d (Table 5). Therefore, a sensitivity analysis was carried out 

to determine processing scales with positive profit margins.  

Figure 9 shows the final NPV values calculated with different processing 

scales for the butanol production technologies. In both cases, an increase of the 

processing scale favored the economic performance (i.e., increased the NPV 
and PBP). The MPSEF was 66 ton/h (1584 ton/d) and 80 ton/h (1920 ton/d) for 

the ABE fermentation and catalytic ethanol upgrading processes, respectively. 

Values above these scales generated positive profit margins and positive NPV. 
ABE fermentation was the process with better economic performance. For 

catalytic ethanol upgrading, the break-even point was achieved by operating at 

1.9 times larger plant capacity than the base case (41.7 ton/h or 1000 ton/d).  
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
Fig. 9. Effect of plant capacity on NPV of each processing technology (RM: raw material CCS 

or OPW; C-ABE: conventional ABE fermentation; CC-EtOH: Catalytic conversion of 

bioethanol).
 

 

 

Finally, the economic allocation analysis elucidated butanol as the product 
with the highest contribution to the economic feasibility of both processes. The 

economic results tabulated in Table 5 were estimated considering a butanol 

selling price of 1.37 USD/kg. Nevertheless, a sensitivity analysis was done to 

find the MSP of butanol to make both processes feasible. From this analysis, 

the MSP of butanol was estimated at 1.56 USD/kg and 1.80 USD/kg for 

conventional ABE fermentation and catalytic ethanol upgrading, respectively. 
These values are similar to those reported by some other researchers who 

produced butanol by fermentation (Baral and Shah, 2016). However, a 

competitive price must be less than 1.4 USD/kg (Naleli, 2016; Dalle Ave and 
Adams, 2018). Therefore, the economic behavior of the processes at different 

processing scales must be determined since an increase in the scale would 

decrease expenses and generate a positive NPV.  
Figure 10 shows the MSP of butanol calculated at different plant capacities. 

The process that presented lower MSP of butanol at lower processing scales 

was conventional ABE fermentation. The range of MSP and scale for economic 

feasibility were 1.345-1.030 USD/kg and 70-200 RM ton/h, respectively. For 

the catalytic ethanol upgrading, the range of MSP and scale for economic 

feasibility were 1.334-0.934 USD/kg and 85-200 RM ton/h, respectively.  
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 
Fig. 10. Effect of plant capacity on the minimum selling price of butanol for the investigated 

processing technologies (RM: raw material CCS or OPW; C-ABE: conventional ABE 

fermentation; CC-EtOH: Catalytic conversion of bioethanol).
 

 

 

3.4. Environmental assessment 

 
3.4.1. Sugars production 

 

The environmental impact assessment results are based on the pollution 
potential of the process outlet streams. In the hydrolysate production, the 

waste streams are the stream rich in xylose (C5) (see Fig. 3) and the stream 

of diluted limonene (W+L) (see Fig. 4) for CCS and OP, respectively. The 
glucose hydrolysate and lignin streams were considered products since they 

were the inputs for the other processes. The results of the sugars platform 
production using OPW and CCS are presented in Figure 11. For CCS, the 

categories with the highest contribution to the total PEI were the HTPI, 

HTPE, and TTP, followed by the AP and the other categories with low 
contributions. The first three categories are related to the local toxicological 

impact generated on humans and terrestrial organisms. These categories are 

calculated as a function of the LD50 oral standard toxicity indicator (lethal 
dose per ingestion for 50% of a given test population) (Young et al., 2000). 

Sulfuric acid was the compound present in the waste stream with more 

significant toxicity for terrestrial organisms having an LD50 value equal to 
2140 mg/kg (CSBP, 2015). 

 

 
 

 

 
 

 

 
 

 

 
 

Fig. 11. Potential environmental impact (PEI) for the sugars platform production from coffee 

cut stems (CCS) and orange peel waste (OPW) for a processing scale of 1000 ton/d. 
 

 

Regarding OPW, the categories with the highest contribution to the total 
PEI were PCOP and ATP. This considerable impact could be attributed to 

the limonene content in the waste stream since the oxidation of terpenes 

present in this compound leads to smog generation (Falk Filipsson et al., 
1998). Additionally, limonene is highly toxic to aquatic organisms. In 

contrast, this component (i.e., limonene) does not represent a risk to human 
health (Falk Filipsson et al., 1998). Finally, both processes had a similar 

total PEI, although the impact categories with the highest contribution 

differed.  
 

3.4.2. Butanol production routes 

 
The impacts of the biobutanol production routes presented here do not 

include the pretreatment and hydrolysis stages (discussed in the previous 
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section) to focus on the waste streams of each process solely during the butanol 

production stage. The waste streams considered were those presented in the 

process flow diagrams (Figs. 5 and 6). Figure 12 shows the environmental 

analysis results for the two butanol production routes, considering the 

cogeneration system. In both processes, the PCOP category presented the 
highest value. Photochemical smog is the product of the reaction between 

volatile organic compounds (VOC) and nitrogen oxides (NOX) in the presence 

of UV radiations (Durkee, 2008). In both cases, the waste streams generated in 
the separation stages contained VOCs that could react with UV light and create 

this impact. Comparatively, the impact associated with conventional ABE 

fermentation was lower since a high proportion of butanol and ethanol was 
recovered. In the catalytic ethanol upgrading process, a considerable proportion 

of the products was also obtained. However, the PCOP values were higher due 

to the VOC produced (e.g., aromatics, alkenes, acetaldehyde and, 1,3 -
butadiene).  

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 
Fig. 12. Potential environmental impact (PEI) for the investigated butanol production routes 

(1000 ton/d) (C-ABE: ABE conventional fermentation; CC-EtOH: Catalytic conversion of 

bioethanol). 
 
 

On the other hand, the HTPI, HTPE, and TTP impact categories presented 

similar values in both processes. The impacts of toxicological categories can 
be explained by the presence of compounds such as solvents, acids (acetic and 

butyric acid), aromatics, and others in the waste streams. If these streams are 

discharged to soil or water, contact or consumption can cause adverse health 
effects on terrestrial or aquatic organisms. Regarding the AP impact category, 

the obtained value could be attributed to the carbon dioxide released during 

energy production. Overall, the catalytic ethanol upgrading processes led to a 
higher environmental impact.  

 

4. Conclusions and future research needs 

 

Based on the literature review carried out to comprehend the state-of-the-art 

of catalytic ethanol upgrading to butanol, the maximum ethanol conversions 
and butanol yield were found to be 50% and 30%, respectively. Accordingly, a 

HAP-based system was chosen as the best catalyst due to the moderate 

operating conditions compared to other catalysts. This catalyst requires less 
residence time to achieve an acceptable ethanol conversion and yields a 

considerable proportion of C6
 and C8

 alcohols (potentially value-added 

products).  

Moreover, comprehensive conceptual designs of the two butanol production 

technologies, i.e., conventional ABE fermentation and catalytic ethanol 

upgrading, were provided using experimental data and general information 
reported in the literature. From the butanol production point of view, 

conventional ABE fermentation was found a better alternative. From the 

economic perspective, a processing scale of 1000 ton/d (41.7 ton/h, base case) 
was found insufficient to reach economic feasibility since the NPV values 

obtained were negative and only considerably higher scales could change this 

result. Nevertheless, at the analyzed scale, conventional ABE fermentation 
presented less negative NPV, and thus, it was more advantageous economically 

vs. catalytic ethanol upgrading. Similarly, the environmental analysis revealed 

that the ABE fermentation path led to a lower impact. Overall, it could be 
concluded that the catalytic upgrading of ethanol to butanol would not be a 

feasible production alternative compared to conventional ABE fermentation at 

present. The main reason for  this  conclusion  is  that  ethanol  production  from 

lignocellulosic biomass is currently a costly process. Moreover, catalytic 

ethanol upgrading still requires the development of more robust catalysts in 

terms of conversion rate and selectivity. Overcoming these barriers would 

be the only way to ensure a better economic and environmental 

performance for the catalytic ethanol upgrading and should be the focus of 
future studies. 
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Appendix 1 

 

Reactions proposed by Tsuchida et al. (2006) (Eqs. S1-S13). 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

2C2H5OH 
k1
→ C4H9OH+ H2O Eq. S1 

 2 Ethanol → Butanol + Water 

C2H5OH+ C4H9OH 
k2
→ C6H13OH+ H2O Eq. S2 

  Ethanol + Butanol → Hexanol + Water 

C2H5OH+ C4H9OH 
k3
→ C2H5CH(C2H5)CH2OH+ H2O Eq. S3 

 Ethanol + Butanol →  2-ethyl-1-butanol + Water 

C2H5OH+ C6H13OH 
k4
→ C8H17OH+H2O Eq. S4 

 Ethanol + Hexanol → Octanol + Water 

C2H5OH+ C6H13OH 
k5
→ C4H9CH(C2H5)CH2OH+ H2O Eq. S5 

 Ethanol + Hexanol →  2-ethyl-1-hexanol + Water 

C2H5OH
k6
→ C2H4 + H2O Eq. S6 

 Ethanol → Ethylene + Water 

C4H9OH 
k7
→ C4H8 + H2O Eq. S7 

 Ethanol → Butene + Water 

C6H13OH 
k8
→ C6H12 +H2O Eq. S8 

 Hexenol → Hexene + Water 

C8H17OH 
k9
→ C8H16 +H2O Eq. S9 

 Octanol → Octene + Water 

C2H5OH 
k10
→  CH3CHO+ H2 Eq. S10 

 Ethanol → Acetaldehyde + Hydrogen  

 
2C2H5OH+ CH3CHO 

k11
→  CH2 = CHCH = CH2 + 2H2O + H2 + CH3CHO Eq. S11 

 2 Ethanol +Acetaldehyde → 1,3-butadiene + 2 Water + Hydrogen + Acetaldehyde  

C2H5OH 
k12
→ Aromatics Eq. S12 

 Ethanol → Aromatics  

C2H5OH 
k13
→ Others Eq. S13 

 Ethanol → Others  
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Appendix 2 

 

Reaction rate equations proposed by Tsuchida et al. (2006) (Eqs. S14-S27). 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

d[EtOH]

dt
= −2k1[EtOH]

2 − (k2 + k3)[EtOH][ButOH] − (k4 + k5)[EtOH][HexOH] − (k6 + k10 + k13)[EtOH] − 2k11[EtOH][Acetal] Eq. S14 

d[ButOH]

dt
= k1[EtOH]

2 − (k2 + k3)[EtOH][ButOH] − k7[ButOH] Eq. S15 

d[HexOH]

dt
= k2[EtOH][ButOH] − (k4 + k5)[EtOH][HexOH] − k8[HexOH] Eq. S16 

d[EtButOH]

dt
= k3[EtOH][ButOH]  Eq. S17 

d[OctOH]

dt
= k4[EtOH][HexOH] − k9[OctOH] Eq. S18 

d[EtHexOH]

dt
= k5[EtOH][HexOH]  Eq. S19 

d[Ethy]

dt
= k6[EtOH]  Eq. S20 

 d[Bute]
dt

= k7[ButOH] Eq. S21 

d[Hexe]

dt
= k8[HexOH] Eq. S22 

d[Octe]

dt
= k9[OctOH]  Eq. S23 

d[Acetal]

dt
= k10[EtOH] Eq. S24 

d[Butadi]

dt
= k11[EtOH][Acetal]  Eq. S25 

d[Aromatics]

dt
= k12[EtOH] Eq. S26 

d[Others]

dt
= k13[EtOH] Eq. S27 

 

k1 − k13 are the reaction constants for each reaction step, which was calculated using the Arrhenius equation (Eq. S28). 

ki(T) = Aoexp (
−Eai
RT

) Eq. S28 

where: Ao is pre-exponential factor, T temperature, Eai Activation energy, and R ideal gas constant.  
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