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Cocoyam (Xanthosoma sagittifolium (L.) Schott) is a tropical plant of the family of Araceas. Nigeria,
China and Ghana are the countries that currently own most of the world production of this
plant. In Colombia, there are not extensive crops of this plant, but it is used for animal feeding
mainly. The plant has an aerial part with a high content of protein (leaves) and a tuber with an
average starch content about 25% w/w. Compared to others starchy raw materials, this is a high
value. Due to this fact this first-generation starchy material could be considered as a possible
feedstock for the production of ethanol. Process design must ensure that the most advanced
concepts are applied at the design and processing stage for every raw material to ensure efficient
and more sustainable processes. For this reason, thermodynamic-topological analysis was used
for the design of the stage of the produced ethanol purification. This work presents the process
of ethanol production using cocoyam tuber. The software Aspen Plus v8.6 (Aspen Technology,
Inc., USA) was used for the techno-economic assessment, and the Waste Reduction Algorithm
(WAR) of the Environmental Protection Agency of the EE.UU. (EPA) was used to measure the
environmental performance. The obtained production cost was 1,6 USD per kilogram, and the
environmental impact was very low. This is an excellent incentive to promote the application of
this feedstock to obtain a feasible alternative for the production of ethanol. Additionally, the use
of thermodynamic-topological analysis in the design stage of the purification stage of the process
proved to be very useful and easily applied.

Keywords: bioethanol, cocoyam, food security, techno-economic assessment, thermodynamic-
topological analysis, environmental assessment.
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Konokasus (Xanthosoma sagittifolium (L.) Schott) ssnsiemest mponuueckum pacmeHuem cemeticmeaa
Araceas. Hueepus, Kumaii u I'aHa npedcmagnsitom coboli cmpaHbl, KOmopble 8 HACMOosiuee 8pemst
SABNSHOMESL AUOEPAMU MUPOBO20 NPou3800cmea amozo pacmerust. Konymbus He Kynemusupyem Ko-
JIOKQ3UI0 8 NPOMBLUIEHHBIX MACUmMadax, 8HYMpu cmpaHsbl OAHHOE pacmeHue NPUMeHsIiom 21a8-
HbLM 00pasom 8 Kauecmee Kopma Ol 2KUBOMHbLX. PacmeHue umeem HAO3eMHYIO UACMb C 8bICOKUM
codeprkaHuem 6enKa 8 MUCMbSIX, NPU IMOM COOEPIKAHUE KPAXMANA 8 KAYOHSX cocmagsisiem & cpeo-
Hem okono 25% mac. Ilo cpasHeHuro ¢ Opyaum Colpbem KO0KA3USL COOEPIKUM KPAXMANA HAMHOZ0
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6o/1blUe, UMO NO380.ISIeMm PACCMAMPUBAMb ee KaK nepeoouepedH020 KaHouoama 8 Kauecmee Coblpbsi
O/15L. NPOMBIULTIEHHO20 Npou3eoocmaa smaHoaa. IIpu npoeKxmuposaHuU NPOMbLULIEHHO020 npouecca
cnedyem yuecmos Haubosiee nepedosble MexHOI02UUecKue peuleHusl, KOmopble N0380Jsim Yeesuuums
e20 achchekmusHoCcMb U Yyemotiuueocms. I1o amoii npuuuHe Ha smane paspabomiku cmadull OUUCMKU
9MAHONA UCNOIB308AH MEPMOOUHAMUKO-MONO02UUECKUTl aHanus. B cmamee npedcmaener mex-
HoJl02UUecKUll npoyecc Npoussoo0cmaa SMaHoNA C UCNOAb308AHUEM KAYOHell KOIOKA3uU 8 Kauecmee
colpbst.  TexHUKOo-9KOHOMUUECKASL OUEHKA Npouecca U U3MepeHUe €20 9KO0JI02UUeCKUX XapaKmepu-
CMUK NPoeodeHO C UCNOJIb308AHUEM COBPEMEHHO20 NPOoZPAMMHO20 obecneueHust: Aspen Plus v8.6
(Aspen Technology, Inc., CIIIA) u Aneopumma cokpawerust omxooose (WAR) Aeenmemea no oxpaHe
oxpyrkarouseti cpedsl EE.UU. (EPA). Cmoumocme npouzgoocmea amarona cocmasuna 1,6 oonn. CIIIA
30 KULOZPAMM NPU HUSKOM 8030€licmeull HA OKPYsKAWYo cpedy. Omo OmauUHblli cmumysn Onst
NnpoosusKeHUsT OAHHO020 8UOA Cblpbsl 8 Kauecmae npuemiemoll albmepHamuesbl npu npoussoocmee
amanona. HcnonwsogaHue mepmoouUHAMUKO-MONOI02UUECK020 AHAMU3A HA CMadull NPoeKmuposa-
HUSL 9Mana ouuCmKU npoyecca 0Ka3a10Cb NPOCMbIM OUEHb NOJIE3HbIM CPEOCNBOM.

Knroueevle cnoea: Luosmaron, Konokasusi, npodoewlbcmeeHHaﬂ 6esonacuocmb, MexXHUK0o-9KOHO-
MmuuecKasi oyeHka, mepmoduuamwco—monOJloautLecnua aHa/ius, sKoJjioeuvecKast oyeHkKa.

1. Introduction

Cocoyam (Xanthosoma sagittifolium (L.) Schott) is
a plant typically grown in tropical climates, whose origin
is Central America [1]. In the world, the regions with the
highest productions and crop areas of this plant are mainly
located in West Africa (Nigeria and Ghana), Asia (China)
and Oceania [2, 3]. In Colombia, this plant does not
have large crop areas, and the uses are mostly directed to
feeding (200 tonnes per year directed for this use). Just a
small portion of the production is directed to human food,
sales and agroindustry (20 tonnes per year) [4]. However,
the leaves and the stem of the plant are the most used
parts, while the tuber is generally discarded. This tuber has
around 15 and 39 percent of carbohydrates, 2-3 percent
of protein and 70—77 percent of water. This composition
gives great potential to these roots, as they can be used
to obtain starches or starch-based compounds (glucose,
plasticizers, etc.) as value added product [5]. The average
starch content of cocoyam is about 25% w/w [1], which
is a high value compared to other starchy feedstocks as
potatoes (15%) [6] and yucca (18%) [7].

Regarding ethanol, the progressive depletion
of energy resources which are mainly based on non-
renewable fuels and the changes that the world is facing
and the atmospheric pollution as consequences of the
combustion of oil-derived fuels has directed the research
aim into renewable sources of energy [8]. Colombian
government has defined the use of bioethanol as a
gasoline enhancer to reduce greenhouse gases, gasoline
imports, and to boost the rural economy [9]. Ethanol is
emerging as one of the most promising alternate energy
sources due to its clean burning nature and no detectable
emissions of pollutant gases as CO or NOx [10]. Ethanol
can be produced from lignocellulose- and starch-derived
glucose. For starch-derived glucose, one of the most
crucial problems is the competition for natural and
agricultural resources with food and food-related use and
threatening food security [11].

Some experimental work was undertaken to
assess the potential of cocoyam. The initial step was
the obtainment of starch and enzymatic hydrolysis to
convert the starch into sugars [12]. The experimental
data obtained, process conditions and fermentation yield
were used to simulate the production process with the
software Aspen Plus (Aspen Technology, USA), and
the economic package of the software was used for the
economic assessment. The environmental assessment of
the process was carried out using the software WAR GUI
(Chemical Process Simulation for Waste Reduction) [13].

Referring to process design and biomass utilization,
specifically for Colombian biomass, regardless of the
production scale, the most important aspect is to ensure
two concepts. The first concept is that biomass must be
cheap, available and accessible. The second concept is
that the process must be as efficient as possible, especially
because Colombia cannot focus only on determining
which raw materials are available to convert into a given
product. The focus must ensure that the most advanced
concepts are applied at the design and processing stage
to every raw material to ensure efficient processes that
direct to more sustainable processes. For this reason,
thermodynamic-topological analysis was used for the
design of the purification stage of the produced ethanol.

The obtained yields in the experimental stage and the
results of the techno-economic and environmental assessment
showed that cocoyam can be a feasible feedstock for ethanol
production. Compared to other starchy feedstocks, cocoyam
is not used as human food; hence, the proposed process will
not threat food security [14—16].

2. Methodology
2.1. Experimental

2.1.1. Cocoyam obtainment

Previous to the simple collection process and in
order to identify the correct plant to be collected, it
was necessary to do a disambiguation between two
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species that are known in Colombia as “cocoyam”. It
is important to clarify that this differentiation is done
considering that the consulted literature recognizes as
cocoyam: Xanthosoma sagittifolium [17] and Alocasia
macrorrhiza [18]. It was determined that the specie
Xanthosoma sagittifolium corresponds to the plant
found in Colombia, and hence the collection was
performed.

2.1.2. Starch content determination

The quantitative determination was performed
following the sulfuric acid-phenol method [19, 20]. This
method has two stages. The first one consisted in the
conversion of starch to hydroxymethyl furfural (HMF)
in an acidic medium. The second stage is the reaction
of HMF with phenol producing a green solution with
a maximum absorbance at 490 nm. The concentration
of starch is determined with a pattern curve in a
spectrophotometer.

2.1.3. Starch enzymatic hydrolysis

The selected starch samples were used to obtain a
sugar-rich mixture. Hence, enzymatic hydrolysis was
performed using o-amylase (Liquozyme L 240 KNU/g
Novozyme®) and amyloglucosidase (Spirizyme Fuel
750 AUG/g Novozyme®) enzymes. The sample was
solubilized with water to a concentration of 67 grams
per liter. This solution was gelatinized at 71°C for 30
minutes in order to solubilize the starch. The primary
and secondary enzymatic liquefactions were performed.
Both enzymes were used at their maximum load (0.01—
0.2% w/w for Liquozyme L and 0.046—0.066% w/w for
Spirizyme Fuel) [21].

2.1.4. Ethanol fermentation
characterization

and  product

Ethanol was produced via fermentation with
Saccharomyces cerevisiae at 32°C with a fermentation
volume of 60 mL. The pH was between 3.8 and 4.5, and
the fermentation was carried out for 48 hours. Glucose
and ethanol were quantified using High Performance
Liquid Chromatography (HPLC) LC2010 Shimadzu.

2.2. Application of thermodynamic-topological
analysis

The analysis of the statics and hence the application
of thermodynamic-topological analysis in the distillation
allows selecting the limiting stable states, which
represent the maximum conversion and selectivity [22].
This methodology can be applied for different distillation
schemes such as conventional distillation, distillation
trains with pressure swing, azeotropic distillation,
extractive distillation, reactive distillation, distillation
with pervaporation and reactive extraction [23]. It has
been specially applied to reactive distillation, because

the main advantage of simultaneous reaction-separation
processes is the possibility of increasing the reaction rate
and delaying the generation of undesired products [24].

The application of thermodynamic-topological
analysis consists in the application of a series of steps,
in which the thermodynamic behavior of the mixture
is visualized using ternary or quaternary diagrams. In
general terms, it consists first in determining the boiling
points of the compounds, selecting a thermodynamic
model that describes correctly the vapor and liquid phases
of the mixture, identifying the presence of azeotropes and
liquid-liquid equilibria, graphing the ternary/quaternary
diagrams and locating the respective azeotropes and
liquid-liquid equilibria if any. Then, the separation
regions (or concentration simplex) are identified with the
residue curves and the distillation trajectories. Finally,
once this graph is built, it is possible to establish the
possible separation scheme, the composition of the
phases that are separated and so on. Now, these steps will
be developed in the following sections.

2.3. Simulation procedure

The objective of the simulation is to generate the
mass and energy balances of the process. With this
information, it is possible to calculate the requirements of
raw materials, utilities and energy. The main simulation
tool used is the commercial software Aspen Plus (Aspen
Technology, Inc., EE.UU.). For the description of the
properties and behavior of the compounds, it was chosen
to use an activity coefficients model (Non-Random Two-
Liquid (NRTL)) to describe the liquid phase and an
equation of state (Hayden-O'Conell) for the vapor phase.

2.4. Process description

The production of ethanol using cocoyam tuber
can be described as a five-stage process: raw material
pretreatment, hydrolysis, fermentation, separation and
dehydration. The process flow diagram is shown in
Figure 1. In the pretreatment and hydrolysis section the
tuber is converted into fermentable sugars. Considering
the high concentration of glucose in the substrate stream
and the achieved experimental yields, the concentration
of ethanol in the fermentation exceeded the product
inhibition limit of the microorganism (11-12% v/v of
ethanol) [25, 26]. To avoid this inhibition, extractive
fermentation using n-dodecanol as a solvent is proposed
based on the research previously done by Gutierrez et al.
[27]. The fermentation broth is mixed with n-dodecanol.
Then, after filtering the biomass, the outlet stream enters
into a decanter, in which the organic phase has a higher
concentration of ethanol. The organic phase enters into an
evaporator to recover the solvent, which is recycled. The
aqueous phase enters the purification step in a distillation
column, in which ethanol is concentrated up to 50%
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wt. Then, the distillate is mixed with the organic phase
and enters the rectification column, in which ethanol is
concentrated approximately to the azeotropic point (close

to 96% wt). Finally, ethanol is dehydrated until 99.6% wt
in a molecular sieve. The process flow diagram for the
process described above is shown in Figure 1.

Distillation Rectification
Saccharomyces A Column 7 Column
cerevisiae queous Molecular
Phase Sieves
& Fermentor —)
Glucose Heat Exchanger Filter
To Ethanol N S L :
(Production) Residues : Ethanol

Organic
Phase

n-dodecanol

Recovered
Solvent

Residues

~__ ToWaste
Treatment

Evaporator

Fig. 1. Process flow diagram of the stage for the production of ethanol.

In the reaction section ethanolic fermentation
with Saccharomyces cerevisiae takes place, and
in separation and dehydration stages the ethanol
is purified. Initially, the cocoyam is taken to a mill
crusher, and then it is mixed with water for the

Bore Tuber

Recycled H,O

Water

gelatinization process, which is performed at 85°C.
Then enzymatic hydrolysis is performed (primary
and secondary liquefaction) at 70°C, and solids are
separated using a rotatory drum filter. After this stage
a sugar reach stream is obtained.

Biomass

Wastewater

Fig. 2. Process flow diagram of the production of ethanol using cocoyam tuber as raw material:
1 — crusher mill, 2 — gelatinization, 3 — enzymatic hydrolysis, 4 — rotary drum filter, 5 — evaporator, 6 — fermentation,
7 — distillation column, 8 — rectification column, 9 — molecular sieve.

Most part of the water is evaporated and recirculated
to the solubilization stage. Then, this stream is fed to a
reactor with the biomass in order to produce the ethanol
via ethanolic fermentation with S. cerevisiae at 30°C.
In the separation and dehydration stage the ethanol is
first passed through a distillation column, in which it is
purified approximately to 60% w/w, then the rectification
column purifies the ethanol up to the azeotropic
composition, which is approximately 95% w/w, and a 4A
molecular sieve with pore size of 4 A purifies the ethanol
up to 99.6% w/w.

2.5. Economic assessment

Capital and operation costs were calculated using
the Aspen Process Economic Analyzer v8.2 (Aspen
Technologies, Inc., EE.UU.) [28]. Specific parameters
such as raw materials cost, internal revenue rate (33%),
annual interest rate (17%), working salaries, among
others, regarding the Colombian economic conditions,

were incorporated in the simulation in order to calculate
the unitary production of the ethanol [29, 30]. This
analysis is calculated in USD for a period of 10 years.
Capital depreciation is calculated using the straight-line
method. Based on the obtained results, corresponding
cash flows are generated and the profitability analysis is
performed. Additionally, it is possible to generate reports
of the associated costs of the project and design details
[31]. Table 1 presents the raw materials and utilities costs
used in the economic assessment.

2.6. Environmental assessment

The Waste Reduction Algorithm of the
Environmental Protection Agency of the EE.UU. (EPA)
was used as the method to calculate the environmental
impact potential (PEI). The PEI for a given amount of
mass or energy can be defined as the effect that such
element has over the environment as if there were
an arbitrary discharge [33, 34]. The environmental
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Table 1. Raw materials and utilities costs used
in the economic assessment

Item Unit Price
Cocoyam® USD/kg 0.11
Water® USD/m3 0.74
Electricity® USD/kWh 0.14
Fuel° USD/MW 24.58
Operator work¢? USD/h 2.56
Supervisor work? USD/h 5.12

*The cost of the cocoyam was previously calculated considering
aspects such as land costs, work force costs, tools, fertilizers,
required working periods for soil adaptation, among others.
"Prices taken from the public enterprises that manage such
services.

°Estimated cost of gas for a period of 2015-2035 [32].

9Prices taken from the Ministry of Work.

impact cannot be directly measured; however, it can be
calculated from different measurable indexes. The WAR
GUI software incorporates eight categories: human
toxicity per ingestion (HTPI), human toxicity per dermal
exposition or inhaling (HTPE), terrestrial toxicity
potential (TTP), aquatic toxicity potential (ATP), global

warming potential (GWP), ozone depletion potential
(ODP), photochemical oxidation potential (PCOP) and
acidification potential (AP). This tool considers the
impact per mass flows and the impact due to energy
requirements of a process based on Aspen Plus generated
mass and energy balances. Therefore, the weighed sum of
all the impacts determines the final impact per kilogram
of product [35, 36].

3. Results and Discussion
3.1. Experimental

3.1.1. Cocoyam obtainment

The cocoyam was collected in the rural zone of
Manizales at 4°58° North, 75°39° West in a zone at
approximately 1970 meters over sea level, 18 °C and
air humidity between 80-90%. The plants were found in
places with abundant vegetation and near water effluents
(Figure 3). After the recollection, it was necessary to
wash and peel the tuber in order to remove all the dirt
and the husk. Then the samples were wet grinded, and
the resulting mass was immediately used. The remaining
material was frozen and stored at —20 °C.

£ ¥ P

Fig. 3. Collected samples of cocoyam plant: (a) Plant; (b) Part of the stem (left)
and tuber (right); (c) Underground tuber; (d) Washed and peeled tuber.

3.1.2. Starch content determination

Based on the aforementioned procedure, the
starch content of the tuber was determined. The assays
were performed by triplicate. The obtained value was
0.2240.017 grams of starch per gram of sample. This
value is considerably similar to the one reported in
literature (0.25). This information is very significant
given that these plants are a potential source of starchy
raw material for the obtainment of fermentable sugars.
However, further analysis regarding the composition
of these parts of the plant is necessary, because as the
tuber becomes stem, the starch content decreases, and
lignocellulosic content increases, hence requiring
different processes and approaches that the one of this
research.

3.1.3. Starch enzymatic hydrolysis

Considering that the only certain sample that had its
major content of starch was the one directly taken from the
tuber, it was the only one taken to the enzymatic hydrolysis
stage. As it was previously mentioned, current use of
cocoyam is not directed to the obtainment of fermentable
sugars, hence there was no reported yields in literature to
compare with obtained results. Due to this, a sample of a
common starchy tuber (yucca — Manihot esculenta) was
also hydrolyzed. The determination of the obtained sugar
was performed with the procedure described in section
2.1.4. Table 2 shows the obtained results.

These results corroborate the potential that cocoyam
has for the obtainment of fermentable sugars, compared
to other common starchy tubers as yucca.
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Table 2. Obtained yields for enzymatic hydrolysis

Sample Glucose Obtained yield
P concentration [g/L] | [g Glucose/g Sample]
Cocoyam 19.24+0.53 0.282
Yucca 23.76 0.335

3.2.Application of thermodynamic-topological
analysis

The following step is to perform and analyze the
equilibrium diagrams for the ternary mixtures. The
ternary diagram is focused on showing the presence of
liquid-liquid equilibrium and ternary azeotropes, if any.
Figure 4 shows the respective ternary diagrams, and
there are no ternary azeotropes in any of the cases. The
liquid-liquid dome in both cases has a very favorable
tendency, and it is very close to the right side of the
triangle, implicating that the concentration of water is
very high, without further presence of the solvent.

The next step is to graph the residue curves map
for each of the ternary mixtures. A residue curve
shows the change in the composition of a mixture
during continuous evaporation at the vapor—liquid
equilibrium. Figure 5 shows the residue curves for
the water—ethanol-dodecanol mixture. The residue
curves start from the water—ethanol binary azeotrope
(minimum temperature azeotrope). The intermediate
boiling components in this case are the water and
the ethanol, and the high boiling component is the
dodecanol. This behavior implies that it is possible
to obtain the dodecanol pure, but the water and
the ethanol require a type of process different to
conventional evaporation methods (as distillation) to
obtain them pure. In this specific case, there is only
one concentration region corresponding to all the
interior of the triangle. This is because all the residue
curves have the same tendency, the same low boiling
compound and high boiling compound.
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v /\/\/\ By CYAVAVAYAY)
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om0 /\7?\//\/ T e . e __/_\7'\_\
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Ml WATES

(a) Water — Glucose - Dodecanol

005 010 015 030 025 030 035 0.40 043 03 0.5 O O 070 075 00 0.5 09D 0.5
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(b) Water — Dodecano] - Ethanol

Fig. 4. Ternary diagrams of the main components at 1 atm

O O 00 075 08D 0.8 090 0.5
\m:c ac WATER

Water — Ethanol — Dodecanol
Fig. 5. Residue curves map for the main
components at 1 atm.

After performing all the previous analysis, the
next step is to apply specifically the thermodynamic-
topological analysis to the chosen equipment to
determine certain design variables. This application will
be performed in the following sections to the extractive

fermentation and the distillation and rectification
columns.

3.2.1. Extractive fermentation

Based on the previous analysis, it is now possible
to apply the thermodynamic-topological analysis to
determine certain specific variables of each process. The
most important variable to be determined for this stage is
the required amount of solvent. For this, it is necessary
to determine the operation range, which is limited in this
case by two conditions: the maximum substrate solubility
and the ethanol inhibition concentration. Therefore, the
ethanol in the aqueous phase must be below the inhibitory
concentration (approximately 18% wt), and the substrate
initial concentration must be below the solubility limit.

The idea of the addition of the solvent is to remove
the most amount of ethanol and that the organic phase
has a higher concentration of ethanol than the initial
concentration, so that after the recovery of the solvent,
the concentration of ethanol is higher. The objective
of the extraction solvent is to obtain an organic phase
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with an ethanol concentration higher than that of the
fermentation. Based on this, the chosen flow of solvent
is 1 kmol/h, which is a value that allows obtaining
approximately an ethanol mole fraction of 0.26 and
a flow of 0.65 kmol/h, which is more than 60% of the
ethanol produced in the fermentation.

3.2.2. Distillation and rectification column

The other two apparatuses chosen to be designed
with topological thermodynamic analysis are the
distillation and the rectification columns (both distillation
columns). In terms of procedure, the application of
thermodynamic-topological analysis is the same, but the
specific components and concentrations of the columns
differ from each other. The design variables to be
determined for this equipment are: composition of the
distillate and bottoms, flows of distillate and bottoms,
profile composition inside the column and feed stage.

For the distillation column, which processes
the aqueous phase that goes out of the decanter, the
components with higher concentration are water,
ethanol, dodecanol and glucose. The first element is the
composition of the feed that enters into the column. The
mole fraction of the feed is 0.93, 0.069 and 0.001 for
water, ethanol and dodecanol, respectively. It can be
observed that the composition of the feed is almost on
the side of the triangle that represents a binary water-
ethanol mixture. Therefore, as dodecanol composition
can be almost negligible, the two components that will be
aimed to be purified are water and ethanol. In this case,

the used number of stages is 20, given that the typical
values for distillation columns of ethanol are between
18-25 stages [37]. Finally, the last variable that can be
determined is the feed stage, a decision that is based on
the composition of the feed and the profile composition.
This stage corresponds to the segment that crosses the
point at which the feed is located, which in this case is
the stage 13. This is all the topological thermodynamic
analysis corresponding for the distillation column.

The following step is to perform the same strategy
and analysis performed in the previous section for the
distillation column, but now for the specific conditions
and compositions of the rectification. For the rectification
column, which processes the distillate of the distillation
column mixed with the organic phase once the solvent is
recovered, the components with higher concentration are
water, ethanol and dodecanol. The mole fraction of the
feed stream is 0.632, 0.333 and 0.035 for water, ethanol
and dodecanol, respectively. The number of stages fixed
was 30 given that the typical values for rectification
columns of ethanol are between 25-30 stages [37].
Finally, the last variable that can be determined is the
feed stage, which in this case is the stage 15.

3.3. Simulation procedure

The simulation of the process was used to generate
mass and energy balances, which are the main inputs to
develop economic and environmental assessments. Table
3 shows the results obtained for the stipulated production
capacity and the respective yield.

Table 3. Production capacity and yield of the production of ethanol using cocoyam as feedstock

Ethanol purity Yield
Tuber mass flow Produced ethanol [% mass| [kg ethanol/kg tuber]
100 kg/h 7.059 kg/h | 9.66 L/h 99.62 0.071

Considering that this process is not currently
analyzed using cocoyam as feedstock it was not possible
to find data in the literature to compare the obtained
yield. However, other starch feedstock as yucca obtained
yields between 0.2 and 0.4 according to [21, 38, 39].
Compared to that value, the yield obtained in this study
is lower, but this can be explained due to the fact that in
such references the initial glucose concentration varies
between 200-350 grams per liter, and in this study
this value was approximately 120 grams per liter. In

addition, this process does not intend to do any type of
complementary concentration of the starch hydrolyzate,
but to use as it was produced.

Furthermore, regarding another important aspect
of the production process, the required crop area can be
calculated based on the study performed by Gomez and
Acero Duarte [4], where it is recommended that the spacing
between plants must be of 1 x 1 meters hence giving a
crop yield of approximately 10.000 plants per hectare. The
results of the required area are shown in Table 4.

Table 4. Required crop area for the stipulated production capacity

Tuber mass flow Required plants Required plants Planting rate Required area
|kg/h] [plants/h] [plants/month] [plants/ha] [ha/month]
100 400 288000 10000 28.8

The calculated value shows approximately 29 hectares
per month, which represents an annual planted area about 320
hectares. As it was aforementioned, there are no technified

cocoyam crops in Colombia. This value is considerably
low compared to the planted area of yucca for industrial
use, which exceed 12400 hectares [40]. Additionally, it is
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important to clarify that such planted area does not require
to be simultaneously planted and grown at the same time,
which lowers even more the required planted area.

3.4. Economic assessment

After the economic assessment of the process a
sales price of 1.6 dollars per kilogram of the product was
obtained. This price is higher than the actual commercial
sales price of fuel ethanol which is 0.86 USD per kilogram
[41]. This value can be explained due to the fact that this
simulated process is in a preliminary stage. Hence, any
level of integration has been applied (mass and energy
integrations, among others), and those could diminish

utilities and operation costs, which are the highest costs
associated to this process, as it can be seen in Figure 6.

The total capital cost of the project of 0.11
million dollars with 54 and 35 percent representing the
operational and utilities costs, respectively. Utilities
cost can be explained due to the use of distillation and
rectification columns which have high energy demands
both in the reboiler and the condenser that must be
supplied by the selected utilities. Regarding operational
cost, a considerable high amount of water is constantly
being recirculated within the process for the pretreatment
stage hence generating higher work demands to be
supplied by the pumps.

60 Costs Distribution

30
40
(%e) 30
20

10

Raw Maierials Cost Utilities Cost

Operational Costs

' Bore to Ethanol

Depreciation

Fig. 6. Costs distribution of the ethanol production process.

3.5. Environmental assessment

Figure 7 presents the environmental assessment of
the process. Eight impact categories are presented, among
which the highest category that affects the environmental
impact potential is the AP (acidification potential)
and in a lower proportion the GWP (global warming
potential). The rest of the categories can be considered
as negligible. Both impacts can be explained due to the

PELkg product

carbon dioxide that is generated in the fermentation and
directly discharged on the atmosphere. Carbon dioxide is
the primary greenhouse emitted through human activity
and it warms the Earth by absorbing energy and slowing
the rate at which the energy escapes to space; it acts as an
insulating agent to the Earth [42]. Besides, this compound
can also generate carbonic acid in the presence of water
vapor which creates acid rain that acidifies both soil and
water effluents.

HTPFI HTPE TIP ATP

GWEF ODP PCOP AP Total

B Ethanol 100 tuber

Fig. 7. Environmental impact potential of the eight evaluated categories for the production
process (PEl/kg product).
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However, it is important to mention that the total
PEl is still a low value, implying that this process has not
considerable environmental impacts.

4. Conclusions

The technical, economic and environmental
preliminary analysis performed to the production
process using cocoyam as feedstock demonstrated that
this raw material has certain potential to be used as
ethanol producing feedstock. It is necessary to perform
further research in terms of the technification of the crop
to consider other important variables such as production
scale and crop costs. However, despite of the small
difference of the calculated sales prices compared to
the commercial sales price, the low environmental
impact is an excellent incentive that shows that with
further research this process can become a feasible
alternative for the production of ethanol. Additionally,
and even more important, this first-generation starchy
raw material is not currently used neither for industrial

References:

1. Giacometti D., Ledn J. La agricultura amazoénica
caribefia in Cultivos marginados: otra perspectiva de
1492 //Hernandez J. E., Le6nJ., Ed. Food and Agriculture
Organization of the United Nations Documents, 1992. P.
191-333. (in Span.).

2. Oke O. L. Roots, tubers, plantains and bananas in
human nutrition // Redhead J., FAO Corporate Document
Repository, 1998. 24 p.

3. Onwueme I. C., Charles W. B. Tropical Root
and Tuber Crops: Production, Perspectives and Future
Prospects // Ed. Food and Agriculture Organization of
the United Nations Documents, 1994. 126 p.

4. Gémez M. Acero Duarte L. E., Guia para el
cultivo y aprovechamiento del bore Alocasia macrorrhiza
(Linneo) Schott // Ed. Convenio Andrés Bello, 2002. 43
p. (in Span.).

5. United States Department of Agriculture.
Germplasm Resources Information Network (GRIN).
/! http://www.ars-grin.gov/cgi-bin/npgs/html/taxon.
pl1?42090.

6. United States Potato Board. Handbook of
Potatoes Goodness // http://www.potatogoodness.com/
Content/pdf/PPNHandbook Final.pdf.

7. Rojas Rivera M. A. Estudios de las caracteristicas
fisiologicasdelayuca//Undergraduate Thesis. Universidad
Tecnolégica De Pereira // http://recursosbiblioteca.utp.
edu.co/tesisd/textoyanexos/633682R741.pdf

8. Zhang C., Han W., Jing X., Pu G., Wang C. Life
cycle economic analysis of fuel ethanol derived from
cassava in southwest China // Renew. and Sustain.
Energy Rev. 2003. V. 7. P. 353-366.

9. Quintero J., Montoya M. I., Sanchez O. J.,

applications nor as human food. Therefore, its use as raw
material would not affect food security and presents a
whole new opportunity for the production of biofuels.
Furthermore, cocoyam can still be used for its current
industrial use given that leaves remain intact from
the production process, and the stem could be further
analyzed to know its potential use, which will turn into
an integral utilization of the plant. Regarding the design
stage, thermodynamic-topological analysis proved to
be a very useful tool that allows determining the most
significant design variables of distillation and extractive
fermentation processes with an easy-of-use graphical
method.

Acknowledgments

Theauthors express their gratitudeto the Universidad
Nacional de Colombia Sede Manizales, the Research
Group in Chemical, Catalytic and Biotechnological
Processes, the “Jovenes Investigadores” call No.
761 of Colciencias and the Institute of Fine Chemical
Technologies (Moscow Technological University).

Giraldo O. H., Cardona C. Fuel ethanol production
from sugarcane and corn: Comparative analysis for a
Colombian case // Energy. 2008. V. 33. Ne 3. P. 385-399.

10. Jarboe L. R., Shanmugam K. T., Ingram L. O.
Ethanol in Encyclopedia of Microbiology, Third // M.
Schlaechter, Ed. Kidlington, Oxford, United Kingdom:
Academic Press, 2009. P. 295-304.

11. Koizumi T. Biofuels and food security // Renew.
and Sustain. Energy Rev. 2015. V. 52. P. 829-841.

12. Cardona C., Sanchez O. J., Gutiérrez Mosquera
L. F. Process synthesis for fuel ethanol production //
CRC Press, 2009. 415 p.

13. Quintero J. A., Moncada J., Cardona C. A.
Techno-economic analysis of bioethanol production
from lignocellulosic residues in Colombia: A process
simulation approach // Bioresour. Technol. 2013. V. 139.
P. 300-307.

14. Botero Londofio J. M. Valor nutricional de forrajes
arbustivos para cerdas adultas / J. M. Botero Londofio //
Master Thesis. Universidad Nacional de Colombia. 2004.
/I http://www.bdigital.unal.edu.co/6587/1/julianmauricio
boterolondono.2004.pdf. (in Span.).

15. Zarate Higuera A., Gallo L. A., Jiménez Arango
F. Aprovechamiento del bore (4locasia macrorrhiza) en
la alimentacion de cerdos en etapa de ceba para reducir
costos de produccion // Rev. Innovando en la U. 2011. V.
3. P. 115-119. (in Span.).

16. Lopez F., Caicedo A., Alegria G. Evaluacion
de tres dietas con harina de hoja de bore (A4locasia
macrorrhiza) en pollos de engorde // Rev. MVZ Cérdoba.
2012. V. 17. Ne. 3. P. 3236-3242. (in Span.).

17. Giacometti D., Leén J. Yautia o malanga
(Xanthosoma sagittifolium) in Cultivos marginados: otra
perspectiva de 1492 // Hernandez J. E., Leon J., Ed. Food

48 Toukue xumudeckue texHororun / Fine Chemical Technologies 2018 Tom 13 Ne 2



S. Serna-Loaiza, Yu.A. Pisarenko, C.A. Cardona

and Agriculture Organization of the United Nations
Documents, 1992. P. 253-258. (in Span.).

18. Gémez M. E. Una revision sobre el Bore
(Alocasia macrorrhiza) in Agroforesteria para la
produccion animal en América Latina-II // Ed. Food
and Agriculture Organization of the United Nations
Documents, 2003, P. 203-212. (in Span.).

19. Dubois M., Gilles K. A., Hamilton J. K., Rebers
P. A., Smith F. Phenol sulphuric acid method for total
carbohydrate // Anal. Chem. 1956. V. 26. 350 p.

20. Krishnaveni S., Sadavisam S., Balasubramanian
T. Phenol sulphuric acid method for total carbohydrate //
Food Chem. 1984. V. 15. 229 p.

21. Virunanon C., Ouephanit C., Burapatana
V., Chulalaksananukul W. Cassava pulp enzymatic
hydrolysis process as a preliminary step in bio-production
from waste starchy resources // J. Clean. Prod. 2013. V.
39. P.273-279.

22. Cardona C. A., Sanchez C. A., Gutiérrez L.
F. Andlisis de la Estatica en Procesos de Destilacion
Reactiva in Destilacion Reactiva: Analisis y Disefio
Basico, First // Ed. Universidad Nacional de Colombia,
2007. 375 p. (in Spain.).

23. Forero Hernandez H. A. Practical application
of thermodynamics in the optimal synthesis of
chemical and biotechnological processes / H. A. Forero
Hernandez // Master Thesis. Universidad Nacional
de Colombia. 2015. // http://www.bdigital.unal.edu.
c0/50244/1/1053801196.2015.pdf.

24. Pisarenko Y. A., Danilov R., Yu R., Serafimov
L. A. Study of modes for the reactive distillation analysis
of statics // Theor. Found. Chem. Eng. 1995. V. 29. Ne.
6. P. 612-621.

25. Stanley D., Bandara A., Fraser S., Chambers
P. J., Stanley G. A. The ethanol stress response and
ethanol tolerance of Saccharomyces cerevisiae // J. Appl.
Microbiol. 2010. V. 109. Ne. 1. P. 13-24.

26. Zhang Q., Wu D., Lin Y., Wang X., Kong H.,
Tanaka S. Substrate and product inhibition on yeast
performance in ethanol fermentation // Energy and Fuels.
2015. V. 29. Ne. 2. P. 1019-1027.

27. Gutiérrez L. F., Sanchez O. J., Cardona C. A.
Analysis and design of extractive fermentation processes
using a novel short-cut method // Ind. Eng. Chem. Res.
2013. V. 52. Ne. 36. P. 12915-12926.

28. Taal M., Bulatov I., Klemes J., Stehlik P. Cost
estimation and energy price forecasts for economic
evaluation of retrofit projects // Appl. Therm. Eng. 2003.
V. 23. No. 14. P. 1819-1835.

29. Moncada J., El-Halwagi M. M., Cardona
C. A. Techno-economic analysis for a sugarcane
biorefinery: Colombian case // Bioresour. Technol.
2013. V. 135. P. 533-543.

30. Quintero J., Moncada J., Cardona C. Techno-
economic analysis of bioethanol production from
lignocellulosic residues in Colombia: a process
simulation approach // Bioresour. Technol. 2013. V. 139.
P. 300-307.

31. Sassner P, Galbe M., Zacchi G. Techno-
economic evaluation of bioethanol production from
three different lignocellulosic materials // Biomass and
Bioenergy. 2008. V. 32. Ne. 5. P. 422-430.

32. Revista Nueva Mineria y Energia, “NME,
N.m.y.E. LyD considers risky the proposal of an
energetic development based on shale gas // http://www.
nuevamineria.com/revista/2013. (in Span.).

33. Young D., Scharp R., Cabezas H. The waste
reduction (WAR) algorithm: Environmental impacts,
energy consumption, and engineering economics //
Waste Manag. 2000. V. 20. Ne. 8. P. 605-615.

34. Cabezas H., Bare J. C., Mallick S. K. Pollution
prevention with chemical process simulators: The
generalized waste reduction (WAR) algorithm — Full
version // Comput. Chem. Eng. 1999. V. 23. No. 4-5,
P. 623-634.

35. Young D., Cabezas H. Designing sustainable
processes with simulation: The waste reduction (WAR)
algorithm // Comput. Chem. Eng. 1999. V. 23. Ne. 10.
P. 1477-1491.

36. Cardona C., Marulanda V., Young D. Analysis
of the environmental impact of butylacetate process
through the WAR algorithm // Chem. Eng. Sci. 2004.
V. 59. Ne. 24. P. 5839-5845.

37. Seader D., Henley E. J., Separation Process
Principles, Second, V. 1 // Ed. John Wiley & Sons, Inc.
2006. 821 p.

38. Esquivia M. B., Castafio H. 1., Atehortua L.,
Acosta A., Mejia C. E. Produccion de etanol a partir
de yuca en condiciones de alta concentracion de
solidos (VHG) // Rev. Colomb. Biotecnol. 2014. V.
16. Ne. 1. P. 1630 (in Span.).

39. Ingledew W. M. M., Lin Y. H., Ethanol
from starch-based feedstocks in Comprehensive
biotechnology, Second // Ed. Elsevier. 2011. P. 37-49.

40. Departamento Administrativo Nacional de
Estadistica (DANE). Censo de produccion de yuca
para uso industrial // https://www.dane.gov.co/files/
investigaciones/agropecuario/enda/ena/Censo_plantas
proces_yuca uso_industrial2003.pdf.

41.Fedebiocombustibles, Precios de Biocombustibles
en Colombia 2015. // http://www.fedebiocombustibles.
com/estadistica-precios-titulo-Biodiesel.htm.

42. United States Environmental Protection
Agency. Understanding Global Warming Potentials.
/I http://www3.epa.gov/climatechange/ghgemissions/
gwps.html.

Toukme xumudeckue TexHororuu / Fine Chemical Technologies 2018 Tom 13 No 2 49



Ethanol production from cocoyam (Xanthosoma sagittifolium)...

About the authors:

Sebastian Serna-Loaiza, Magister, Chair of Chemical Engineering, Institute of Biotechnology and Agroindustry,
National University of Colombia (Instituto de Biotecnologia y Agroindustria, Universidad Nacional de Colombia Sede Manizales,
Km. 9 via Aeropuerto La Nubia, Manizales-Caldas, Colombia 170001). E-mail: ssernal@unal.edu.co

Yuri A. Pisarenko, Dr.Sc. (Engineering), Professor of Chair of Basic Organic Synthesis, M.V. Lomonosov Institute
of Fine Chemical Technologies, Moscow Technological University (86, Vernadskogo Pr., Moscow 119571, Russia). E-mail:
pisarenko_yu@mail.ru

Carlos A. Cardona, Ph.D. (Engineering), Professor of Chair of Chemical Engineering, Institute of Biotechnology and
Agroindustry, National University of Colombia (Instituto de Biotecnologia y Agroindustria, Universidad Nacional de Colombia
Sede Manizales, Km. 9 via Aeropuerto La Nubia, Manizales-Caldas, Colombia 170001). E-mail: ccardonaal@unal.edu.co

06 aemopax:

Cepna-Aoausa CebacmusiH, maructp kadeapsl XMMHIECKOH MHKeHepur MHCTUTYTa GHOTEXHOJIOTHH M arpoIpo-
MbIIUIEHHOCTH «HanuoHanbHbid yHUBepcuTeT KomymOum» (tad-kBaptupa Manuzanec, Manuzanec-Kanbaac, KonymoOus).
E-mail: ssernal@unal.edu.co

IMucapenko FOpuii AHOpuaHOB8UY, JOKTOP TEXHUYECKHUX HayK, podeccop kadeapsl OCHOBHOTO OPraHMYECKOTO
cuHTe3a MHCTUTYTA TOHKUX XUMHYeCKHX TexHonoruid umeHn M.B. JlomonocoBa ®T'BOY BO «MOCKOBCKHI TEXHOJIOTHYECKUN
yausepcute» (119571, Poccus, MockBa, np-t Bepnazackoro, 1. 86). E-mail: pisarenko_yu@mail.ru

Kapoona Kapnoc Apusns, nokrop punocoduu, npodeccop kadeapbl XUMUUECKOH HHKeHEpUH MHCTUTYTa GHOTEXHO-
JIOTUH U arponpoMsbiiuieHHocTH «HarponanbHelii yauBepceutet KomymOum» (mrad-kBaptupa Manusanec, Manun3zanec-Kanpzac,
Komym6wus). E-mail: ccardonaal@unal.edu.co

50 Toukue xumudeckue texHororun / Fine Chemical Technologies 2018 Tom 13 Ne 2



