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INTRODUCTION

Getting energy from the combustion of hy-
drocarbon fuels causes serious damage to the na-
ture and health of all living things that populate 
our planet. And fuels come from hydrocarbons 
are not unlimited resource. Particularly the sug-
ar cane industries produce large CO2 emissions. 
CO2 emissions come on the one hand, from the 
combustion of sugar cane waste to obtain steam 
using boilers, and on the other hand, from the 
sugars fermentation for producing anhydrous 
ethanol fuel. The capture and use CO2 to produce 
a new product, such as methanol, constitutes an 
important solution for environmental decarbon-
ization. Methanol is a product widely used in 
the chemical industry to produce formaldehyde, 

methyl-tert-butyl ether and acetic acid [Van-Dal 
et al., 2013]. Methanol also is included a new fu-
els market as a blend with naphtha for producing 
dimethyl ether and biodiesel. [Kim et al., 2011; 
Szima et al., 2018).

The capture and utilization CO2 from chimney 
gases by absorption towers, together with the use 
of solar energy as a replacement for energy from 
hydrocarbon fuels promising ways of obtaining 
eco-friendly energy [Tillahodjaev and Mirzaev, 
2020]. Installing the Photovoltaic modules (PV) 
also known as solar panels on residential prem-
ises is beneficial residents and also for the state 
that will save on hydrocarbon fuel (the main  air  
pollutant)  that  is  burned  for  energy  produc-
tion at thermal power plants [Vladimir et al., 
2014]. Photovoltaic power is the cheapest form 
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of electricity which is generated by interaction of 
the bundles of radiant energy coming from sun, 
known as photons, with the semiconductor mate-
rials in the PV cells [De Lima et al., 2017). These 
photons bundles may be reflected, absorbed or 
transmitted by the PV cell. The absorbed photons 
generate electricity by transferring their energy to 
electrons in the atoms of the PV cell made up of a 
semiconductor material. After receiving the ener-
gy from photons, the electrons in the atoms of the 
semiconductor material become able to escape 
from their normal positions. After leaving from 
their positions, they start flowing to become a 
part of current in the electrical circuit causing the 
formation of holes in the atomic structure of the 
cell to allow other electrons to move [Brar et al., 
2017]. A built-in electric field in PV cell provides 
the voltage needed to drive the current through 
the circuit. The amount of electricity produced by 
a PV cell depends on its size, its conversion effi-
ciency, and the intensity of the light source. The 
conversion efficiency of a PV cell may be defined 
as the proportion of radiant energy converted by a 
cell into electrical energy, relative to the amount 
of radiant energy that is striking the PV cell [Re-
ges et al., 2016]. The Photovoltaic cell can pro-
duce around 0.5V of electricity, so a few small 
PV cells are connected and assembled to form 
a PV modules or panels which absorb the solar 
radiation and generate usable electrical energy. 
The solar panels generate direct current electric-
ity (DC) which is converted into alternating cur-
rent (AC) with the help of an inverter to make 
it usable to fulfil the household energy needs or 
to feed the electrical grid. A PV module is the 
smallest PV component sold commercially and 
can range in power output from about 10 watts 
to 500–700 watts. Two or more PV modules can 

be assembled as a pre-wired, field installable unit 
to form a PV array [Aoun et al., 2017; Brar et al., 
2017]. A general structural diagram of the solar 
energy system for residence including photovol-
taic panels is presented in Figure 1.

Two kinds of solar modules or panels have 
been widely used: polycrystalline and single or 
monocrystalline crystal panels. Differing between 
them in the varieties of silicon semiconductor used 
for their manufacture. The Polycrystalline mod-
ules are most used today, and they composed by 
several silicon crystal rods which are melted and 
then poured into a square mold (Figure 2b). The 
purity of the silicon crystals rods is not as pure as 
the monocrystalline solar cells; therefore, the re-
sulting solar cells are not identical to each other 
that seems formed of broken glasses. Its efficiency 
is lower than monocrystalline panels, ranging be-
tween 13% to 16%. The square shape, if it is ar-
ranged to form solar panels, will be tight and there 
will be no wasted empty space like the arrangement 
of the monocrystalline solar panels. The manu-
facturing process is easier than monocrystalline; 
therefore, the price is cheaper [Sugianto, 2020].

The Monocrystalline panels are made by cut-
ting into thin plates of artificially grown silicon 
crystal (Fig. 2a). This technology produces solar 
cell pieces that are identical to each other and high 
performance. So, this type of solar cell becomes 
more efficient than other of solar cells, achieving 
efficiency values between 15% to 20%. The high 
price of pure silicon crystals and the technology 
used increases the price of this type of solar pan-
el compared to other types of solar panels on the 
market. The drawback is that this type of solar 
cell if arranged to form a solar module (solar pan-
el) will leave a lot of empty space because solar 
cells like this are generally hexagonal or round, 

Figure 1. Basic diagram of PV energy system for residence (modified from: Tillahodjaev and Mirzaev, 2020)



149

Ecological Engineering & Environmental Technology 2024, 25(12), 147–157

depending on the shape of the silicon crystal bars 
[Sugianto, 2020]. The objective of this study is 
designing a solar system for replace the ener-
gy from hydrocarbons fuels used at the stage of 
methanol distillation.

MATERIALS AND METHODS

In this study the raw material to produce 
methanol is CO2 released to the atmosphere by 
the combustion of sugarcane waste solid (ba-
gasse). The process considers a methanol plant 
attached to a sugar industry, located at northeast-
ern Ecuador, which processes 1.25 million tons 
of cane per harvest. The bagasse is combusted 
to heat the reboiler which produce steam. From 
this combustion is generated 39521.64 kg.mol/h 

chimney gas flow rate, whose Orsat analysis re-
ported in Table 3 presented an average content 
of 8.8% molar CO2. The chimney gases released 
of combusted bagasse are washed at 30 °C in 
scrubbers (wet filters) leaving free of solids par-
ticles. Posteriorly, these gases are treated in an 
absorption tower where CO2 is absorbed using 
as solvent monoethanolamine (MEA) aqueous 
solution 30%W [Meunier et al., 2020; Van-Dal et 
al., 2013; Li et al., 2016]. The Figure 3 present a 
flow diagram of CO2 capture stage.

Solvent enriched in CO2 leaving of absorption 
tower is send to regeneration column, previous 
pressurization and heating to bubble temperature, 
to recover monoethanolamine and recycle to the 
absorption column. The CO2 recovered from the 
regeneration column top is constituted mainly 
CO2 and vapor of water. Water vapor is condensed 
and separated by flash distillation, achieving pu-
rity level CO2 around 99.8%. Purified gas CO2 is 
fed to the methanol plant.

Methanol production

Purified CO2 is fed to the methanol plant along 
with the hydrolysed hydrogen following the pro-
cess recommended by Pérez Fortes et al. [2016].  
At first stage of the process, the feed gases (hy-
drolysed H2 and purified CO2) are compressed 
achieving the reactor feed pressure, using several 
compression and cooling stages. At second stage 
the pressurized feed is heated and reacted in the 
reactor obeying the reactions A and B, obtaining 
methanol product and water as subproduct. 

Figure 2. Monocrystalline (a) and polycrystalline, 
(b) solar panels (modified from Sugianto, 2020)

Figure 3. Capture & purification CO2 of chimney gases from combusted sugarcane bagasse 
(modified from: Cuezzo et al., 2021)
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 CO2 + 3H2 → CH3OH + H2O (A)

 CO2 + H2 → CO + H2O (B)
The stream leaving of the reactor is directed 

to a flash distillation where the mixture meth-
anol-water suffers a first water separation. The 
condensed of flash distillation is a mix meth-
anol-water with methanol 61.7%W. At third 
stage, the mixture of methanol 61.7%W is fed a 
distillation column where will continue the puri-
fication of methanol. At third stage, the methanol 
is separated from water in a distillation column, 
and this stage will focus the energy study for the 
design of the solar energy system. The reactor 
and distillation column conditions are presented 
in Figure 4.

Energy consumption

To calculate many types of properties of 
mixtures required in the energy balance, such as 
molecular weight (Mmix), heat capacity (Cpmix) or 
temperature (Tmix), the mixing ruler (eq. 1) is ap-
plied considering the ideal nature of the solution 
methanol-water. Properties of pure compounds 
(Mi, Cpi, etc.) have been taken to average tem-
perature T, being T = (To + Tf)/2, between the 
temperatures of fluid enters To and leaves Tf of 
the heat exchanger. These values  have been 
used for application of the mixing ruler. Exam-
ples of the conversion of mass fraction values 
(X) to molar fraction (x) are expressed by the 
Equations 2 and 3:

 Mmix = ∑xiMi, Cpmix = ∑xiCpi, Tmix = ∑xiTi (1)

 xmethanol = (Xmethanol/Mmethanol)/
 [(Xmethanol/Mmethanol) + (Xwater/Mwater)] (2)

 xwater = (Xwater/Mwater)/ 

 [(Xmethanol/Mmethanol) + (Xwater/Mwater)] (3)

 Load actual = (Qexchanger A) = m·(Tf-To)·Cpmix (4)

The energy consumption (Loadactual or Q) is 
computed through an energy balance around each 
exchanger equipment by equation 4, using the in-
let (To) and outlet streams temperatures (Tf), mass 
flow rate (m) and heat capacity (Cp). For the com-
pressors and pumps, the technical data give us the 
load actual per device.

Design of energy system

Solar panels of monocrystal silica with watt-
age values around 500 W were used in this design 
following recommendations by Ed [2019] for 
grid-connected solar energy. The technical sheet 
presents the specifications for different parame-
ters of the solar panels and inverter (Table 1).

To calculate the number of the solar panels 
Np using equation 6, previously is necessary 
calculate daily array size in Watts by equation 5 
proposed by Kayode and Enock [2022]. Where, 
PW value is the total daily consumption power 
obtained from the summation of monitored Load 
actual (Table 5).

The system’s efficiency derate factor or over-
all efficiency factor E = 0.66 has resulted of the 
multiplication of security factors due to temper-
ature losses (0.88), inverter efficiency (0.96) and 
general system derate factor (0.774) [Ed, 2019]. 
Daily peak sun hours (PSH) are in function of the 
geographic region. PSH value represents the solar 
insolation hours per day which reaches at 1000 
W/m2, being 4.5 for northeastern zone of Ecuador 
[https://info.undp.org/docs/pdc/Documents].

 Daily array size = PW/[(PSH)×E] (5)

Table 1. Data of technical sheet
Solar panel Inverter

STC Power (Pmp) 500 W Nominal voltage 600 V

Maximum power voltage (Vmp) 53.94 V MPPT voltage range 200V–1000 V

Maximum power current (Imp) 9.27 A N° of MPP trackers 7

Open circuit voltage (VOC) 65.92 V N° PV strings/MPP trackers 2

Short-circuit current (Isc) 9.77 A Power 80 kW

Temperature coefficents
TkVoc -0.308% °C Max.input current/MPP tracker 26 A

TkVmp -0.42% °C Max.short circuit current/
MPPtracker 32 A

Material Mono crystal silica panel Type String inverter

Note: https://powersyncenergy.com
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 Np = Daily array size (Watt)/ 
 (Watt of solar panel) (6)

Inverter sizing

The following step is determining the invert-
er sizing. The selection of the inverter power 
should consider direct current (DC) voltage pro-
duced from panels remains within the voltage 
range of the inverter. The maximum and mini-
mum number of panels or panels in series that 
can be connected to the inverter are calculated 
for equations 7 and 8. These equations are in 
function of corrected voltage VOCmax and  Vmpmin 
(Eq. 9 and 10), where the ambient temperature 
is a critical factor [Ed, 2019; Osterberg, 2013]. 
VOCmax is maximum module voltage corrected 
for the site lowest expected ambient tempera-
ture, Vmpmin is minimum module voltage expect-
ed at site high temperature. Tmin and Tmax are the 
minimum and maximum ambient temperature 
achieved at location where the inverter is in-
stalled, fluctuating for northeastern zone of Ec-
uador, values   between 23°C and 38°C [https://
www.researchgate.net/publication/338843581_
Mapa_Solar_del_Ecuador_2019]. TSTC is the 
STC temperature at 25°C [STC is an indus-
try-wide standard to indicate the performance of 
PV modules and specifies a cell temperature of 
25°C and an irradiance of 1000 W/m2 with an air 
mass 1.5 (AM1. 5) spectrum].  TkVOC and TkVmp 
values are maximum and minimum temperature 
coefficients and Tadd is adder temperature for es-
timating solar module cell. Table 2 presents rec-
ommended values for Tadd:

 Panels or series panelsmax =  
 max.voltage MPPT of inverter/VOCmax(7)

 Panels or series panelsmin =  
 min.voltage MPPT of inverter/Vpmmin(8)

 VOCmax  = VOC·[1 + (Tmin – TSTC)·TkVOC] (9)

 Vmpmin = Vmp·[1+
 + ((Tadd + Tmax – TSTC)·TkVmp)] (10)

Appling the upper equations are obtained 
VOCmax and Vpmmin for this study. The maximum 
and minimum panels or series panels would be 
wired to inverter are calculated following:
 VOCmax = 65.92 V · [1 + (23 °C – 
 – 25 °C) · (-0.308/100) °C] = 66.32 V 

 Vpmmin = 53.94 V · [1 + (30 °C + 38 °C – 25°C)· 
 (-0.42/100) °C] = 44.198 V 

 Panels or series panelsmax =  

 = 1000/66.32 = 15 panels 

 Panels or series panels min = 
 = 200/44.198 = 5 panels 

Other quickly method to estimate minimum 
and maximum number of panels is by division of 
the minimum and maximum values of the operat-
ing voltage range of the inverter per open voltage 
circuit (VOC) (Eq. 11 and 12). Data of the solar 
panel were taken from technical sheet (Calculat-
ing Solar PV String Size - A Step-By-Step Guide 
- SolarDesignGuide)
 Panels or panels seriesmax: 
  max.voltage MPPT/VOC panel (11)

 Panels or panels seriesmin:
 min.voltage MPPT /VOC panel (12)

 Panels or panels seriesmax =
 = 1000/65.92 = 15.16 panels 

 Panels or panels seriesmin = 
 = 200/44.198 = 3 panels 

For panels in series, the voltage (Vserie) and 
current (Aserie) are calculated obeying the series 
circuit’s law (Eq. 13 & 14), where Vi and Ai are 
the voltage and current for each panel respective-
ly.  For inverters or panels connected in parallel, 
the voltage (Vparallel system) and current (Aparallel system) 
are calculated by equations 15 & 16. The power 
of a inverters system connected in parallel is cal-
culated by equation 17 where Pi is the power of 
each inverter and Ni the number of inverters.
 Vserie = ∑Vi (13)

 Aserie = Ai (14)

 Vparallel s = Vi (15)

 Aparallel = ∑Ai (16)

 Power inverter system = Pi·Ni (17)

Table 2. Adder temperature for estimating solar system
Location Adder temperature

Poler or ground 25°C

Tilted racks on roof 30°C

Roof mount 35°C

Note: Ed, 2019.
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RESULTS AND DISCUSSION

The process of methanol production

Results of Orsat analysis of the chimney gas-
es composition released from burned bagasse, are 
presented in Table 3.

The Orsat results reported in Table 3 indicate 
levels CO2 8.8% molar, in accordance with other 
studies about chimney gases released from direct 
combustion of sugarcane bagasse, where CO2 into 
range 7–10% molar [Shukla and Kumar, 2018]. 
Although this CO2 level represent a significant 
amount of CO2 present as pollutant air of environ-
mental point of view, other significant pollutant 
emitted by bagasse-fired boilers is particulate mat-
ter, caused by the turbulent movement of combus-
tion gases. Bagasse generally contains 50% fiber, 
48% moisture and 2% sugar which couldn’t be ex-
tracted [Chauhan et al., 2011] even if the compo-
sition of combustion gases depends on the nature 
and amount of cellulose content of the combusted 
sugarcane. The high energy emitted from com-
busted bagasse is used in our process,  for heating 
water, producing steam of high quality as also was 
experimented by Sotiris [2020].

The results reported after absorption and 
flash distillation (Fig. 3), revealed improving of 
the purification of CO2 fed from 8.8 to 99.8% 
mol, indicating excellent efficiency in the sepa-
ration processes and correct selection of solvent 
for absorption (Monoethanolamine; MEA). The 
high CO2 absorption in Monoethanolamine is due 
to the formation of carbamate according to the 
zwitterion mechanism, followed by the hydration 
of CO2 to form HCO3

–/CO3
2–, and accompanied 

by the hydrolysis of carbamate [Lv et al., 2015]. 
This mechanism convert MEA in a suitable sol-
vent for the absorption operation, complemented 
by flash distillation to eliminate traces of steam. 
Similar levels of purity of CO2 were observed 
by Cuezzo et al. [ 2021] for carbon dioxide ab-
sorbed from chimney gas using MEA. Purified 
CO2 is reacted with hydrolysed hydrogen to pro-
duce methanol (Figure 4). For best synthesis of 
methanol and separation from water, the method 
applied consider the stages of compression with 
intercooling, reaction, and distillation at ambient 
pressure. The compression incorporates abrupt 
reduction of pressure, innovation of this work, 
which improving similar method used by Perez 
Fortes et al. [2016].

Table 3. Orsat analysis of the chimney gases of bagasse combustion
N2 H2O CO2 CO O2

62.26%* 22.07% 8.8% 0.0189% 6.95%

Note: *Mol percentage.

Fig. 4. Plant of methanol production (modified from Cuezzo et al., 2021)
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The fed, F = 151171 Kg/h enters to the dis-
tillation column (Fig. 4; distillation stage), com-
ing from the flash distillation. Fed stream F is 
a mixture, consisting mainly of methanol and 
water.  Analysis of fed enters to distillation col-
umn, reveal compositions of 61.7% Wmethanol and 
38.3%WH2O. Presenting the fed characteristics of 
ideal solution (sol. ethanol-water) due to its com-
plete solubility between both components, which 
allow estimate the properties of mixture applying 
mixing ruler equation (eq.1), specific for ideal so-
lutions. This behaviour occurs because methanol 
and water have similar properties because both 
have hydroxyl groups that can form hydrogen 
bonds. Methanol forms a hydrogen bond with 
water and is therefore miscible (soluble in all pro-
portions) in this solvent [Huertas et al., 2015]. At 
the stage of methanol distillation by column (Fig. 
4), the purity of methanol improved from 47.5 to 
99.2%mol, indicating that conditions of reflux 
(1.20), feed (80 °C), condenser pressure (1 atm) 
and number of plates (57 trays) found for our pro-
cess were optimal.

Energy consumption at distillation stage

The consumption energy analysis required for 
the design of the energy solar system, will focus 
on the stage of methanol distillation due to it re-
quires a high demand of energy used for the heat 
exchangers systems (Fig. 4; distillation stage).

Usually, the load actual consumption, ex-
pressed in Watts, is calculated with the wattage 
data taken from the technical sheets of electrical 
equipment. But an interesting contribution of this 
work is the conversion of the kinematic energy 
of exchangers currents into calorific energy and 
posteriorly load actual consumption, through heat 
balances (Equations 1 & 4). So, the following 
example illustrates the calculation of load actual 
for the heat exchanger A. The values of load ac-
tual are multiplied per the working hours/day to 
obtain daily consumption at kW·h/day; whose 
summation expresses total daily consumption 
presented in Table 4.
 Cpmix = 0.48·(2.84 kJ/kg°C) + 
  + 0.52·(4.2 kJ/kg°C) = 3.54 kJ/kg°C 

Table 4. Total daily consumption power (PW) from results of energy consumption at the stage of column distillation 
process

Device Quantity Loadactual (kW) LoadTotal (kW) Operatingtime (h/day) W·h/day

Compressors 3 75 225 8 225·8 = 1800

Centrifuge pump 4 2.24 9 8 72

Heat exchanger A 1 4.1 4.1 8 32.8

Heat exchanger B 1 0.34 0.34 8 2.72

Heat exchanger C 1 2.8 2.8 8 22.4

Condenser D 1 0.36 0.36 8 2.88
Total daily consumption 
power

PW = ∑1932.8 kW·h/day
Daily array size (required consumption) = 650 kW

Note: kW = kilowatt.

Fig. 5.  Example of two chains of panels in series, which are connected parallelly to a string grid inverter. Each 
chain is constituted of 5 panels (taken from: www.energy2Store.hr/en/)
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 Load actual = 92434 kh/h· 
 ·(80–35)°C (3.54 kJ/kg°C)·3600 s/h = 4.1 kW 

Comparing total daily consumption at distil-
lation stage, 1932.8 kW·h/day, with other energy 
studies for sugar industries analysed by Cuezzo et 
al. [2019], it would represent approximately 25% 
of total consumption energy of the process of 
synthesis of methanol. Energy consumption that 
could be saved from hydrocarbon fuels combus-
tion, following the proposal of this study, which 
considers including a photovoltaic solar system 
for this distillation stage.

Design a solar energy system

Daily array size and number of solar panels 

Minimization of CO2 pollution was achieved 
in a first stage by obtention of methanol from 
CO2 released during the combustion of bagasse. 
Continuing with the objective of reducing envi-
ronmental carbonization, the energy from fossil 
fuels required at distillation stage of methanol, 
is replaced by solar energy from the photovoltaic 
system designed for our process.  Distillation was 
the selected stage because is one of the most criti-
cal in terms of environmental pollution. So, we 
choose photovoltaic solar panels because it is the 
technology which is heading the solar integration 
to industry in a big part of the world. Monocrystal-
line silica solar panels with wattage values around 

500 W were considered, following recommenda-
tions discussed by Ed [2019] for grid-connected 
solar energy and panels of high power available in 
the market. Panels of monocrystalline silica were 
selected because its property of magnify the inlet 
micro power by the relatively constant production 
of electricity, by mean of semiconducting materi-
als with a photovoltaic effect, and the possibility 
to use the stored electrical energy even in absence 
of sunlight [Quijera et al., 2011; Li et al., 2005]. 
Additionally, they have a slightly higher efficiency 
to convert solar energy into electrical energy, 20% 
more than polycrystalline panels, meaning they 
can produce more energy per unit area. The results 
of Equations 5 and 6 used by Kayode & Enock 
[2022] to determine the daily array size and num-
ber of solar panels (Np) are shown in Table 5 and 
illustrated following:

 Daily array size(required consumption) = 
 = (1932.8 kW·h/day)/[(4.5 h/day)·0.66)] =  
 = 650·103 W = 650 kW Np = (650·103 W)/ 
 (500 W/panel) = 1300  solar panels  

An array with a series string of 1300 modules 
can produce 650 kW, being able to supply the re-
quired energy.

Size of the inverter

Including an inverter in the design of a solar 
system is necessary to convert the direct current 

Table 5. Results of voltage, current and power for different proposal arrangements for a design of solar energy 
system

Proposal

Series 
wired 

parallelly 
per 

inverter

Panels 
per 

series

Voltage per
serie

(eq.13)

Current
per 

Serie

Voltage 
per 

inverter

Current per 
inverter
(eq.16)

Wattage per 
inverter(eq.17)

Panels 
per 

inverter

Number of 
inverters

Total wattage of 
inverters wired 

parallel
Observation

1 15 15 65.92·15 = 
989 V 9.27 A 989 V 15·9.27 =

139.1 A
989V·139.1A =

137.56 kW
15·15 =

225
1300/225 =

6 - ** Non-viable

2 15 10 65.92·10 = 
659.2 V 9.27 A 659.2 V 15·9.27 =

139.1A
659.2V·139.1A =

91.69 kW
15·10 =

150
1300/150 = 

9 - ** Non-viable

3 15 9 65.92·9 = 
597.28 V 9.27 A 597.28 V 15·9.27 =

139.1A
597.3V·139.1A =

82.52 kW
15·9 =

135
1300/135 =

10 - ** Non-viable

4 15 8 65.92·8 = 
527.2 V 9.27 A 527.2 V 15·9.27 =

139.1A
527.2V·139.1A = 

73.33 kW
15·8 =

120
1300/120 =

11
80 kW·11 =

880 kW
+ Viable

Comparation between values estimated and calculated of maximum and minimum number of panels or panels in series wired to inverter

Max. 
series 
wired 

inverter

15 → 15.2 →
Results using corrected 

equations 7 & 8 40.52V VOCmax 
23.34V Vmpmin

→ %Margin of difference = 100·(15.2–15)/15 = 0.8%

Min. 
series 
wired 

inverter

5 → 3 → Results estimated using 
equations 11 & 12 → %Margin of difference = 100·(3–5)/5 = -40%

Required wattage and panels for the design of solar system: 650 kW and 1300 panels, technical data: Solar panels 500W; VOC = 65.92 V; 9.27A; 
String inverter: 80 kW, MPPT voltage range: 200–1000 V

Note: +viable because it is within range of the nominal voltage, power and current of the inverter; ** non-viable 
because exceeding the nominal range of voltage or power of the inverter.
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electricity (DC) produced by the solar array to 
alternating current (AC) electricity. Result of 
Equation 5 shows a high daily array size 650 kW, 
which should be covered. For this reason, string 
grid inverters 80 kW of high power available on 
the market, were used to cover more easily re-
quired wattage in this study (650 kW). The use 
of grid inverter in accordance with Sunitha et al. 
[2017], was also taken account for design of high-
ly efficient solar system. Table 5 shows different 
arrangements of panels series could connect to 
inverter for cover the required consumption (650 
kW). So, the versatility and viability to connect 
this type of inverters in parallel to build system 
current, will allow to wire the 1300 solar panels 
required to cover the daily array size, by connect-
ing chains of panels in series and parallel. Taking 
account that these chains obey series and paral-
lel’s laws, working as same way (Equations 13, 
14, 15 and 16). 

So, if there is a problem with the connec-
tion of one of the panels in the series, the en-
tire circuit fails. While a faulty panel or a loose 
wire in a parallel circuit would not affect the 
production of the rest of the solar panels. The 
results of Table 5 reveal maximum 15 and mini-
mum 5 number of panels or panels series would 
be wired to the inverter. Corrected values of 
66.32 V VOCmax(maximum module voltage cor-
rected for the site lowest expected ambient tem-
perature) and 44.198 V module Vmpmin (mini-
mum module voltage expected at the site high 
temperature) were used to determine the limit 
of solar panels. These values were corrected to 
environmental temperature of northeastern zone 
of Ecuador (max 38 °C & min 23 °C) and Tadder 
value 30oC was used to determine Vmpmin, which 
is recommended for tilted rack on roof [Oster-
berg, 2013]. The results of Table 5 shows clearly 
that the arrangement # 4 (73.33 kW), is the most 
viable arrangement, because they do not exceed 
80 kW of the inverter. For increasing the wattage 
of the system and cover the required 650 kW, 
parallel connections of the inverters were used. 
So, following the optimum results of arrange-
ment #4, 11 inverters 80 kW wired in parallel 
should be required. The distribution should be: 
15 solar panels chains connected parallelly to 
an inverter, and each chain is constituted 8 solar 
panels connected in series. Figure 5 presents an 
example of two chains of solar panels in series 
wired in parallel with a string inverter.

The estimated values of panels in series 
would be connected to inverter, obtained by 
equations 11 and 12, differ -8% and  40% of max-
imum and minimum number of panels calculated 
by corrected voltage equations 7 & 8 (VOCmax and 
Vmpmin). This corrected equation is more accura-
cy because the minimum and maximum levels of 
ambient temperature is a factor affects the invert-
er. A high temperature, which results in high so-
lar cells temperature, can result in array voltage 
loss. But while low environmental temperatures 
can result in increased array voltage production. 
Failure to achieve the minimum voltage due to 
high temperatures results in inverter shut down.  
Likewise, exceeding the maximum voltage due 
to low temperatures also results in the inverter 
going offline, and produce damage in the inverter 
[Osterberg, 2013].

Although in this work, the photovoltaic de-
sign was done for the methanol distillation stage, 
which demands high energy consumption, the 
same analysis may be applied to all processes in 
plant, with the consequent readjustment of the 
wattage of the solar system design.

CONCLUSIONS

This study reduces 25% of the required en-
ergy from fossil fuels, which is necessary to 
carry out the distillation stage of methanol, by 
implementation of photovoltaic system (PV). 
The process conditions found in this study were 
optimum. At the stage of capture and absorption 
CO2, the best solvent and concentration identi-
fied was Monoethanolamine (MEA) at 30%. So, 
CO2 stream fed to the methanol plant, improved 
its purity   from 8.8% mol to 99.8% mol. At the 
methanol plant, the innovation of the method by 
abrupt compressions at 2.2 bar, in the compres-
sion and intercooling system, was successful, 
facilitating cooling of the feed to the distilla-
tion column. High purity of distilled methanol 
(99.92% mol) was achieved in a distillation col-
umn of 57 trays, 80 °C feed temperature, 1 amt 
condenser pressure and 1.2 reflux ratio. 

Regarding the photovoltaic design, the results 
of this analysis revealed that to cover 650 kW re-
quired at the distillation stage, 1300 solar panels 
of 500 W each one, and monocrystalline silica 
material are needed. From analysed arrange-
ments, all of them, the best one corresponds for 11 
grid string inverters, each one 80 kW, connected 
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between them in parallel. Fifteen strings of panels 
in series are connected each inverter. Each string 
of panels is constituted 8 panels. With this design, 
the required consumption 650 kW would be cov-
ered, without exceeding the nominal voltage of 
the inverter.

The results showed that the difference of er-
ror percentage between the estimated and cal-
culated values   of the maximum and minimum 
number of strings that can be connected to the 
inverter, are 8% and 40% respectively. It indi-
cates the notable effect of temperature, which 
should be taking account on the calculation of 
the panels’s numbers, especially in tropical cli-
mates such as Ecuador. 

Although processed CO2 represents almost 
the entire amount of this compound present in the 
emission gases of burnt bagasse, it only corre-
sponds 5% mixture of combustion gases, which 
is not enough to slow down environmental pollu-
tion. However, this novel study revealed an inte-
gral method, processing CO2 and inclusion solar 
energy, for reducing environmental pollution, 
that could be carried out with the other compo-
nents of the flue gas. The application of work is 
encouraging because opens a new perspective for 
the integration of clean energy; and the imple-
mentation of processing policies for combustion 
gases emitted in the distinct stages of production. 
Becoming a challenge in the field of chemical 
engineering a way of energy saving and environ-
mental conservation.

This work does not contemplate the study of 
batteries for keeping solar energy produced by the 
photovoltaic system, presenting difficulties dur-
ing recharging these devices. The analysis of the 
design of these devices, should be the subject of 
study for future research.
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