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ABSTRACT

Goal: The goal of the present work is to analyze the techno-economic viability of a biorefinery to
generate ethanol and alcohol-based hand sanitizer from sweet potato waste within the concept of a
circular economy.

Design / Methodology / Approach: A survey of expenses for a 1000 L.day™ distilled plant was carried
out, and five different market scenarios were evaluated, varying the rate of production of each
product.

Results: Results show that the higher the production of the hand sanitizer, the more lucrative the
scenarios are. The economic breakeven point occurs when the percentage of the alcohol-based hand
sanitizer production is equal to 34%. However, the project becomes economically attractive from the
production rate of 39%. The scenario for 80% of alcohol-based hand sanitizer production resulted in
NPV of US$ 913,140.92, IRR of 64%, with a discounted payback of 0.72 year.

Limitations of the investigation: It was considered that all the production was sold, which is in line
with the current market demand. However, if the market slows down, the sales and the revenue
obtained may be lower.

Practical implications: The production of hand sanitizer from sweet potato waste is an opportunity
to meet the market needs in scenarios such as the COVID-19 pandemic. Besides, the proposed
biorefinery promotes the development of the circular economy through waste minimization.
Originality / Value: No studies about the production of ethanol and alcohol-based hand sanitizer
from sweet potato waste in an integrated way and the simulation of different real market scenarios
were found.

Keywords: Circular economy; Sweet Potato; Food Waste; Ethanol; Alcohol-Based Hand Sanitizer;
COVID-19.

INTRODUCTION

In the linear model of production, raw materials are extracted, processed, consumed, and
discarded (Hartley et al., 2020). The planet's natural resources (water, energy, raw material)
are sparse. Environmental deterioration is an intrinsic problem linked with the linear economy
(Kapoor et al., 2020). With a world’s population expected to reach 9.7 billion in 2050, the
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current industrial linear model is no longer acceptable (Ellen MacArthur Foundation, 2013).
Since the circular economy can reduce material and human footprint by inserting systemic
solutions, this model has risen as a cleaner alternative to linear systems (Fux, 2019). A circular
economy focuses on the optimal use of resources, e.g., via waste minimization, contributing
to environmental protection and providing socio-economic benefits (Morseletto, 2020).

Waste amounts are growing with the increase in population (de Sadeleer et al., 2020).
Food is lost or wasted at distinct steps of the supply chain (Patra et al., 2020). Nearly 1.3 billion
tons of foods are wasted globally (Food and Agriculture Organization of the United Nations,
2019), causing 10% of greenhouse gas emissions (Intergovernmental Panel on Climate
Change, 2019). Brazil is one of the major producers of commodities, producing huge quantities
of waste (Forster-Carneiro et al., 2013). Reducing residual food is an essential way to lower the
costs of production and contribute to environmental sustainability (Patra et al., 2020). Waste
is @ renewable resource and a crucial feedstock in the context of the bio-based circular
economy (Mohan et al., 2019). Based on this, appear the biorefinery, which is a sustainable
system that generates different products from biomass feedstocks through conversion
technologies. With the significance of addressing environmental, social, and economic aspects
of the industry, biorefinery plays a crucial role for the achievement of a circular economy
(Figure 1) (Ubando et al., 2020).

BIOREFINERY

SUSTAINABILITY

ECONOMIC
ENVIRONMENTAL
SOCIAL

TECHNOLOGY

Figure 1. Strategic pillars of biorefinery for the realization of a circular economy
Source: The authors themselves

Although the circular economy remains far from being a global reality, crisis scenarios
can accelerate innovations in the sector. The worldwide pandemic that started in 2020 due to
the spread of a coronavirus can be one of those driving forces (Corréa and Corréa, 2020). With
the advance of COVID-19, the consumption and demand of prevention products such as hand
sanitizers has increased, which had led to a crisis in these products at all levels (Jairoun et al.,
2020), triggering a race to produce alcohol antiseptic gel. Initiatives aimed at proposing
alternative methods of manufacturing alcohol-based hand sanitizer, including the use of
different sources of ethanol (Melo, 2020). Agricultural and food residues are appealing raw
materials for the conversion into valuable bioproducts, such as biofuels (Ng et al., 2020). Sweet
potato (/pomoea batatas) appears as a prosperous substrate for bioethanol manufacturing, as
it presents a high yield in starch per cultivated area (Lareo and Ferrari, 2019). Brazil is the
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16% largest producer of sweet potato in the world (Instituto Brasileiro de Geografia e
Estatistica, 2014; Food and Agriculture Organization of the United Nations, 2017). For tubers,
the global quantitative food wastage is 45%/year (Food and Agriculture Organization of the
United Nations, 2019), totaling an annual waste of circa 350,000 tons of sweet potato in Brazil.
Prior studies in our research group (GIMSCOP) have developed and enhanced the process of
ethanol production from sweet potato waste (Masieroetal., 2014; Risso, 2014,
Schweinberger et al., 2019a; Schweinberger et al., 2016). The production of bioethanol from
biowaste contributes to reducing greenhouse emissions. Also, it leads to the evolution of new
business opportunities across the food and agriculture sectors (Weber et al., 2020a).

The necessity of increasing the circularity of the industrial sector to convey finite
resources availability and climate issues has stimulated the progress of food waste
biorefineries. However, for the success of green industrial processes centered on the food
waste valorization, critical aspects such as the analysis of their techno-economic potential
need to be considered (Caldeira et al., 2020). Also, changing from a linear to a circular
economy in the agri-food sector demand new business models (Donner et al., 2020). In this
circumstance, given the grand productivity of sweet potato in Brazil and the market demand
for alcohol-based hand sanitizer, there is an excellent opportunity to valorize this waste raw
material and meet the market needs. Therefore, the goal of this work is to evaluate the techno-
economic viability of a biorefinery from sweet potato waste to produce ethanol and alcohol-
based hand sanitizer within the concept of a circular economy in the context of COVID-19.

METHOD

The sweet potato used for ethanol production is the cultivar with light yellow peel and
pulp. Rotting sweet potatoes were obtained in local fairs (Schweinberger et al., 2019a).

The ethanol and alcohol-based hand sanitizer production processes are exhibited in
Figure 2. The sweet potato was cleaned, diced, steamed up to 76°C, cooled and crushed. Then,
the antibiotic, the enzymes, and the yeast were added. A buffer solution is added to adjust pH
to pH 4. The mash was cultivated in an orbital shaker at 34 °C for 19 h. After, the fermented
mash was subjected to distillation. Saccharomyces cerevisiae Angel Thermal Resistance Alcohol
Yeast was supplied by LNF Latin America. The hydrolysis enzyme was Stargen 002, a
commercial mixture of alpha-amylase and glucoamylase of the Genencor brand
manufactured by DuPont. Pectinex Ultra AFP, provided by LNF Latin America, is a pectinase
enzyme employed to decrease the medium viscosity. Tetracycline hydrochloride (3.4 g.L") was
the antibiotic agent added. The theoretic ethanol production and the fermentation
experimental yield were calculated as in Schweinberger et al. (2019b).

The alcohol-based hand sanitizer production can be described as a simple batch mixture,
but it has some peculiarities. The distilled ethanol is combined with three other ingredients:
(i) a carbomer, commercial Carbopol 980, responsible for the increase in viscosity and
gelification; (ii) a base, triethanolamine, responsible for the neutralization of the dispersion
(the carbomer only achieve maximum viscosity between pH 6.0 and 7.0), and (iii) purified
water. Following international regulations and published studies (Kampf, 2018), the weight of
each ingredient is adjusted, so the final product has 70% (w.w™) of ethanol. Recipes may vary
the concentration of carbomer and neutralizer, depending on the desired consistency of the
gel, usually ranging from 0.5 - 1.5% (w.w') of carbomer and the needed amount of
triethanolamine to neutralize the final mixture. As the pH is very influential in the product
viscosity, the operator can use the addition of triethanolamine to fine-tune the process.
The carbomer is not easily mixed with water/ethanol, especially after gelification. To facilitate
the process, in each batch, the carbomer is previously hydrated with hot water for 8-10 hours.
The carbomer-water mixture is then vigorously stirred with motorized paddles in a mixture
reactor, and the ethanol is added. Once the product is fairly mixed, and no carbomer can be
seen dry or clumped, triethanolamine is added, and the pH, as well as the visual appearance
of the product, is controlled until the wanted viscosity is reached. Viscosity and spreading tests
are conducted to ensure quality control, as well as periodic ethanol concentration tests.
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Figure 2. Ethanol and alcohol-based hand sanitizer production processes
Source: The authors themselves

The costs of inputs, which were described based on consultation with sellers

(Weber et al., 2018), are shown in Figure 3. The amount of inputs concerning a 1000 L.day™
distilled production plant is shown in Chart 1.

Sweet potato (SWP) [RS/kg]
Workers [RS/(worker.day)]
Electric energy [RS/kWh]
Water [R$/m?]

Hydrolysis enzyme [R$/L]
Viscosity reduction enzyme [RS/L]
Yeast [R$/kg]

Antibiotic tetracycline [R$/kg]
Firewood [RS/m3]

Bottle (0.5L) [R$/unity]

Label [R$/unity]

Carbomer [R$/kg]
Triethanolamine [RS/L]

200

300 400

Figure 3. Cost of inputs to ethanol and alcohol-based hand sanitizer production
Source: The authors themselves

Chart 1. The daily amount of inputs to ethanol and alcohol-based hand sanitizer production

Input Ethanol Hand Sanitizer
Sweet potato (SWP) [kg] 5701.6 5701.6
Workers [workers] 3 5
Electric energy [kWh] 128.3 140.02
Water [m3] 29.58 29.58
Hydrolysis enzyme [L/kg SWP] 0.001 0.001
Viscosity reduction enzyme [L/kg SWP] 0.0001 0.0001
Yeast [kg/kg SWP] 0.0033 0.0033
Antibiotic tetracycline [kg/kg SWP] 0.0003 0.0003
Firewood [m?3] 2.2 2.2
Bottle (0.5 L) [unity/L sanitizer] - 2
Label [unity/L sanitizer] - 2
Carbomer [kg/L sanitizer] - 0.00245
Triethanolamine [ L/L sanitizer] - 0.00004
Source: The authors themselves
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The sweet potato cost was calculated considering the agricultural production costs.

Brazil's national minimum salary in 2020 was considered for the cost of workers, i.e.,
R$ 1045.00 per month, with an additional of 33.77% due to labor benefits. 20 workdays per
month were assumed, already considering scheduled shutdowns for machine maintenance.
As the mixing and the bottling and labeling require responsible person for each process, the
hand sanitizer process requires two more workers than the ethanol production process.

The equipment energy consumption gave the costs of electric energy. Sweet potatoes
washing, mash preparation, and the steam generation, all impact on water costs.

Enzymes and yeast are used in the process of simultaneous hydrolysis and fermentation
(SHF) to perform hydrolysis of the sweet potato starch and to reduce the viscosity of the
medium. Tetracycline is used to prevent bacterial contamination.

Eucalyptus firewood was used to provide thermal energy for the sweet potato heating
process, the distillation process, and the heating of the mixing tank. As the proposal is to use
the same factory for producing ethanol and alcohol-based hand sanitizer, the cost of thermal
energy was considered the same for both products.

Distillation was conducted up to 96% (v.v'') and 77% (v.v") (or 70% (w.w™")) for fuel ethanol
and for use in the formulation of the hand sanitizer, respectively. The 1000 L ethanol plant can
produce 1342 L of alcohol-based hand sanitizer daily. Alcohol-based hand sanitizer was
bottled in plastic flasks with a volume of 0.5 L. So, for the production of 1342 L of hand
sanitizer, 2684 plastic bottles are needed per day.

Carbopol is a cross-linked polyacrylic acid polymer used as the thickening and gelling
agent. Added to the ethanol-water solution, it increases the viscosity and stability of the
product, being responsible for the essential ‘gel’ characteristic of the sanitizer. The dispersion
must be neutralized to achieve maximum viscosity, between pH 6.0 and 7.0. For
pharmaceutical uses, triethanolamine is often the chosen neutralizing agent and is the one
recommended by ANVISA in topical applications (Agéncia Nacional de Vigilancia Sanitaria,
2012).

All the costs are in line with the prices provided by sellers.

Tributary taxes for the hand sanitizer was 48.33%, and 1.44 R$/L to fuel ethanol
(Fecombustiveis, 2019).

The expected primary investment is R$ 629,650.00, being 100% financed with an interest
rate of 8% per annum, a grace period in the first year, and a payment term of 5 years.

Working capital of R$ 160,000.00 was considered.

The cash flow was calculated over 10 years, considering the building of the distillery in
the year before the first.

A work journey of 8 hours/day (40 hours/week) was considered.

Depreciation expenses were calculated following the Federal Revenue Regulation RFB
n° 1700 (Receita Federal, 2017).

Also, maintenance costs were considered, beginning at 1% in the first year and increasing
1% per year for the 10 years of operation.

As ethanol and alcohol-based hand sanitizer use the same facility, the percentage of
production of each product can be changed based on the market needs. Therefore, five
distinct scenarios of production were assessed. In all scenarios, it was estimated that 20% of
ethanol production would be used for domestic consumption. The percentage production of
ethanol and alcohol-based hand sanitizer destined for sale in each case is as follows:

+  Scenario I: 80% ethanol;

+  Scenario ll: 60% ethanol; 20% alcohol-based hand sanitizer;
+  Scenario lll: 40% ethanol; 40% alcohol-based hand sanitizer;
+  Scenario IV: 20% ethanol; 60% alcohol-based hand sanitizer;
+  Scenario V: 80% alcohol-based hand sanitizer.

The revenue is the result of the sale of ethanol and alcohol-based hand sanitizer. It was
considered that all the production was sold.
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The economic indicators Net Present Value (NPV), Internal Rate of Return (IRR), and
discounted payback were calculated for the investment analysis.

RESULTS AND DISCUSSION

The total sugar content of the sweet potato used was 26.93+0.86%, and the experimental
cultivation yield was 93.91% (Schweinberger et al., 2019a; Weber et al., 2020b). Hence, for the
economic evaluation, a sweet potato with 30% of total sugar was assumed as a reference, and
yields of 95% were assumed for both fermentation and distillation processes.

The inputs costs for the production of ethanol and alcohol-based hand sanitizer in a
1000 L.day" distilled production plant is shown in Chart 2. The percentage of contribution of
each input for both products is shown in Figure 4. The values were calculated in Brazilian Real
(R$), and after converted to United States Dollar (US$). The conversion rate adopted was
5.37 R$/US$ (Banco Central do Brasil, 2020).

Chart 2. The total daily costs of inputs to ethanol and alcohol-based hand sanitizer production

Input Ethanol Alcohol-based hand sanitizer
R$ Uss* R$ Uss*
Sweet potato 354.41 66.00 354.41 66.00
Workers 209.68 39.05 349.47 65.08
Electric energy 66.08 12.31 72.12 13.43
Water 214.46 39.94 214.46 39.94
Hydrolysis enzyme 180.74 33.66 180.74 33.66
Viscosity reduction enzyme 90.26 16.81 90.26 16.81
Yeast 1.213.59 225.99 1.213.59 225.99
Antibiotic tetracycline 563.73 104.98 563.73 104.98
Firewood 93.04 17.33 93.04 17.33
Bottle (0.5 L) - - 2.390.42 445.14
Label - - 241.73 45.01
Carbomer - - 640.97 119.36
Triethanolamine - - 6.01 1.12
Total R$ 2985.98  US$ 556.05 R$ 6410.92 US$ 1193.84
*US$1.00 = 5.37 R$ (Banco Central do Brasil, 2020)
Source: The authors themselves
Ethanol Hand Sanitizer
Firewood Sweet potato Triethanolamine _Sweetpotato
Carbomer 5.53% Workers

3.12% 11.87% Workers 10.00% ™ 0.09%

7.02%
abel Electricenergy
Antibiotic Electricenergy  3.77%
18.88% 2.21%

Water )

7.18% Hvdrolgsg:; ;nzyme
Veast Hvdrclysis;nzyme Viscosity reduction

40.64% 6.05 enzyme
Viscosity Antibiotic 1.41%
reduction enzyme Firewooo— 5.79%
3.02% 1.45%

Figure 4. Percentage of the contribution of each input to ethanol and alcohol-based hand sanitizer
production
Source: The authors themselves
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The total cost of inputs estimated to produce alcohol-based hand sanitizer from sweet
potato was US$ 1193.84 per day. This value is higher than the total cost of inputs estimated to
produce ethanol, which totaled US$ 556.05 per day. This difference occurs mainly because of
the costs concerning the bottling process. Besides, as to the production of alcohol-based hand
sanitizer, two additional workers are necessary; labor costs represent another relevant factor
to the variation in the products’ total cost of inputs.

Considering the contribution of each input in the total of costs, it is perceived that to the
alcohol-based hand sanitizer production process, the highest cost was with the plastic bottles,
representing 37.29% of the total costs of inputs. An option to reduce this cost is to change the
volume of bottles used to a bigger model, reducing; thus, the number of bottles needed and
consequently reducing the costs with this input. The second higher input's cost involved in the
alcohol-based hand sanitizer production (18.93%), and the first in the ethanol production
(40.64%), was with yeast. Schweinberger recycled yeast cells 11 times, lowering the costs by
87% (Schweinberger et al., 2016). So, the cost of yeast can be reduced if the recycling of yeast
cells is considered.

The same equipment and the same factory are used for the production of ethanol and
alcohol-based hand sanitizer from sweet potato. This fact allows the modification of each
product production percentage according to market demands. Therefore, results considering
five scenarios were estimated.

The basis of the Scenario | is the manufacture and utilization of biofuels, such as
bioethanol. It can happen when the price of fossil fuels is too high, or when policies encourage
large production of biofuels. In Scenario Il, the beginning of the production of alcohol-based
hand sanitizer is considered, with the entrance of this product in the market. Scenario Ill shows
a situation where the production of each product for sale is the same. A heated market for the
alcohol-based hand sanitizer, with a minor focus on biofuels, is showed in Scenario IV. In
Scenario V, ethanol is produced merely for internal use. At the same time, the whole
production is focused on the alcohol-based hand sanitizer. This scenario shows the current
situation caused by the COVID-19 pandemic situation, in which market demand increased by
6500%, and many companies mobilized to produce alcohol-based hand sanitizer (Gratao,
2020).

Discounted payback, IRR, and NPV were the economic indicators used to estimate the
investment analysis results for each scenario. For this calculation, 10 years of operation were
considered. The MARR (Minimum Acceptable Rate of Return) was equal to 10%.

The prices of fuel ethanol and alcohol-based hand sanitizer were determined according
to the mean market prices. Average prices of R$ 3.65 (US$ 0.68) and R$ 13.00 (US$ 2.42) for
ethanol and alcohol-based hand sanitizer, respectively, were assumed for the revenue
calculation. It was considered the sale of the total production for both products. The
investment analysis results are shown in Chart 3.

Chart 3. Investment analysis indicators for the five evaluated scenarios in 10 years of operation

Scenario NPV (R$) NPV(US$)* IRR (%) Payback (year)
Scenario | R$ -3,604,610.84 US$ -671,249.69 < 0% -
Scenario Il R$ -1,477,566.45 US$ -275,152.04 <0% -
Scenario Ill R$ 649,477.95 US$ 120,945.61 12% 5.61
Scenario IV R$ 2,776,522.35 US$ 517,043.27 42% 1.44
Scenario V R$ 4,903,566.74 US$ 913,140.92 64% 0.72

*US$1.00 = 5.37 R$ (Banco Central do Brasil, 2020)
Source: The authors themselves

A project is considered economically feasible when the NPV value is higher than zero, and
the IRR percentage is higher than the adopted MARR. So, between the economic scenarios
studied, Scenarios IlI, IV, and V are the economically viable ones. Scenarios | and Il presented
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negative IRR and NPV, indicating economic losses. Although ethanol is produced from waste,
the manufacturing costs are still elevated, making the process economically impractical at a
large scale (Chohan et al., 2020). It happens in the Scenario |, showing that the costs are more
significant than the revenue when only ethanol is produced. The alcohol-based hand sanitizer
started being produced in Scenario Il, presenting a little better result, but still being an
economically unfeasible scenario. The financial results start to be positive in Scenario lll, where
the percentage of production of each product is equal to 40%. Scenario Ill and IV reach positive
values in 5.61 and 1.44 years, respectively. This value is the discounted payback, i.e., the time
for the investments to be fully recovered. The best scenario that showed the highest values of
NPV (US$ 913,140.92) and IRR (64%) was the scenario V, what happens in 0.72 year, the shorter
time to the investment to be returned. Therefore, the higher the production of alcohol-based
hand sanitizer, the greater the project’s financial results.

Considering the high fluctuation in the price of alcohol-based hand sanitizer during the
pandemic of COVID-19, and seeking to know the breakeven point in the percentage of
production of each product, Figure 5 was plotted. The price of the alcohol-based hand sanitizer
ranged from R$ 13.00 - 20.00 (US$ 2.42 - 3.72) per liter and its percentage of production rate
ranged from 25 - 80%. Using Python software, the graphs of Figure 5 were plotted, and NPV
and TIR were estimated. The plateau represents points with an IRR of less than -50%, which
were disregarded in order not to pollute the graphs visually.
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Figure 5. Sensitivity analysis of NPV and IRR versus the percentage of production and the price of
alcohol-based hand sanitizer

Source: The authors themselves

Figure 5 shows that the higher the price and the higher the percentage of production of
alcohol-based hand sanitizer, the better the financial results. Keeping the average price of
alcohol-based hand sanitizer at R$ 13.00 (US$ 2.42) per liter, the sweet potato waste
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biorefinery starts to present positive economic results (NPV>0) when the production’s
percentage of this product is equal to 34%. However, as the IRR (0.23%) is lower than the MARR
(10%), it is not economically attractive. The project becomes attractive when the production of
alcohol-based hand sanitizer reaches 39%, presenting an IRR of 10.21%, and an NPV of
R$ 543,125.73 (US$ 101.140,73). The best scenario would be the one with the highest
production (80%) and the highest price (R$ 20.00 or US$ 3.72 per liter) of the alcohol-based
hand sanitizer, returning an NPV of R$ 10,629,964.85 (US$ 1.979.509,28) and an IRR of
111.37%.

Advanced biorefineries are key elements to implement a sustainable bioeconomy
(Dragone et al., 2020). However, not all biorefineries are financially feasible projects. A cassava
waste biorefinery producing bioethanol, combined heat and power, and succinic acid, showed
economic and environmental benefits (Padi and Chimphango, 2020). On the other hand, an
algae-based biorefinery integrated with the production of palm oil was not financially viable
(Abdul Hamid and Lim, 2019). Small scale production plants’ development has high
importance in countries as Brazil, allowing to add value to local substrates and to make the
processes more economically attractive. Biomass valorization at a regional level is relevant for
local cooperatives, contributing to the local sustainable development within a circular
economy approach (Virginio and Silva et al., 2018; Donner et al., 2020). Hence, the findings
attained by the proposed biorefinery exhibit high potential for being a sustainable model
through valorizing and processing sweet potato waste in products with higher value-added,
then reaching the purposes of a circular economy.

CONCLUSION

The objective of evaluating the techno-economic viability of the production of ethanol
and alcohol-based hand sanitizer from sweet potato waste was achieved, showing favorable
results.

The total cost of inputs involved in the alcohol-based hand sanitizer production process
reached US$ 1193.84 per day. The highest cost was with the plastic bottles, representing
37.29% of the total costs of inputs. A solution to reduce this cost is to change the volume of
bottles used to a bigger model, reducing; thus, the number of bottles needed and
consequently reducing the costs.

Five different production scenarios were evaluated, altering the production of ethanol
and alcohol-based hand sanitizer. The scenario with the highest production of alcohol-based
hand sanitizer was the most profitable one. In contrast, the situations with higher production
of ethanol showed negative economic results. The economic breakeven point occurs when the
percentage of the alcohol-based hand sanitizer production is equal to 34%. However, the
project becomes economically attractive from the production rate of 39%. The best scenario
(80% alcohol-based hand sanitizer) gave NPV of US$ 913,140.92, IRR of 64%, and discounted
payback of 0.72 year.

The production of 1342 L of alcohol-based hand sanitizer per day is relevant to help meet
the immediate market needs in the face of the COVID-19 pandemic crisis. Also, the use of a
source of alcohol from waste material contributes to reducing greenhouse gas emissions and
savings of landfills costs, achieving then the goals of a circular bioeconomy.

For future works, it is suggested a study of the replacement of the carbomer for a more
natural alternative in the hand sanitizer manufacturing, such as Amigum (Alban Muller, 2020b)
or Amigel® (Alban Muller, 2020a).
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