Proceedings of the International Conference on Industrial Engineering and Operations Management
Monterrey, Mexico, November 3-5, 2021

Energy Saving in a Tobacco Curing Stove with the Use of
Heat Recovery and Solar Energy

Miguel Condori, Federico Albesa, Ileana Cruz
Instituto de Investigaciones en Energia no Convencional (INENCO),
Universidad Nacional de Salta (UNSa),
Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),
Av. Bolivia 5150, A4408FVY, Salta, Argentina
miguel.angel.condori@gmail.com, federico.j.albesa@gmail.com, icruz.unsa@gmail.com

Abstract

The work aims to energy saving in the curing process of Virginia tobacco, introducing solar energy and energy
efficiency in a current stove. A prototype of an improved stove was adapted from a bulk-curing type stove, adding a
roof solar air collector, thermal insulation, and a new heat recovery system. The prototype was measured in six
complete tests and compared with the conventional one during four tests. For an average process, the energy-saving
of the proposed stove was 22.3% and the reduction of curing time 16.7%, with an average gas consumption of 0.60
m3/kg. By campaign, this had a 20% of production increase, 6.7% of energy saving, and 41.03% of emissions
reduction. The collector roof represents 65.7% of the total energy savings with a production of 0.77 MJ by dollar
invested. The replacement project has financial and socio-economic feasibility. The socio-economic evaluation
improves indicators compared with the conventional stove increasing the net profit by 33.37%; the net present value
by 40.9%; the benefit-cost ratio by 7.9%; and the internal rate of return by 14.3%. The investment payback was in the
half of the third year.
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1. Introduction

Within the framework of sustainable development, the inclusion of renewable energy into regional productions is
essential. The United Nations Conference on Sustainable Development (RIO+20) emphasized the need to increase the
participation of renewable energy in the energy matrix and the adoption of regional planning actions. It's more
remarkable to regions with renewable energy potential (Salim and Rafig, 2012).

In the province of Salta, Northwest of Argentine, agriculture is the main economic activity, and tobacco production
stands out due to its socio-economic impact; it provides direct and indirect work to more than 130,000 people. The
annual yield of cured tobacco is around 40,000 t, being 50% of the national production. The curing of Virginia-type
tobacco uses particular stoves, being the stoves park approximately 6,000 for Salta and 15,000 for the entire country.
Of these, around 85% consume natural gas, while the rest uses firewood. The annual consumption of natural gas for
the Salta stoves park is approximately 4x107 m3/year (Rodriguez and Zilocchi, 2012), and it produces 1x105 tCO2e
of direct Carbon Footprint (Dib Ashur, 2013).

Although the drying of agricultural products is an area with progress concerning the use of Solar Energy, there are
few antecedents of its application in the tobacco curing process. Technical requirements of appropriate humidity and
temperature for each stage of the process and their incidence on the final quality of the cured tobacco are some
challenges to overcome. It is significant in terms of environmental security to reduce fossil fuel consumption by
improving the energy efficiency of the current process (Siddiqui, 2001). In this regard, tobacco curing has the highest
incidence in the CO2 emission of the entire carbon footprint (Dib Ashur, 2013).

In the bibliographic references, Huang and Toksoy used a North-South oriented greenhouse which consists of a

transparent surface exterior to the stove as a solar collector glazing. The system had a gravel solar collector-storage
system. A quality cured tobacco with 47-54% fuel saving compared to a conventional bulk-curing stove was obtained
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(Huang and Toksoy, 1983). On the other hand, Huang and Bowers report tests of curing tobacco with solar energy
(Huang and Bowers, 1986). They developed two hybrid stoves with solar thermal assistance in which the conventional
energy source was liquefied gas (LPG). The first model was a chamber where the sidewalls and the roof served as
solar collectors, made of clear corrugated fiberglass plates placed above black plastic. The block foundation served as
the heat storage of surplus energy. The second model was a shell-type greenhouse stove, where the entire structure
works as a solar collector, coated with transparent fiberglass plates. It also included a gravel storage system for
nighttime usage. The gas consumption savings for the first model was between 15-20%, while the savings amounted
to 40% in the second model. Pope (2008) designed a hybrid stove prototype in 2008, which had a series of corrugated
polycarbonate plates covering a metallic structure of 12 t of green tobacco load capacity. , the collector's air was
removed by a fan of 3-HP during the yellowing stage and later added to the main 10-HP fan during the remaining
curing process. The propane consumption of the prototype was compared to a conventional stove with a similar
structure, load, and age, loading both stoves with the same variety of tobacco on the same day. The prototype showed
an average consumption of 32% lower than the conventional dryer and a decrease of 16 h on the curing time. Between
1977 and 1980, Saravia and collaborators locally developed and evaluated a tobacco curing system with a solar
collector array and a stone thermal storage unit. The tests with a small-scale prototype showed an energy saving of
70% on sunny days and 28% on cloudy days. Subsequently, they built a real-scale system of three stoves, with 900
m2 of collecting surface and a thermal storage system of 180 m3 of stones. Although the testing produced good results,
solar collector arrays with an area greater than 300 m2 per stove were a strong barrier for transference to the industry
(Saravia et al., 1978, 1979).

Virginia-type tobacco needs a stoves curing process that requires a high initial investment. In Salta, most of these
stoves correspond to the bulk curing type, a 12-m length metal structure with significant energy inefficiency. Measures
carried out with these stoves showed that only 30% of the natural gas and electricity supplied was effectively used;
the biggest thermal losses occur due to the poor thermal insulation through the bare ground, the masonry of the basal
perimeter, the thermal bridges in the structure, and airflow losses (Altobelli et al., 2011). The energy audit found the
following improvements possibilities (a) to avoid warm air leaks through doors and joints between the structure and
the masonry; (b) the thermal insulation of soil and reduce its thermal mass; (c) the thermal insulation of the basal
perimeter and protect it with a moisture barrier; (d) improve thermal insulation and prevent leaks in the heating unit;
(e) avoid thermal bridges in the metal structure of the stove; (f) improve the heat exchanger of the heating unit by
placing one tubes type bank; (g) improve the heat recovery system of the burner gas, since its output temperature is
still very high; (h) improve air distribution by means of shunts placed at the heat unit outlet to avoid uneven drying;
(i) regulate the airflow and fan power according to the curing stage since it has constant delivery; (j) improve the time
of each curing stage, avoiding unnecessary time and overexposure to adverse conditions; (k) optimize the conditions
in the yellowing stage since it is where the quality of the leaf is fixed; and (1) introduce a heat recovery system and
use of Solar Energy on the roof, given the area available and since it is where the greatest thermal losses occur.

In Argentina, the adjustment in the supply tariff of natural gas, with increases over 100% last years, left the industrial
sector suffering the loss of competitiveness. For this reason, this sector has a renewed interest in incorporating
alternative sources to save energy. This work presents an improved prototype of a bulk-curing stove as part of a
research project sponsored by the Ministry of Science, Technology and Productive Innovation of Argentina. The
working hypothesis of the project seeks to reduce energy consumption through technological improvements in the
conventional stove, solar energy use, and the automation of the cured process. In this work are presented the results
obtained with the improved prototype with a simple solar energy system. The final recipient of this development is
the Salta Tobacco Chamber that brings together most of the Tobacco producers of the Salta province.

2 The Conventional Stove

Bulk-curing stoves are 12-m long metal constructions with three levels of racks, loading around 10 t of green tobacco
to yield 1 t of cured tobacco. These racks hold hangers that load 45-50 kg of fresh tobacco each one. The warm airflow
circulates through the leaves from a plenum in the bottom to another at the top. The hanger is a structural pipe of U-
section where leaves are placed and pierced using a spiked comb closing it. A natural gas burner in a heating unit back
to the stove supplies the heating. The combustion smoke circulates by a simple heat exchanger, then by two pipes in
the upper plenum. An electric fan of 5.5-HP recirculates the air from the upper plenum to the heating unit, where it
mixes with ambient air; the percentage of recirculating air decreases at each stage of the process with the aperture of
the ambient air entry. The remaining humid air evacuates through an upper window of the stove door.
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There are four stages in the tobacco curing process done in a bulk-curing stove that depend on the color of leaves, the
temperature, and humidity required along the process. These stages are yellowing, color fixation, drying of laminas,
and drying of stems.

Yellowing: the temperature in the stove is maintained approximately constant at 38°C, while the relative humidity
remains over 80%. The time for this stage may range from 30 to 72 hours until the color of leaves changes to yellow.
The windows of ambient air income to the heating unit remain closed, so the air in the stove does not renew. This
saturated air condition also helps the tobacco open its pores.

Color fixation: the temperature rises gradually until 43 °C, the relative humidity remains between 50-65%, and the
weight loss of tobacco leaves reaches 34%. The color hue of leaves depends on the evaporation rate, provide the
necessary time helps maintain the final quality of cured tobacco.

Drying of laminas: the air temperature rises to 54 °C and keeps constant until laminas are half dry. Then the
temperature rises to 58 °C until laminas are completely dry. The permanence time for this stage is between 36 to 48
hours. The relative humidity must remain over 40% to avoid scalding.

Drying of stems: the temperature increases until 70 °C, and it keeps constant until the stems are dried; that is, it breaks
under manual force. The relative humidity at the end of this stage is close to 10%. The permanence time may last 60
hours, but it is not convenient to prolong it more than necessary to avoid overexposing. The leaves cool down, and
then they are slightly humidified by spraying before unloading the stove to prevent breakage during handling.

The temperature in the stove is regulated by controlling the combustion-produced heat, while the humidity is regulated
by controlling the ambient air income (opening and closing the input windows). During the curing, leaves lose
approximately 85% of their weight, which implies strong energy consumption associated with great thermal wastes.
Ulivarri reports that the highest heat losses from bulk-curing stoves are produced 20% by the roof and 22.6% by the
fumes (Ulivarri, 1990). Currently, most stoves have glass-wool thermal insulation; in some cases also have a simple
heat recovery system where the burner output pipes go through the upper plenum before exit above the front door. On
the other hand, an axial fan with an electric engine of 5.5 HP moves the air continuously. Conventional stoves suffer
leaks through apertures and by the junction between the structure and the basal wall. Other significant heat losses
occur in the same basal wall and the floor due to the lack of thermal insulation. As usual, the latter is wet bare soil and
constitutes another thermal load that increases the fuel consumption (Altobelli et al., 2011).

The control stove has two tunnels with a total load of 180 hangers. It is 3.12 m wide, 12 m long, and 3.47 m high in
the roof ridge. The structure of walls, roofs, and gates were square pipes of 0.04 m. Internal and external walls were
corrugated galvanized sheets with 0.038 m insulation of glass wool between them. The door and windows have no
rubber seals to prevent air leakages. The floor is bare, with no thermal isolation. The basal perimeter walls are 0.5 m-
high and 0.15 m-width masonry. A natural gas burner (AUTO-QUEM model LXH-1008) supplied the energy,
controlled by a digital thermostat and a thermocouple probe placed in the center of the curing stove. This burner
delivers a power of 80,000 Kcal/h and works at a pressure of 1,600 kg/m2, and is connected to a stainless-steel indirect
heat exchanger, which is two one-pass tubes, to prevent direct contact of combustion gases with leaves to avoid
nitrosamine formation.

3 The Improved Stove

Figure 1 shows an improved stove scheme. The reforms introduced regarding the conventional stove were: (1) the
roof is converted in a solar-air preheater, painting the external surface of matt black and adding a structure of 0.02 m-
square pipe covered with alveolar polycarbonate of 6 mm thick. This roof-level duct introduces preheated air in the
heating unit. The airflow is heated by (a) thermal losses from the stove ceiling, (b) the heat recovery from the burner
extending the outlet pipes inside the collector, and (c) the daily global solar radiation. (2) The heating unit is modified
by incorporating a heat exchanger of cross tubes bank type, three rows and ten tubes of 0.05 m diameter, and by
allowing preheated air enters from the roof collector. These adjustments improve the heat discharge in the heating unit
and decreasing the thermal losses by the chimney. (3) The heat from the smoke output is used to preheat the air. For
this, a distribution box is placed outside the stove, having two 0.10 m diameter inlet pipes come from the upper plenum
and four 0.075 m diameter outlet pipes into the roof-solar collector. The combustion gas is expelled just before arriving
at the heating unit by four chimneys. The box also has a manual key to evacuate possible condensed water. (4) Thermal
insulation is incorporated in the floor, perimeter walls, and metal structure. High-density expanded polystyrene plates
of 0.03 m thick are used on the floor, while polyurethane plates of 0.01 m-thick, covered with smooth sheet metal
plates, are in the perimeter walls. Polyurethane thermal insulation is used between metal pipes and sheets of the
structure to prevent thermal bridges. Also, glass wool with aluminum foil, of 0.05 m thick, was placed between the
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internal and external sheets with the aluminum facing inwards. The doors, openings, and contact surfaces between
structure and masonry were sealed with rubber strips to avoid filtrations.
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Figure 1: (1) roof solar collector; (2) distribution box; (3) heating unit; (4) heat exchanger; (5) gas burner; (6) lower
duct; (7) upper duct with recovery heat system; (8) floor thermal insulation.

Figure 2a shows the front door of the improved stove; the distribution box is above, in which the combustion smoke
enters through two pipes from inside the stove and leaves through four pipes above the ceiling. The control stove
appears at the left of the improved stove in the photograph. Figure 2b shows the side and back view of the improved
stove, the heating unit, the roof-solar collector, and the smoke-exit chimneys. The warm air coming out of the roof
collector enters the heating unit.

Figure 2: (a) Front view of the improved stove and the conventional control stove. At the top, the distribution box of
the heat recovery system. (b) Side and rear view of the improved stove. At the right of the picture is the heating unit.
On the roof is the solar collector that covers the four pipes of the heat

4. Results and Discussion

Temperature and relative humidity of the air, inside and outside the stove, join with weight and pictures in a sample
of tobacco sample were measured in real-time during the tests. A certified gas meter was installed in the natural gas
supply pipe to record the consumed volume throughout the curing process. The measuring equipment was a logical
processing unit built with an Arduino UNO microcontroller and a Raspberry Pi computer card, with DHT 22 digital
sensors to measure temperature and relative humidity and a 3 kg load cell to the sample weight.

Two identical gas meters, maximum flow 10 m3/ h, minimum flow 0.06 m3/h, and maximum pressure 0.5 bar, were
used to compare the natural gas consumption in the two stoves. In the strict sense, the improved prototype and the
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control stove were contrasted simultaneously only during one curing process, but the rest of the tests have time
differences of less than a day.

4.1 The gas consumption performance

Table 1 shows the data of natural gas consumption and the required time for some curing processes. It corresponds to
six complete processes with the improved stove and four with the conventional. Due to technical and logistical issues,
the tests between both stoves are not simultaneous in a strict sense but are coincident on most days with the same
ambient conditions. On average, the improved stove consumed 548.02 m3 of natural gas while the conventional one
required 706.10 m3, an energy saving of 22.4%. Regarding the average time, the prototype stove required 183.9 h
while the traditional 221.3 h, a decreased time of 16.9%.

The justification for the decreasing time requires better details, like the environmental conditions mismatch between
both stoves in the different stages of the process since gas consumption dependents on this. Besides, there is a better
distribution of heated air between the leaves and better transfer conditions for the flow, mainly due to the decrease of
air leaks and the lower load to the air movement.

Table 1: Results of several curing processes registered between 2018- 2019 campaigns, with the improved and the
conventional stoves, the consumption values in m?, and the required times in days.

Stove Date Consumption (m?) Time (days)

May 9-7, 2018 454.92 8.14

May 26-April 4, 2018 507.76 8.05

April 14-22, 2018 502.63 7.88

Improved — Iv12 5710, 2019 697.80 7.88
May 16-23, 2019 520.31 7.30

April 23-30, 2019 604.69 6.72

AVERAGE 548.02 7.66

March 20-30, 2018 572.48 9.67

May 3-11, 2019 673.81 7.88

Control  I\fay 1525 2019 834.49 9.67
April 9-19, 2019 743.63 9.67

AVERAGE 706.10 9.22

The values obtained by Eckhardt (Eckhardt, 2002) for gas consumption with a bulk-curing stove without a heat-
recovery system from smoke was 0.91 m3/kg of cured tobacco, being this value a reference to the region. The average
consumption was 0.60 m3/kg for the improved stove and 0.78 m3/kg for the control one. Average production by stove
0f 900 kg was used in these tests because leaves were medium-sized with less moisture content and volume.

Figure 3 shows the temporal evolution of ambient and the outlet temperatures for the roof collector in the improved
stove in May 2019. The fan was turned on at 4:21 PM on May 16 and turned off at 11:30 PM on the 23rd day when
the process is complete. The fan draws the preheated air from the ceiling and introduces it into the heating unit.
Maximum temperatures in the roof collector are about 50 °C, due to the solar input. During night operation, maximum
temperatures are about 25 °C and increase towards the end of the process. These contributions are due to the residual
heat and thermal losses by the roof.

Figure 4 shows the values of solar radiation incident on the roof plane of the improved stove and the ambient
temperature. The series has two consecutive cloudy days with the ambient temperature inside the range of 11 and 20
°C. However, these days the temperature difference in the air between the roof collector and ambient grows. Figure 5
shows this difference, being the maximum around 25 °C for the first 80 h on the yellowing stage with the solar input,
while at night, it is between 6 and 8 °C with the heat recovery contribution. For the drying stages of leaves and stems,
the nocturnal input increases as the temperature of the curing chamber increases, becoming in the order of 15 °C at
the end of the process when the chamber temperature is 70 °C.
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Figure 3: Ambient temperature and air outlet temperature from the roof collector of the improved stove.

27 1000
24 - F 900
~21 - L 800 o
g 18 - 700 £
© L 600 =
= 15 B
DS L s00 &
g 121 400 £
g 9 L300 &
1 =
6 L 200

3 4 ﬂ\ A L 100
0 T A T R R T T — R T L 0

0 20 40 60 80 100 120 140 160 180 200 220 240
Time (hour)

——Ambient ——Solar Radiation

Figure 4: Ambient temperature and solar radiation values on the roof plane of the improved stove, for the May 15th
to 25th, 2019.
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Figure 5: Temperature Difference in the air between roof collector and the ambient.
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Figure 6 shows the consumption of natural gas for the improved stove during a curing process, May 16-23, along with
the measured air temperature inside the chamber at an average leaves position. The different consumption slopes
correspond to the different curing stages. According to the linear adjustment of the curve, this divides in (a) yellowing,
from the beginning of the process until approximately 85 h the leaf temperature is kept constant at 35 °C; (b) leaves
drying, approximately the next 60 h the temperature rises progressively to 58 °C, and (c) stem drying, the next 30 h
where the temperature is maintained constant around 70 °C. The entire process required approximately 175 h.

The same information is in Figure 7 for the control stove, but the process was from May 15 to 25, 2019. Unlike the
improved stove, the process took approximately 232 h, about 108 h for the yellowing stage, 65 h for the leaves drying
stage, and 60 h for the stem drying stage. The color-fixing required 20 h more, and the stem-drying stage almost twice
the time than the improved stove. On the other hand, the quality of leaves and the initial moisture content could be
different for both stoves.
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Figure 6: Consumption curve of natural gas with the air temperature into the leaves; the improved stove.
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Figure 7: Consumption curve of natural gas with the air temperature into the leaves; the control stove.

Table 2 shows a comparative analysis of the gas consumption behavior of each curing stage for these two stoves.
While the quality of the leaves may not be the same, but the ambient conditions are coincidental. The improved stove
required 25% less time than the control stove to complete the process. The consumption rate of the yellowing stage
was 11% lower than the control one, 8% lower for the leaves drying stage, and 7.5% lower for the stem drying stage.
The total gas consumption of the improved stove was 37.6% lower than the control stove in this test.
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Table 2: Comparative chart of natural gas consumption between the control and improved stoves, for a test
corresponding to May 2019.

Control Improved Diff (%)
Process time (days) 9.67 7.30 -25
Yellowing (m3/h) 1.71 1.52 -11.1
Leaves drying (m3/h) 4.45 4.08 -8.3
Stem drying (m*/h) 5.57 5.15 -7.5
Total Consumption (m?) 834.49 520.31 -37.6

Figure 8 shows the weight loss of a small sample of leaves as a function of the time, as a percentage of the initial
weight, with the chamber temperature. The weight loss was measured in real-time within the curing chamber using a
load cell. The weight drop of the sample on time is practically linear, from 100% to 23% at the end. Linear regression
fits with a slope of -0.387 percent per hour.
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Figure 8: Weight loss curve of a sample of tobacco on the improved stove.

4.2 Energy Saving and Cost

From a constructive point of view, were made five improvements to the conventional stove. Table 3 shows the energy
savings estimation produced in a curing process by each of these modifications, calculate with MATLAB according
to the methodology used in Altobelli et al., 2011. The differences in energy flow are more appropriate to consider the
order of magnitude of energy-saving mainly affected by new materials. The cost of each improvement also includes
in the table. Although some costs and labor are shared, a proration of materials affects its incidence in improvements.

Table 3. Energy saving, costs and energy saving-cost ratio for each introduced improvement.

Improvement Saving Saving (%) | Cost (USD) Cost (%) Saving/cost
MJ)
Perimeter Wall 156.85 4.76 182 4.36 0.86
Soil 325.87 9.89 669 16.01 0.49
Thermal Bridges 336.06 10.20 122 2.92 2.75
Metal Wall 317.20 9.62 460 11.01 0.69
Collector Roof 2160.30 65.54 2745 65.70 0.77
Total 3296.28 100.00 4178 100.00 0.79

© IEOM Society International




Proceedings of the International Conference on Industrial Engineering and Operations Management
Monterrey, Mexico, November 3-5, 2021

The five proposed improvements represent an approximate total energy saving of 3,296 MJ for a single curing process,
with a total cost for the reconversion of USD 4,178. When the energy-saving versus incurred cost ratio is analyzed, in
the last column of the table, the investment in reducing thermal bridges seems the most convenient modification; it
produces approximately 2.75 MJ / USD but represents only 10.2% of the total energy savings. On the other hand, the
collector roof is the most convenient investment from the total energy savings because energy from the collector roof
is incorporated again into the stove, represents 65.54% with 0.77 MJ / USD invested.

4.3 The financial and socioeconomic evaluation

The financial evaluation determines from the investor's point of view if the income generated by the project outweighs
the costs taking into account the interest rate. The socio-economic analysis establishes if the benefits generated by the
project exceed the costs incurred, from the perspective of the state or society (Mokate, 1994), incorporating social and
environmental aspects not considered in purely financial assessments (Dixon and Pagiola, 1998; Sapag Chain and
Sapag Chain, 2007). Net Present Value (NPV) and Net Present Social Value (NPSV) were used to respectively
evaluate the financial and socio-economic aspects of the investment project with a horizon of 25 years according to
the useful life of a stove.

In Salta, the average production of a conventional stove is ten curing processes per campaign with a rate of 0.1-t cured
tobacco by 1-t fresh tobacco (Dib Ashur, 2013). The price of cured tobacco is 1.89 USD/kg in the domestic market,
with 21% of annual increments, the average of the last ten years.

Because the current Argentine economic framework has high inflation and subsidized energy tariff, the work uses a
more stable framework with zero rates and international energy tariffs in the financial and socio-economic evaluation.
Based on experimental results are defined two comparative scenarios corresponding to conventional and improved
stoves. Table 4 shows the general data and differences between these scenarios.

Table 4: Data of the socioeconomic reconversion project

Current Improved Diff (%)
Production (t/year) 10.00 12.00 20.00
Gas Consumption (m?/process) 706.1 548.02 -22.39
Gas Consumption (m’/year) 7061.0 6576.24 -6.86
Electricity Consumption (MWh/year) 6.0 5.6 -6.67
Curing process time (days) 9.22 7.66 -16.9
CO2 emission (tCO2e/year) 22.4 13.21 -41.03

Current scenario: this is the base case, where the curing process is carried out in a conventional bulk-curing stove that
requires an initial investment of USD 25,000. The inflation rate and prices increase in tobacco are zero. The energy
cost follows the energy tariff of the EIA (2018). The financial opportunity rate is 12% and 10% for the social discount
rate. Improved scenario: the curing process is carried out with the prototype stove and has an initial investment of
USD 29,178. Energy consumption, curing time, and GHG emission decrease according to Table 4 due to the energy
savings. Operating costs, inflation, interest rate, and energy tariff follow the current-base scenario.

The following equation was used in the NPV estimation.

— _JIn. N Fin
NPV] - IO] + ZTI.:I [(1+1)7] (1)
Where NPV is the financial net present value for the scenario j; Io is the investment cost of scenario j; 7 is the number
of years in the project; Fj, is the net cash inflow for the scenario j during the period n (USD/year); r is the discount
rate for the period n.

There are two positive externalities in the NPSV estimation, the annual energy saving and CO2 not emitted. The
avoided emissions were obtained from the GHG emission factor (Dib Ashur, 2013), and its economic valuation
follows the quotation of carbon bonds in the international market. The CO2 emissions into the atmosphere by
remaining energy consumption is a negative externality.

© IEOM Society International 2825



Proceedings of the International Conference on Industrial Engineering and Operations Management
Monterrey, Mexico, November 3-5, 2021

_ N BjntENAjy+EMAj,—EMPj,
NPSV] - _IOI + anl (1+S)"

@)

Where NPSV; is the net present social value for the scenario j; B, is the net cash inflow for the scenario j during the
period n (USD/year); ENA,, is the energy avoided cost for the scenario j during the period n (USD/year); EM A, is
the emission avoided cost for the scenario j during the period n (USD/year); EMP;,, is the emission external cost for
the consumed energy for the scenario j during the period #; s is the social discount rate.

4.4 The feasibility analysis results

The financial analysis results are in Table 5 and the socio-economic in Table 6. The improved stove has feasibility in
the analyzed scenarios, NPV and NPSV bigger than zero, IRR bigger than the discount rate, and payback less than
three years.

According to financial evaluation, the improved stove is more convenient because of increases the net profit by 25.6%,
the NPV by 30.15%, the internal rate of return by 7.59%, and the benefit-cost ratio by 4.23%. The payback of the
investment decreases by 7.04% and occurs in the half of the third year.

Table 5: Financial indicators of investment for current and improved scenarios.

Indicators Current Improved Diff (%)

Rate 12% 12%

Actualized Income $148,235.33 $177,882.40 20.00
Actualized Operating Cost $75,168.24 $86,142.87 14.60
Actualized Net Profit $73,067.09 $91,739.53 25.56
NPV $48,067.09 $62,561.53 30.15
IRR 37% 40% 7.59
BCR 1.48 1.54 4.23
PAYBACK (year) 2.68 2.49 -7.04

In the socioeconomic evaluation concerning the conventional stove, the improved stove increases the net profit by
33.37%, the NPV by 40.9%, the IRR by 14.3%, and the BCR by 7.9%; see Table 6. The investment payback occurs
approximately 0.48 through the third campaign. Compared with the financial analysis, the socioeconomic evaluation
substantially improves all indicators.

Table 6: Financial indicator for socioeconomic analysis in current and improved scenarios.

Indicators Current Improved Diff (%)
Rate 10% 10%
Actualized Income $171.556.06 $209.178.28 21.93
Actualized Operating Cost $91.471.58 $102.371.20 11.92
Actualized Net Profit $80.084.48 $106.807.08 33.37
NPV $55.084.48 $77.629.08 40.93
IRR 35% 40% 14.31
BCR 1.47 1.59 7.95
PAYBACK (year) 2.83 2.48 -12.49

5. Conclusion

An improved prototype of a bulk-curing stove was built using solar technology and other actions for energy-saving
purposes. These adjustments grew the thermal efficiency, decreasing the natural gas consumption and the curing time
of the conventional bulk-curing stove. Concerning a control stove, the results were an energy-saving around 22.3%
and a decrease of 16.9% on the curing time. Concerning the bibliography reference, the energy-saving was 33.1%.
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The main changes in a traditional stove were (a) the conversion of the roof into a solar collector, (b) the accessing of
preheated air from the roof to the heating unit, and (c) the heat recovery from the gas burner. Also, the incorporation
of thermal insulation in the floor, perimeter walls, thermal bridges in the structure, and avoiding air leaks.

Annually and concerning the control stove, the prototype has a 20% increase in production, 6.7% in energy saving,
41.03% of GHG emissions reduction, and 17% less time. The total gas consumption was 22.4% lower than the control
stove, with an average gas consumption was 0.60 m3/kg. The function of weight versus time adjusts with a linear
regression of slope -0.39 % per hour from the initial weight.

The improvements produce approximately 3 x 103 MJ of energy-saving by curing process with USD 4,178
reconversion cost. The collector roof is the most convenient investment from the total energy savings, represents
65.7% with 0.77 MJ by USD invested.

The replacement project has financial and socio-economic feasibility. Compared with the financial analysis, the socio-
economic evaluation improves all indicators. This evaluation increases the net profit by 33.37%, the NPV by 40.9%,
the IRR by 14.3%, and the BCR by 7.9%. The payback of the investment occurs in the half of the third year.

The impact of the improved stove on the tobacco sector is through the energy saving, the decrease in curing time, the
increase in curing number by stove during the campaign, and on environmental protection with the consequent
reduction of greenhouse gases by non-consumed gas. All this declines the production costs, improving the sector's
competitiveness.

Despite these advantages, some barriers to this technology in the local context are the lack of appropriate channels for
dissemination and the unstable socio-economic situation. Previously, the main was the energy subsidy that dismissed
advances in energy efficiency. Besides, there is another cultural barrier from the producers. They have a fixed recipe
for the process based on the final results obtained with a conventional stove. The producer needs concrete evidence
about the new technology, which requires several years.
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