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In Iran, due to the problems and constraints of fossil fuels and the need to maximize the use of solar potential,
one of the best ways is the application of photovoltaic systems integrated with buildings. Due to the significant
dependence of solar cell performance on the availability of radiation, it is necessary for architects to have an
accurate assessment of the amount of electricity produced in different conditions. Therefore, in the present
work, using HOMER software, the energy-econo-Enviro (3E) potential of a Building Integrated Photovoltaic
(BIPV) in Abadan was studied. The effect of slope and azimuth of solar cells as well as cloudiness and system
losses were investigated using sensitivity analysis. The results showed that the PV-grid system was the most

Keywords:
B“’;VV’ economical option and after the azimuth angle of zero degree, the positive azimuth angle was the most
HOMER, economical. The results also showed that the slope of 30 degree and the angle of azimuth equal to zero was

appropriate, for which the price per kWh of generated electricity was calculated to be $0.09. For the use of
solar cells in the vertical wall of the building, the southwest direction was the most suitable and based on the
results, it was suggested that the western wall of the building should be in the form of “inclined PVs with
windows”. The authors of this paper hope that the results of the present work can be used by architects and

COz Emission,
Photovoltaic,
3E Analysis

energy decision-makers as a guide in developing the BIPV use in Iran.

https://doi.org/10.30501/jree.2021.262420.1173

1. INTRODUCTION

About half of the world’s energy consumption is allocated to
buildings, which makes buildings the largest energy
consumption source in the world and they are equally
important sources of carbon dioxide emissions and play an
important role in environmental pollution [1-3]. Therefore, it
is necessary for architects to reduce the emission of
environmental pollutants by constructing efficient buildings
that require less energy for cooling, heating, and lighting [4].

The advantage of integrated photovoltaics over more
common non-integrated systems is that the initial cost for the
former can become negligible by purchasing cost-effective
building materials and deactivating some of BIPV modules’
functions [5]. Compared to other methods that use
photovoltaics, some other unique features of BIPV in
buildings include shielding against adverse weather
conditions, light purification, prevention of heat loss, and
non-requirement of space for installation of modules [6].
These advantages make BIPV one of the fastest growing
systems in the photovoltaic industry.

To design and employ building elements such as walls,
windows, and awnings, designers usually pay much more

*Corresponding Author’s Email: jahangiri. m@iaushk.ac.ir (M. Jahangiri)
URL: https://www.jree.ir/article_135329.html

attention to the geographical latitude of the place and climate,
neighborhoods, sizes, etc. For designing and combining
photovoltaics with buildings, one should also be mindful of all
the necessities and delicacies required for the design process
[7]. In case of designing a building based solely on climatic
conditions of a place and integrates the photovoltaic system
with the building properly to ensure a suitable view, the
architect should emphasize the element of residents’ comfort
in association with building conditions and make it a
self-sufficient building [8-11].

One-third of BIPV projects belong renovation projects while
the other two-thirds to new buildings. Half of the BIPV
components are used in the facade, one third in the ceilings,
and the rest in combination in the roof and facade [12]. In
2019, about 9 % of the global PV and construction markets
were allocated to BIPV, which required much more attention
to this issue [13]. According to the statistics given in Figure 1,
Japan, France, and Italy are the leaders in the use of BIPV. At
the end of 2018, the installed BIPV capacity for these
countries was 3, 2.7, and 2.5 GW, respectively [14].

According to Figure 2 concerning the BIPV market forecast
[15], the investment cost in this sector will reach about 11600
million dollars in 2027. In addition, the commercial and
residential sectors will be accounting for a very large share of
investments and the industrial sector will have a small share.
In Iran and around the world, despite the enactment of laws to

Please cite this article as: Rahmati Dehkordi, S. and Jahangiri, M., "Sensitivity analysis for 3E assessment of BIPV system performance in Abadan in
southwestern Iran", Journal of Renewable Energy and Environment (JREE), Vol. 9, No. 1, (2022), 1-12. (https://doi.org/10.30501/jree.2021.262420.1173).
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reduce buildings’ energy waste, unawareness of housing
professionals about new technologies and materials and,
sometimes, wrong management policies in the field of
construction have marginalized the use of BIPV technology in
architecture [7]. Therefore, since most of Iran’s regions enjoy
significant radiation potential [16, 17], the use of BIPV in Iran
is quite reasonable.

\0:50@ £ Japan
0.6 3 3 France
Italy
GW North America
25 @ Rest of Europe
@ China

27 @ Rest of the world

Figure 1. Leading countries in the use of BIPV [14]
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BIPV in Commercial
Figure 2. BIPV market forecast by 2027 [15]

I BIPVin Residential BIPV in Industrial

The following is a review of recent research works on the
use of BIPV in different countries. Given that the present
work involves simulation, relevant studies have been
considered.

Kuehner et al. (2017) [18] explored the possibility of
developing BIPV in Switzerland. Hourly energy demand of
the buildings was estimated using CitySim Pro software and
then, by using HOMER Pro software, a number of procedures
including optimization, performance evaluation, etc. were
performed for different BIPV capacities. According to the
results, full reliance on renewable energy is not yet realistic
due to its random nature and that the use of daily and seasonal
storage systems is also very important. With a Cost of Energy
(COE) estimated at 0.183 $/kWh and a renewable energy
fraction of 47 %, a scenario based on the simultancous
production of biomass through a BIPV-wind turbine battery
was introduced as the most proper option.

Tadesse (2017) [19] evaluated the design of an off-grid
BIPV system and carried out a feasibility analysis on it for the
University of Bahir Dar in Ethiopia using HOMER software.
The goal was to supply 76 kWh/day of electricity with a peak
load of 12 kW. With a total NPC of $176815 and a COE of
0.558 $/kWh as the result of the most economical scenario
under consideration, there will be an economic saving of
$40185 over 25 years compared to using the national
electricity grid.

Aclenei et al. (2018) [20] investigated the energy production
potential for a building equipped with 12 kW solar cells on the
facade and 12 kW solar cells on the roof in Portugal. They
examined the effect of adding batteries while the systems
under study were connected to the national electricity grid.
The results showed that if a battery with a capacity of 13.5
kWh was used, the best economic result would ensue such
that the total Net Present Cost (NPC), rate of return on
investment, and the annual electricity sold to the grid were
1416.1 Euros, 8.1 years, and 12737 kWh, respectively.

Ramanan et al. (2019) [21] evaluated the performance of a
grid-connected BIPV system for residential buildings in
southern India. Using HOMER software, they investigated the
effect of the slope of the solar modules and their azimuth
angle. The results of the analysis showed that the optimal
orientation for the installation of solar modules would be the
facade and the eastern wall, while a sloping roof was
recommended for the southern wall, because the annual
energy rates produced for the 90 degree slope of solar cells in
the south, east, and west directions were 1050 kWh, 1198
kWh, and 1150 kWh, respectively.

Zomer et al. (2020) [4] evaluated the performance of a BIPV
in Brazil under partial shading from architectural perspectives.
Three different PV types with different slopes and azimuth
angles were studied. The simulations were performed using
PVSyst commercial software. Comparisons between actual
measured data and simulations pointed to the good agreement.
Among the studied modes, the one with a bus station roof
enjoying an installed capacity of 2.44 kW, an annual
production of 1.503 kWh/kWp, and a performance factor of
92 % was the most appropriate configuration for the
conditions under study.

Ni et al. (2020) [22] used the PVsyst and HOMER software
to design and economically configure a BIPV system in
China. In the first stage, using PVsyst software, according to
the geographical location of the building and the operational
characteristics of the load, suitable PV modules and the
required area for the modules were selected. Then, using
HOMER software, they looked into the total installation and
operation costs, battery life, and so on. The results showed
that using a system consisting of 6 kW PV cells with a total
NPC of $22326 would achieve a solar power generation at a
cost of 0.406 $/kWh. For this system, a battery with a lifetime
of 20 years based on its performance was considered.

Based on the above findings and other implications, it can
be realized that the environmental impact of using BIPV
systems has not been studied or done. Therefore, for the first
time, the present studied investigated the techno-econo-enviro
performance of a BIPV system in Abadan city located in
Khuzestan province in southwestern Iran. One-year analyses
were performed through HOMER software and sensitivity
analysis was applied to effective parameters. Although the
present work is a case study, the proposed method can be used
anywhere in the world for BIPV analysis, energy simulation,
and calculations and performance comparisons of different
configurations.

2. DIFFERENT TYPES OF BIPV

In the BIPV building, the architect can use six modes to
ensure its full integration:“saw-toothed north light roof”,
“Atrium”, “Vertical with windows", “inclined wall with

EERNT3

windows”, “inclined PVs with windows”, and “fixed shadows
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for walls” for wall and roof [23]. These modes are shown in
Figures 3 to 8.

The six modes shown in Figures 3 to 8 and their impact on
building performance are briefly described [23]. The skylight
on the roof greatly reduces the need for electricity during the
day by providing indirect lighting, and if combined with
photovoltaics, they can also meet the need for night lighting.
In the BIPV building with the aim of integrating photovoltaics
with the roof, the architect can design the roof in the form of
toothed skylights integrated with photovoltaics or replace
translucent photovoltaic panels with glass and skylights and
atriums (Figures 3 and 4). In a photovoltaic system integrated
with a fagade, heat penetration is prevented, electricity is
generated, and the view to the outside and the provision of
natural light are achieved (Figures 5 and 6). Photovoltaic
panels can be used in combination with the building as
Shadowing, Louver or Light-shelf (Figures 7 and 8). In this
case, by installing sloping and horizontal canopies, there is no
direct radiation into the space, which reduces the load of
cooling equipment and provides partial electricity required for
cooling equipment.

Figure 6. Inclined wall with windows

Figure 3. Saw-toothed north light roof

Figure 4. Atrium Figure 8. Fixed shadows
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3. THE CITY UNDER STUDY

As can be seen in Figure 9, in the hot and dry climate of
Abadan, radiation on the walls and ceiling has a great role in
increasing the cooling load of the building; therefore,
architects must install photovoltaic panels so that the amount

0 Very Cold
Cold

Bl moderate & Rainy

" Semi moderate & Rainy

of radiation on the surface and the roof of the building would
remain low. The purpose of this work is to prevent the
penetration of radiation and heat into the building and to
generate the electricity needed for cooling [4].

Semi Arid
B Hot & Dry
Bl Very Hot & Dry
I Very Hot & Humid

Figure 9. Climatic divisions of Iran and Abadan in particular [24]

4. METHODOLOGY

Analysis of photovoltaic panels and their smart application in
buildings, as if there are no appendages and additional
elements in the facade or roof, could illustrate some sensitive
issues that must be considered in the building design [6].
Therefore, architects and designers need to be aware of the

amount of energy received by PV cells in the study area, PV
efficiency, and price of solar electricity per kWh as one of the
building materials in different directions and slopes to the sun
radiation [4].

Based on the above finding and due to the gap in the
knowledge and skills of architects regarding the supply of all
or part of the energy required for a BIPV building [6], the
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present work employed HOMER software to study the techno-
econo-enviro in the electricity supply of a 5-storey BIPV in
the city of Abadan. The reason behind choosing the present
building which involves performing a feasibility study of
BIPV construction in Abadan is that with a rise in the number
of floors and height of the building, the ratio of facade to roof
surface increases and, as a result, facade is a good option for
installing photovoltaic cells. In other words, BIPV is more
valuable for designing photovoltaic systems in urban centers
with high density.

Climate data on solar radiation collected over an average of
20 years [25-27] have been extracted from the NASA site.
The schematic of the simulation performed in the present
work is shown in Figure 10. According to the figure, the BIPV
building under study has the possibility of exchanging
electricity with the national electricity grid, which converts
the DC electricity generated by solar cells to the AC power
consumed by an electric converter. The advantage of
connecting the BIPV building under study to the grid power is
reducing the cost of the photovoltaic system by selling the

surplus electricity to the grid.
il

g

Figure 10. Schematic of the simulated system

HOMER software uses the following equations to calculate
the amount of electricity generated by photovoltaic cells and
to calculate the air clearness index [28-30] by taking the
average monthly radiation data and the geographical location
of the study area.

24 X 60
oh = Gge X dp X (wg. sing. sind )
+ cos. cosé. sinwg)
d, = 1+ 0.033 cos (o0 2
P = . cos (365)
§ = 0.409 sin(om — 1.35 3
=0. sm(365 .35)
wg = Arccos (—tang.tand) “4)
oo B
T Hoh
Hy
Poy = Ypy X fpy X —— (6)

Regarding the performance of HOMER software, different
configurations including the lowest total NPC should be
ranked in the first place based on the total NPC parameter [31,
32]. Given the uncertainty involved, the mentioned software
can perform sensitivity analysis for some parameters such as
the intensity of radiation reaching the surface of photovoltaic
cells as well as the extent of losses such as dust, wiring,
shading, etc. Economic calculations in HOMER software are
performed through the following equations [33-35].

NPC= CR%K'E:@) @
CRF = (11(%);): (3)
e
COE = _Canniotal _ (10)

Load served

If net electricity is calculated on a monthly basis, HOMER
software calculates the total annual energy cost through the
following equation [36]:

Cgrid.energy
rates 12

_ Z { Enet grid purchases.j * Cpoweri  If Enet grid purchasesij 20 (11)
— & Enetgrid purchases.j * Csellbacki  if Enet grid purchasesij < 0

The above equation involves buying/selling -electricity
from/to the national electricity grid on a monthly basis for a
period of one year. The formula has two conditions that are
based on whether the purchasing of electricity from the grid is
positive (or zero) or negative. The reason for this is that the
purchasing price of electricity from the grid is different from
the selling price of electricity to the grid.

According to Figures 3 to 8, to investigate the effect of solar
cell slope on the generated electricity, six angles of 15, 30, 45,
60, 75, and 90 degrees were considered. Also, since different
weather conditions and losses must be considered, in the
present work, three values of 50 %, 70 % and 90 % were
considered for the derating factor parameter. The azimuth
angles for solar cells were considered at -90, -45, 0, 45, and 90
degrees so that the most appropriate orientation could be
selected and the potential of different walls be investigated.

5. REQUIRED DATA

The performed simulation flowchart is shown in Figure 11. As
can be seen, the data required for the simulation are presented
as input to the simulation and optimization sections as well as
to the sensitivity analysis. Required data include power
consumption profile (Figure 12), solar radiation data (Figure
13), constraints and search space (Table 1), and prices and
characteristics of the equipment used (Table 1). According to
Figure 12, the maximum electrical load required in different
months occurs within the duration of 18 PM to 22 PM. The
average annual load is 21 kWh/day with a peak value of 2.7
kW. According to Figure 13, the maximum, minimum, and
average amounts of radiation were 7.4 kWh/m?-day (June), 3
kWh/m?-day (December), and 5.4 kWh/m?>-day, respectively.
The average annual air clearness index could be equal to
0.624 based on the geographical location of the studied station
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(latitude 30.4 E, longitude 48.30 E, and time zone GMT + 03:

30).

Other software inputs in the present work include the annual
interest rate of 18 % [37, 38], project lifetime of 25 years [39,

S. Rahmati Dehkordi and M. Jahangiri / JREE: Vol. 9, No. 1, (Winter 2022) 1-12

exchange price with the national electricity grids at three off-

peak times (23 PM to 8 AM), normal times (8§ AM to 16 PM),

40], emission fines equal to zero [41, 42], and electricity

1.8

and peak times (16 PM to 23 PM) being equal to 0.05, 0.07,
and 0.12 $/kWh [43, 44], respectively.

Different BIPV
Daily load
profile Resizing
s PV dearting factor
Weather data
No
(solar)
Optimization HOMER m ‘ainctin Yes| configurations
constrains and simulation i (NPC/COE/RF
search space function (NPC 1c02)
PV azimuth
Economic
characteristics
of equipment
Input data Simulation and optimization Sensitivity analysis

Figure 11. Optimization flowchart for the present work by HOMER software
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Figure 12. Profile of the average required electricity per kW over a year
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Figure 13. Average monthly radiation and air clearness index for Abadan
Table 1. Information of the BIPV system under study
. Cost (§) . . .
Equipment Capital | Replacement | O & M Size (kW) Other information
Lifetime: 25 years
PVI43] 1000 1000 3 3-30 Ground reflectance: 20 %
Battery T-105 [46] 174 174 5 0-20 Norliﬁf:llgnggagzez 56 A
Converter [47] 200 200 10 0-20 Igg;ﬁflc;ogyoei‘/?

6. RESULTS AND DISCUSSION

The results of simulations and sensitivity analysis on the COE
parameter are shown in Figures 14a to 14c for derating factors
of 90 %, 70 % and 50 %, respectively. The results illustrated
that for all cases, use of a solar cell-national grid is the most
optimal and economical option. Based on the comparison
between Figures 14a to 14c, it can be seen that upon
increasing the derating factor, which corresponds to greater
radiation reaching the surface of PV or less losses in the BIPV
system, the amount of COE decreases significantly. The
outcome showed that the most suitable direction for the
azimuth angle would be the zero degree angle, i.e., the
direction of the solar cells to the south. It can also be seen that
positive angles of azimuth (orientation of solar cells to the
west) have better results than the negative counterpart
(orientation of solar cells to the east). This result is justified by
the fact that the use of national electricity grid on the west side
of the building is more significant than that on the east side.

The lowest price of solar power generated per kWh based on
the results for a slope of 30 degree, zero azimuth angle, and
derating factor of 90 % was 0.09 $/kWh. This price ranged
between the prices of the national electricity tariff at peak load
and normal load times and was 25 % less than that at the time
of peak load, which is very significant. Also, based on the
results for different slopes of solar cells, it is seen that the
angle of 30 degree could be more suitable than other angles
because it would lead to the lowest amount of COE for the
optimal azimuth angle of zero degree. The results of a 15
degree slope of solar cells have values very close to the
optimal angle of 30 degree.

For derating factors equal to 90 %, 70 % and 50 %, the
minimum COE values were 0.09, 0.125 and 143 $/kWh,
respectively. For the vertical placement of solar cells on the

wall of the building (slope equal to 90 degree), the most
suitable azimuth angle to the southwest (angle + 45 degree)
could bring about greater cost effectiveness and the
appropriate azimuth angle might be determined better upon
further reducing the derating factor. In other words, for less
radiation or more cloudy conditions or more system losses, it
is recommended the solar cells be placed in the study station
to reduce costs to the southwest.

Given that the city under study is very hot and the thermal
loss of solar cells is considerable and that Abadan has been
facing dust and fine dust problems in recent years, the
derating factor is considered equal to 70 % for further
research.

Figure 15 shows the amount of net electricity purchasing
from the grid. The results demonstrate that the lowest
electricity purchased from the grid, equivalent to the highest
electricity sales to the grid, was 1915 kWh/year at the azimuth
angle of zero and the slope of the solar cells was equal to 30
degree. If solar cells were used as applications in vertical
walls, then the optimum mode increased by about 90 %
compared to the optimal mode of purchasing power from the
grid, i.e., an angle of 30 degree and zero azimuth. Based on
Figure 15, it was only at the azimuth angle of zero degree that
the 30 degree slope of the solar cells had the lowest power
purchase from the grid, and at other azimuth angles, the 15
degree slope was more appropriate. In other words, in a case
involving the special form of the building, it is not possible to
use solar cells in the south, and it is recommended that the
slope of the solar cells to receive the maximum amount of
radiation or the minimum net electricity purchase from the
grid is 15 degree. The latter mode is equivalent to using the
"inclined wall with windows" mode (shown in Figure 6) for
the station in question.
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Figure 14. Sensitivity analysis for the optimal systems on the COE parameter and derating factors of: a) 90 %, b) 70 %, c) 50 %
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Figure 15. Sensitivity analysis for the optimal systems on the net grid purchase parameter and the derating factor of 70 %

Figure 16 shows the amount of electricity generated by solar
cells at different slope angles and azimuth angles of -90 to
+90. According to the results, the highest amount of electricity
generated in the azimuth angle was zero and the slope was 30
degree with an amount of 7634 kWh/year. At azimuth angles
of +45 and -45, with respective values of 7622 and 7362
kWh/year, the same slope of 30 degree had the highest
amount of electricity produced by solar cells. However, at
azimuth angles of +90 and -90 with a slope of 15 degree, the
electricity generated by solar cells was about 5 % higher than

that at an angle of 30 degree. For the 90 degree slope of the
solar cells, i.e., the position of the solar cells on the vertical
walls, it can be seen that the angle of azimuth at -90 degree,
i.e., the eastern wall, generated much more electricity than
that at the angle of azimuth +90 degrees, i.e., the western wall.
In other words, it is recommended that the western wall of the
building be made inclined for the station under study so that a
greater amount of electricity could be generated if solar
energy was used.
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Figure 16. Sensitivity analysis for the optimal systems on the PV production parameter, derating factor: 70 %

Figure 17 shows the amount of CO, emissions for different
scenarios with azimuth angle and slope of solar cells. Given
that one of the most important advantages of BIPV buildings
is their environmental friendliness, it is necessary to study this
parameter. According to the findings, the scenarios with the
lowest amount of pollutant production included the azimuth
angle of zero degree and slope angle of solar cells equal to 30
degree (1210 kg/year emission of pollutants), the azimuth

angle of zero degree, and the slope angle of solar cells equal
to 15 degree (1217 kg/year pollutant production), and azimuth
angle of -45 degree, and the slope angle of solar cells equal to
15 degree (1261 kg/year pollutant production). In general, it
can be said that upon an increase in the slope of solar cells and
in the azimuth angle, the production of pollutants will
increase.
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Figure 17. Sensitivity analysis for the optimal systems on the CO2 emission parameter and derating factor of 70 %

7. CONCLUSIONS

Today, the use of photovoltaic systems in combination with
buildings has become of great importance and attractiveness
among designers and architects. Therefore, the performance of
these buildings and also their design must be correct and
flawless so that after the installation of photovoltaics, the
photovoltaic system or the building itself would not cause any
problems. According to the above, in the present work, for the
first time, techno-econo-enviro evaluation and sensitivity
analysis on the variable parameters of a BIPV in Abadan were
carried out. Sensitivity analysis was performed on PV slope,
PV azimuth, and derating factor parameters and their effect on
COE, Net grid purchases, PV production, and CO, emission
parameters was investigated. The analysis was performed
using HOMER software and the main results are as follows:

- Using solar cell with the national electricity grid was the
most economical option in all cases.

- From an economic point of view, zero azimuth angle,
positive azimuth angle, and negative azimuth angle were the
most appropriate, in order.

- The minimum COE was equal to 0.09 $/kWh; at a slope of
30 degree, the azimuth angle was zero and the derating factor
was equal to 90 %.

- To place solar cells on vertical walls, the southwestern
azimuth angle was the most economically appropriate
scenario.

- According to the climatic conditions of the study city, the
derating factor parameter equal to 70 % is recommended.

- The lowest amount of electricity purchased from the
network with a rate of 1915 kWh/year was related to the slope
of 30 degree and the azimuth angle of zero.

- If the south of the building was not reachable or operable,
a slope of 15 degree would be recommended, being equivalent
to using the “inclined wall with windows” mode.

- It is recommended that the western wall of the building be
built in the “inclined” mode.

- The minimum pollutant produced due to the use of the
national electricity grid was 1210 kg/year.
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NOMENCLATURE

i Annual interest rate (%)

f Annual inflation rate (%)

i' Nominal interest rate (%)

CRF Capacity Recovery Factor

Roproj Lifetime of project (year)

ki Clearness index

Hrsrc Incident radiation on the cell’s surface under standard
conditions (1 kW/m?)

Gy Solar constant (0.082 MJ/m*-min)

Ypy Output power of solar cell under standard conditions
(kW)

oy Derating factor (%)

Hp Incident radiation on the cell’s surface on a monthly
basis (kW/m?)

Hon Extraterrestrial radiation (MJ/m*-day)

Ppv Output power of PV cells (kW)

d, Inverse relative distance earth-sun

Cann.total Total annual cost ($)

H Monthly average daily radiation on a horizontal plane

(MJ/m?-day)

Total annual energy charge (kWh)

The net grid purchases (grid purchases minus grid sales)
(kWh)

C grid, energy
Enel grid purchases

GMT Greenwich Mean Time

Crower The grid power price ($/kWh)

N Useful life-time (year)

Cell back The sellback rate ($/kWh)

PV Photovoltaic

NPC Net Present Cost ($)

COE Levelized Cost of Electricity ($/kWh)

BIPV Building Integrated Photovoltaic

Eload served Real electrical load by system (kWh/year)

Greek letters

[ON Sunset hour angle (Radian)

n Number of day during the year

[0} Latitude (Radian)

S Declination of sun (Radian)
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To investigate the possibility of using fuel for plant origin in a diesel generator, safflower methyl ester was
prepared and used as a biodiesel. In this research, biodiesel was produced through a transesterification reaction
using a hydrodynamic reactor, which increased the reaction efficiency and reduced fuel production time. Upon
increasing the reaction time from 30 seconds to 60 seconds, the reaction performance increased by 5.5 %.
Then, its important features complied with ASTM D-6751 standard. The performance and pollution indices of
the diesel generator engine were tested with compounds B0, B20, B50, B80 and B100. The results of short-
term engine tests showed that by increasing the share of biodiesel to 20 %, CO emissions were reduced by
21 % compared to pure diesel fuel, but the amount of NOx increased by 0.82 % compared to diesel. Also, the
use of 20 % volume of biodiesel in the fuel composition increased the thermal efficiency of braking, braking
power, and braking torque of fuel, compared to diesel. Also, the specific fuel consumption of B20 was reduced
by 2 %, which is very important economically. Finally, the TOPSIS analysis illustrated that B50 fuel
outperformed pure diesel fuel and other listed fuel combinations.
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1. INTRODUCTION

With the rising population around the world, the use of fossil
fuels, mainly in the transportation sector, has been soaring.
Diesel engines are now considered an essential part of the
propulsion of various vehicles. Today, however, diesel
engines are considered as one of the main consumers of fossil
fuels and hence, one of the important causes of noise and
environmental pollution [1]. Today, because of the fast
depleting nature of non-renewable fuel sources and the rise of
greenhouse gas emissions owing to the combustion of these
fuels, finding that can be cost-effective, renewable, and
efficient with less greenhouse gas emissions is of particular
importance [2]. Alternative fuels must come from cheap,
renewable, affordable, and environmentally friendly sources.
One of the most predominant sources of alternative fuels is
biofuels. These fuels are used as liquid or gas in the
transportation sector [3]. Biofuels generated from existing
sources such as wood waste, plant species, municipal solid
waste, aquatic plants, algae, and animal waste produce lower
gas emission than fossil fuels [4].

*Corresponding Author’s Email: b.hosseinzadehsamani@gmail.com (B.
Hosseinzadeh Samani)
URL: https://www.jree.ir/article_138922.html

Biodiesel is one of the most suitable substitute fuels that can
be a good alternative to diesel fuel [5]. It is a renewable fuel
with high combustion efficiency, less pollutant gases with
degradability in the environment, and suitable lubrication
properties [6, 7]. Biodiesels are also characterized by a large
amount of cetane, less smoke, less sulfur, and non-toxicity
compared to diesel; therefore, it is more popular than diesel
[8].

To use vegetable oils and animal fats directly as a source of
energy in internal combustion engines and to ensure proper
combustion conditions, it is necessary to break the molecular
structure of these sources into simpler and balanced
components because, otherwise, it will damage engine
components [9, 10]. To this end, molecules of oil or fat
compounds play a part in the reaction with alcohol, including
ethanol or methanol, in the presence of an acidic or alkaline
reactant, and the OH group in the used alcohol replaces the
hydrocarbon chain in the oil. As a result, esters form with a
new molecular structure, called fatty acid methyl esters, which
are very similar to Diesel No. 2 [11]. So far, various methods
have been proposed for biodiesel production including
microemulsion, pyrolysis, and transesterification. The
biodiesel obtained by microemulsion or pyrolysis method,
because of its low cetane number, could yield incomplete fuel
combustion and not be suitable [12]. Among the biodiesel
production methods, the transesterification method is the best

Please cite this article as: Gharibian, M., Hosseinzadeh Samani, B., Shirneshan, A.R. and Rostami, S., "Investigation and ranking of the effect of biodiesel
produced from safflower oil by the hydrodynamic method in diesel generator engine using TOPSIS method", Journal of Renewable Energy and Environment
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common method and it aims to reduce oil viscosity when
triglyceride and alcohol react with each other [13]. In
biodiesel production, with the help of conventional reactors,
such problems as long production time, high production cost,
low production efficiency, etc. need to be addressed in the
design and construction of biodiesel production systems to
make biodiesel fuel production more efficient and economical.
In recent years, many types of research have been conducted
on the development of various technologies for intensifying
biodiesel production in order to eliminate or reduce some of
the problems related to biodiesel production using
conventional methods. These technologies include new
reactors or a combination of reactors that intensify reactions
such as turbulence, heat transfer, and mass transfer between
two liquid phases in the biodiesel production process [14].
The use of hydrodynamic cavitation is one of these new
technologies that has received much attention in recent years
[15]. Biodiesel production with the assistance of
hydrodynamic technology is a method with high potential on
an industrial scale which is easier to develop than other
methods [16]. The use of hydrodynamic cavitation has good
energy efficiency and shortens the reaction time by consuming
less energy than conventional mechanical methods. In this
method, energy equivalent to half of the mechanical method is
required which is a combination of two reaction phases using
variable pressure. Cavitation is generated by fluid flow under
controlled conditions through simple geometries such as
venturi tubes and perforated plates. Given that the pressure of
the fluid approaches the vapor pressure, large cavities form in
the fluid, which subsequently fluctuate, causing the pressure
and temperature to rise. As a result, immiscible liquids mix
better and the transesterification process is enhanced [17]. In a
study on biodiesel production from safflower seed oil by
potassium hydroxide catalyst, Hosseinzadeh et al. (2013)
reported that upon using hydrodynamic cavitation, biodiesel
was obtained in optimum conditions [15].

The sharpest contrast between biodiesel and diesel
compounds is their oxygen content. The oxygen content of
diesel is zero, whereas biodiesel contains 10 to 12 % weight of
oxygen, which reduces the emission of pollutants such as
Particulate Matter (PM), Unburned Hydro-Carbons (UHC),
and Carbon Monoxide (CO). Also, a high biodiesel cetane
number can help shorten the ignition delay in a diesel engine
[18]. Biodiesel is a long-chain fatty acid methyl or ethyl ester
that is produced from biosources such as oils or fats from
animals and vegetables and can be used instead of diesel in
compression combustion engines without the need for major
modifications [19].

In a study, El Morsi et al. (2019) examined biodiesel
produced from a combination of kitchen waste oils, jatropha,
palm, and algae using a transesterification process in single-
cylinder diesel engines at 10 and 20 % by volume. The results
showed that CO, CO,, HC, and smoke emissions were lower
for B10 and B20 than diesel, but NOx increased slightly for
all Bx’s compared to diesel [20]. Nedayali and Shirneshan
(2016) evaluated the effect of mixtures of biodiesel and diesel
on engine performance characteristics (braking power,
braking torque, braking thermal efficiency, and BSFC) in a
diesel-electric motor. The results of this study exhibited an
increase in braking power, braking torque, braking thermal
efficiency, and a decrease in BSFC at higher engine loads for
all fuel mixtures [21].

Safflower plant, scientifically called (Carthamus Tinctorius
L), is an annual herbaceous plant whose flowers are yellow to

red depending on the type of plant and each has 20 to 100
flowers and each produces a seed. The presence of wild
species scattered throughout the country shows the good
adaptation of this plant to the climatic conditions of Iran.
Relative tolerance to soil salinity and air dryness, low
moisture requirement, and high-quality oil are the noticeable
features of safflower. In general, safflower seeds, depending
on their genotype, contain 25 to 45 % oil, of which more than
90 % of fatty acids are unsaturated such as linoleic and oleic
acid. Safflower with strong and long roots can absorb and
consume water from the depths of the earth, and the prickly
leaves and thorny organs create the least evaporation in the
plant [22].

In the present study, safflower seed, which is native to Iran,
was used for biodiesel production due to the mentioned
advantages. Hydrodynamic cavitation reactors require less
energy, lower sensitivity, lower production cost, and lower
temperature than conventional reactors used to convert oil to
biodiesel in the transesterification process [23, 24]. In short,
much research has been done to investigate the emission and
performance parameters of the engine with biodiesel fuel, but
almost no research has been done to investigate the
parameters of the engine with biodiesel from safflower oil
using the hydrodynamic cavitation reactor. In this study,
biodiesel was produced continuously using safflower oil and
hydrodynamic cavitation reactor, and considering its various
mixtures with diesel No. 2 common in Iran in the diesel
generator engine, it was used to evaluate the engine
performance indicators such as braking power, braking torque,
BSFC, braking thermal efficiency, and exhaust gas
temperature and engine pollution indicators, e.g., nitrogen
oxides and carbon monoxide emissions, and the results were
compared with pure diesel fuel.

2. EXPERIMENTAL
2.1. Raw materials and detectors

In the present study, the transesterification method was used.
The required oil for biodiesel production was obtained from
safflower seeds. The alcohol used was high purity methanol
(99 %) and the catalyst used in the biodiesel production
process was potassium hydroxide (KOH- 99.8 %). n-Hexane
(96 %) and phenolphthalein (98 %) were also used as solvent
aid and detector, respectively.

2.2. Extraction and preparation of oil

Safflower seeds were placed in an oven at 65 °C for 24 hours
until their moisture content reached about 7 %. The grains
were then ground using a laboratory mill. Soxhlet apparatus
and normal hexane solution were employed to extract the oil.
For this purpose, in 5 steps, oil was extracted each time a
certain amount of ground grains (100 g) was placed in the
Soxhlet machine and by controlling the solvent temperature,
residence time, and solvent volume. Finally, the obtained oil
was passed through a filter to remove solid particles [25].
Finally, 140 grams of oil was obtained, which showed a return
of 28 % of oil.

2.3. Determining the acidity of safflower oil

Since fatty acids are weak acids, it is necessary to use strong
alkalis such as potassium hydroxide to titrate them. If the
percentage of free fatty acids is higher than 0.5 %, the ester
exchange method cannot be used directly and a pre-refining
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step must be performed, which is the esterification step. To
assess the acidity of the sample, 20 g of the oil tested in
Erlenmeyer was weighed as 300 ml and then, 50 ml of solvent
was added and stirred until the oil sample was completely
dissolved. 2 ml of phenolphthalein was added and titrated with
0.1 mol/l potassium hydroxide until it turned a solid constant
pink color. The solution was shaken vigorously during
titration so that the pink color lasted for 30 seconds. Formulas
(1) and (2) were employed to calculate the acid number and
percentage of free fatty acids, respectively.

Acid number = % 1)

PCxNPx28.2

L @
where PC is the average of potassium consumed (ml), NP is
the normality of the potassium solution (mol/L), and W is the
weight of the oil. For transesterification testing, the oil acidity
must be greater than 3 %.

Percentage of free fatty acids =

2.4. Characteristics of biodiesel fatty acids produced
from safflower

The characteristics of biodiesel are undeniably affected by the
type of fatty acids. Recognition of these characteristics is very
effective in determining the characteristics of biodiesel fuels
[26]. Biodiesel is composed of some fatty acid monoesters,
and the presence of the weight percentage of each one of them
in biodiesel fuel affects its thermophysical properties. In other
words, the properties of biodiesel fuel depend on the
monoesters of its constituent fatty acids, the most important of
which are the esters of palmitic, stearic, oleic, and linoleic
fatty acids that directly affect the combustion process and
engine performance [27]. Short-chain saturated fatty acids
such as stearic and palmitic have a greater effect on engine
power output, and long-chain unsaturated fatty acids such as
oleic and linoleic have less significant effect on engine power.
Therefore, biodiesel fuel from the oils with more saturated and
less unsaturated fatty acids can increase power production by
the engine [28]. Safflower oil is a good source for biodiesel
owing to its high fatty acids. Some physical and chemical
characteristics of safflower oil are shown in Table 1 [22].

Table 1. Physical and chemical characteristics of safflower oil

Properties Normal limits Unit
Viscosity at 40 °C 28.3 mm?/s
Density at 15 °C 0.92 kg/m?
Flash point 226 °C
Acid number 0.4-10 mg KOH/g Oil
Base number 186-194 -
Ionic number 130-150 -
Percentage of non-soapy 0.3-1.3 (Wt %)
ingredients
C18: 2 (Linoleic acid) 71-75 (wt %)
C18: 1 (Oleic acid) 16-20 (wt %)
C16: 0 (Palmitic acid) 6-8 (wt %)
C18: 0 (Stearic acid) 2-3 (wt %)

2.5. Hydrodynamic cavitation setup

The laboratory system required in this study was designed
such that KOH and methanol would be first mixed with a
magnetic stirrer model MR3001 made by the German
company Heidolph and combined with safflower oil. The
resulting solution was then injected into the hydrodynamic
cavitation reactor by the Hydolf 5206 peristaltic pump. The

reactor used in this study consisted of a transparent
polycarbonate stator to observe the process, a stainless-steel
perforated rotor to produce bubbles, and an electric motor to
generate propulsion. The specifications of the reactor
components are given in Table 2.

Table 2. Characteristics of the hydrodynamic reactor

Parameter Value
Rotor length (m) 0.08
Rotor density (g/1) 905
Rotor diameter (m) 0.09
Number of holes 40
Stator diameter (m) 0.097
Electric-motor power (W) 75
Hole diameter (m) 0.004
Stator length (m) 0.09
Electric-motor rotational speed (rpm) 3200

2.6. Transesterification

To increase the reaction rate, the catalyst molecules must be
homogeneously available to the oil and methyl hydrate
molecules. For this reason, to increase the solubility of the
catalyst used, potassium hydroxide and methanol were first
combined with a magnetic stirrer and then, introduced into the
methanol reservoir. Simply put, the catalyst and methanol
were prepared before the transesterification reaction. In the
next step, the desired solution is transferred into the chamber
along with safflower oil. In this case, the combined solution
rotates between the rotor and the stator using centrifugal force,
and the rotation speed of the rotor ranges between 1000 and
3000 rpm. The holes in the rotor cause a sudden decrease in
pressure, yielding a hole in the solution. As a result, at lower
temperatures, the mass transfer between safflower oil and
methanol increases. Following the completion of the
transesterification reaction, methyl ester (biodiesel), glycerin,
and some excess alcohols were the reaction products.

The glycerin phase was denser than the biodiesel phase and
precipitated after a while. After precipitating glycerol, this
phase was separated using a separating funnel [29]. The
reason for choosing this method is its simplicity and low cost.
After the settling step, the resulting biodiesel was washed 3
times with water containing 1 % by volume of phosphoric
acid (HsPO4) to remove excess products such as glycerol,
catalyst, and soap formed. Transparency of laundry
wastewater remains a good measure of the completion of the
work. Finally, after biodiesel purification, vacuum distillation
was used to dry it [30]. The production steps of biodiesel
using the hydrodynamic reactor are shown in Figure 1.

4
Peristaltic pump «—— Q 3
)

—KOH in methanol

—

Safflower oil +———— I - & -— Magnetic stirrer

|——» Hydrodynamic reactor

. V—— Biodiesel
Electric Motor - rodiese
. — Separator hopper

—— Glycerin

Figure 1. Schematic diagram of the hydrodynamic device
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2.7. Calculation of methyl ester conversion and
biodiesel performance

The weight of the biodiesel phase of each sample was
measured after separation using a digital scale. Then, the exact
amount of fatty acid esters was determined using gas
chromatography (Claus 580 GC model, Perkin Elmer Co,
USA) according to ASTM D6751 standard. Equation (3) was
used to calculate the FAME performance [31, 32].

FAME % = 22=%1s 5 Mis 109 3)
Ass M

where Y A = The sum of the levels below the peaks; (LV*sec),
Ais = The sub-peak level corresponding to the internal

standard; (uVxsec), Cis = Internal standard solution
concentration; (mg/ml), Vis- Volume of use of internal
standard solution; (ml) and M = Biodiesel weight for

decomposition in GC (mg).

2.8. Diesel engine generator

The diesel generator engine used in this research consists of
two parts: the engine and the generator. The engine part
includes a 4-stroke, 12-cylinder, and direct injection engine
equipped with a supercharger. This engine is a model (3412C
TA) with a maximum engine power of 537 kW at 1800 rpm.

The generator part is made by Caterpillar Company, which is
connected to the central processor that can display the amount
of output voltage, power, and motor speed on the control
panel by processing data. The specifications of the diesel
generator engine listed in Table 3 are shown.

Table 3. Specifications of the diesel generator engine

Engine type Diesel power generator
CAT3412
Cylinder number 12
Bore (mm) 137
Stroke (mm) 154
Cooling system Water-cooled
Rated engine speed (rpm) 1800
Aspiration Turbocharged-After cooled
Governor Mechanical
Compression ratio 13:01

24 V/7 Kw

Starting motor

3. METHOD
3.1. Methodology

To assess the performance and pollution of diesel generator
engine using biodiesel produced from safflower oil with the
help of hydrodynamic cavitation and compare it with
conventional diesel fuel, different ratios of biodiesel were
combined with diesel as independent variables by volume.
These compounds contain 0 %, 20 %, 50 %, 80 % and 100 %
biodiesels based on volume, which are called BO, B20, B50,
B80 and B100, respectively. Each fuel was tested at full
dynamometer load and a constant speed of 1530 rpm and their
effects on dependent variables such as engine pollution
indices such as NOx and CO emissions and engine
performance indices such as Braking power, braking torque,
BSFC, exhaust gas temperature, and braking thermal
efficiency were investigated. This experiment was analyzed in
a completely randomized design with three replications. The

mean comparison test was performed by the LSD method.
SPSS software was employed for statistical analysis.

3.2. Multi-index decision-making method

TOPSIS is a multi-criteria decision-making method used to
select the best option based on the number of criteria [33].

The steps to solve the problem using the TOPSIS method
are as follows [34]:

Step One: After forming a decision matrix to evaluate the
options based on the number of criteria, the dimensionless
matrix is formed by Equation (4) using the vector method.

Ty

Ili]' =

“)

1=1ri2j

Step Two: At this stage of the TOPSIS method, the normal
matrix created must be balanced. For this purpose, by using
Equations (5) and (6), the weight of each criterion is
multiplied in all subsets of that criterion and the weight of the
criteria must be determined in advance.

Ty

M ©)
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Vi]' = ri]- X anm = (7)

Step Three: Positive Ideal Point (PIS) and Negative Ideal
Point (NIS) are calculated next. At this step, for each index, a
positive ideal and a negative ideal were obtained through
Relations (8) and (9), respectively.

PIS = {(maxV;|j € J), (minVy|j €]) i = 1,2,..,3} =
VEVE, o Vo V) ®
NIS = {(maxV;|j € ]), (minVi|j€]) |i=1,2,..,3} =
Vi Ve, Ve Vi) ©

Step Four: At this step, the relative proximity of each option
to the ideal solution was calculated. The Euclidean distance of
each method from the positive and negative ideals was
calculated through Formulas (10) and (11), respectively.

2
dp = (Zj* = 1VavD)y08, =12, m (10)

—\2
do={Z* =1Viv)308, i=1,2,...m (11)

Step Five: This step is to evaluate the ideal solution. At this
point, the relative proximity of each method to the ideal
solution was calculated using Equation 12 for this purpose.

die .
= <q¢g<1l; i=
i @@y’ 0<¢g<1l i=12..,m (12)

Step Six: Ranking based on the value of C; is done between
zero and one. The closer this value is to one, the closer the
solution is to the ideal answer and the better the solution is.

4. RESULTS AND DISCUSSION
4.1. Characteristics of produced biodiesel

The biodiesel characteristics of vegetable oils depend
significantly on the fatty acid chains in the feed used. For
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methyl ester to be introduced as biodiesel, some of its
characteristics must meet reference standards. Some
characteristics of biodiesel achieved from SFO sing the
hydrodynamic reactor including density, viscosity, acid
content, flash point, iodine content, free glycerin, and cetane
number according to ASTM standard D6751 were measured
and the outcomes were compared with EN 14214 (Table 4).
The results indicate that most of the characteristics comply
with the ASTM standard.

In the process of producing biodiesel using a hydrodynamic
reactor, the reaction time was increased from 30 seconds to 60
seconds, which led to a 5.5 % increase in the process. As a

result, reaction time is a major factor in biodiesel production
in this way. Also, the efficiency of methyl ester produced by
the mentioned method was higher than the conventional
method. The analysis of data showed that by increasing the
distance between the stator and the rotor, the amount of
solution mixing was reduced, which attenuated the
performance of the biodiesel production process. The
optimum yield of biodiesel production from safflower oil was
11.89 %, for which the distance between the stator and the
rotor was 53.1 cm, reaction time was 63.88 seconds, catalyst
concentration was 0.94 %, and the molar ratio of alcohol to oil
was 1: 8.36.

Table 4. Some physicochemical characterization of biodiesel from SFO

Properties Unit EN 14214 ASTM D6751 Methyl ester
Ester content % (m/m) <96.5 - 95.9
Density at 15 °C g/em?3 0.86-0.9 - 0.87
Kinematic viscosity at 40 °C mm/s 3.5-5.0 1.9-6.0 4.52
Iodine number g lodine/100 g oil <120 - 117.47
Cetane number - >51 >47 48
Flash point °C > 101 > 130 157
Acid number mgKOH/g <0.5 <0.5 0.37
Free glycerin % mass 0.02 - 0.017
Total glycerin % mass 0.24 - 0.25

4.2. NOx emission

Figure 2 shows the changes in nitrogen oxides of biodiesel
fuel compounds with the coefficient of determination
(R?=0.9575) and standard error (SE=6.7954). As shown
earlier, the incremental percentage of NOx emissions from B0
is minimal in B20 and maximal in B100. Following an
increase in the amount of biodiesel in fuel content, the amount
of NOx increases as well. Therefore, the amount of NOx in
B100 compared to BO increases by 14.5 %. Nitrogen Oxide
(NO) is obtained by the combustion of hydrocarbons inside
the engine combustion chamber. As smoke leaves the engine
and communicates with the air, much more oxygen becomes
available to NO, allowing for the production of nitrogen
dioxide (NO,). Therefore, high temperature and oxygen are
the two principal factors in the formation of nitrogen oxides
[33]. Since biodiesel fuel contains 10-12 % oxygen, it is not
available [34] because it increases nitrogen oxides in two
ways. First, as the share of biodiesel in the compound
increases, the oxygen content of the compound also increases
and more oxygen goes into contact with nitrogen, which leads
to the production of nitrogen oxides. Second, as the oxygen
content of the fuel increases, the ignition temperature
decreases and the ignition time delay decreases. Therefore, it
produces high temperatures due to combustion, thus providing
a good opportunity for oxygen and nitrogen to react and
produce nitrogen monoxide (NO) [35]. Most researchers have
found that using biodiesel and diesel simultaneously increases
NOx due to the presence of much more oxygen in biodiesel
than diesel [18, 36]. Hassanian et al. (2005) reported the same
results for the effect of biodiesel percentage on NOx emission
[37].

4.3. Carbon monoxide emissions (CO)

Figure 3 indicates the emission of CO pollutants from
different percentages of biodiesel with a determination

coefficient (R>=0.8571) and a standard error (SE=0.000667).
The results illustrated that the emission of CO pollutants in
biodiesel fuels was significantly lower than pure diesel.
Therefore, the amount of CO emission in B100 fuel compared
to BO fuel was reduced by 45.5 %. CO is a colorless, odorless
gas that is dangerous to humans and animals, even at very low
concentrations. CO is produced when the amount of oxygen in
the combustion of organic matter is low. CO production and
the presence of oxygen in an internal combustion engine are
inversely related [20, 38]. As a result, less carbon monoxide is
produced during combustion. Also, the ratio of carbon to
hydrogen in biodiesel is lower than diesel [39, 40]. Therefore,
this fact can be another reason for reducing CO emissions.
Hosseinzadeh et al. reported the effect of biodiesel produced
from safflower oil by ultrasonic waves on a diesel generator
engine and reported that following an increase in percentage
of biodiesel in fuel mixtures, CO emission decreased [41].
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Figure 2. The effect of increasing biodiesel on NOx emissions
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Figure 3. The effect of increasing biodiesel on CO emissions

4.4. Brake power

Figure 4 shows the braking power changes with the increasing
value of Bx for different fuel combinations with the
determination coefficient (R?>=0.8295) and standard error
(SE=1.105037). Changes in engine braking power relative to
different percentages of biodiesel are a quadratic function that
is maximum at point B50 and minimum at point B100
(Equation 4). The results illustrated that upon increasing
biodiesel content in fuel from BO to B50, the braking power
increased, and with increasing the percentage of biodiesel
from B50 to B100, the braking power decreased. The reason
for the increase in power in B50 is high fuel consumption and
the presence of oxygen content, which causes a more
complete combustion [42]. The reason for the decrease in
power upon an increase in biodiesel content is the low thermal
value of biodiesel [43]. Also, the viscosity of biodiesel is
higher than diesel, which leads to incomplete automation of
fuel in the combustion chamber and decreases the braking
power of the engine [44]. Pure biodiesel at full load compared
to pure diesel had a 3.7 % reduction in power owing to a
decrease in the fuel thermal value. Murillo et al. reported that
at full load, biodiesel power was reduced by 14.4 % compared
to diesel fuel. They also concluded that the biodiesel calorific
value was 13.5 % lower than diesel [45]. Xue et al. noted in a
review study that the use of a low percentage of biodiesel in
combination with diesel slightly reduced power and this
reduction was not significant for the driver [18].
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Figure 4. Effect of biodiesel content in fuel on the engine braking
power

4.5. Brake torque

Figure 5 illustrates the variation of braking torque with the
increasing biodiesel content for different fuel combinations
with the coefficient of determination (R?=0.7556) and
standard error (SE=7.389837). The variation of braking torque
to different percentages of biodiesel is a quadratic function
which is maximum at point B50 and minimum at point B100
(Equation 5). The results illustrated an increase in braking
torque with an increasing index value of Bx to B50 and then,
with increasing the percentage of biodiesel, the amount of
braking torque decreased. The energy release process for
B100 is relatively slow due to its high cetane number, which
lowers the pressure peak. The low thermal value of biodiesel
also reduces the effective medium pressure. Based on the
literature review, as the force applied to the surface of the
piston decreased, the torque exerted by this force on the
crankshaft is also reduced [46]. Therefore, the engine torque
using pure biodiesel is less than pure diesel. In other words,
oxygen of biodiesel content in the fuel improved the
combustion process and complete combustion. As a result,
more energy is released, increasing the average pressure
inside the combustion chamber [47], which increases the
power and torque produced for B50. Pure biodiesel at full load
compared to pure diesel decreased by 5.27 % and B50 showed
a 4.34 % increase in torque. Lin et al. reported that the
maximum and minimum power and torque differences
between diesel and eight types of vegetable oil methyl esters
were 1.49 and 0.64, 1.39 and 1.25 percent, respectively. This
is owing to high viscosity, high specific fuel consumption,
high oxygen content, and high biodiesel ignition [48].
Shirneshan et al. reported in a study that the braking torque
increased as the engine load increased because increasing the
temperature of combustion led to more complete combustion
at higher loads [49].
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Figure 5. Effect of biodiesel content in fuel on the diesel engine
output torque

4.6. Brake Special Fuel Consumption (BSFC)

The values of BSFC at full load for different percentages of
biodiesel with the coefficient of determination (R*=0.9948)
and standard error (SE=9.853518) are shown in Figure 6.
Changes in brake-specific fuel consumption relative to
different percentages of biodiesel are a quadratic function that
is minimum at point B20 and maximum at point B100
(Equation 6). As the share of biodiesel in fuel mixtures
increases, the specific fuel consumption increases because
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biodiesel has a higher density and lower thermal value than
BO [50]. The results of the experiments show that high density
cannot compensate for the low thermal value; as a result, by
increasing biodiesel content in fuel, to produce the equal
power as in pure diesel, it is necessary to use much more fuel
per unit time by the engine, or in other words, fuel
consumption increases to create the previous power [50]. In
addition to these parameters, viscosity, injection pressure, and
atomization ratio also have large effects on BSFC [48, 52].
The highest increase in specific brake fuel consumption is
related to B100 fuel, which increases fuel consumption by
69.45 % compared to diesel. Also, the greatest reduction in
BSFC is related to B20 and B50 fuels, for which due to the
high biodiesel content, the braking power is improved and the
low thermal value of biodiesel is compensated [47, 53]. In this
way, the consumption of special fuel by 2 % is reduced
compared to pure diesel and this issue is very important in
terms of optimal fuel consumption. Labeckas and Slavinskas
claimed that BSFC for biodiesel compounds was higher than
B0 and they reported that this increase could result from the
thermal value of rapeseed oil, which is about 12.5 % lower
than that of diesel [51].

y = 17.359X% — 57.958X + 300.79 (15)
°00 R?=0.9948 d
#20 SE=0.08 !
400 e c L
350 LI

£ 300 a a i ........
3 = SOUINURRIIIE JOPPRILLL.

2250 &
=200
Lo
o 150
v 100
[an]

0

BO B20 B50 B8O B100

Biodiesel (%)
Figure 6. The effect of increasing biodiesel on BSFC

4.7. Brake thermal efficiency

The braking thermal efficiency of a diesel engine is the
efficiency in which the chemical energy of the fuel is
converted into useful work [54]. The braking thermal
efficiency values of diesel fuels B0, B20, B50, B80 and B100
are shown in Figure 7 with the determination coefficient
(R?>=0.8871) and standard error (SE=0.773479). Changes in
braking thermal efficiency concerning different percentages of
biodiesel are a quadratic function that occurs at point B20
with the best braking heat efficiency of the engine at full load
and also with minimal braking thermal efficiency at point
B100 (Equation 7). Braking thermal efficiency is inversely
related to braking specific fuel consumption and fuel thermal
value. Thus, the main reason for the reduction in the braking
thermal efficiency of B100 fuel compared to other fuel
mixtures is higher BSFC and lower HLHV of biodiesel. The
results indicated that the BTE of the engine for B20 and B50
fuels is 21.21 % and 7.7 % higher than that for BO,
respectively. According to some researchers, the improvement
of brake thermal efficiency for these fuels results from more
efficient combustion and increased lubrication of these fuel
compounds compared to diesel [47, 53]. Shirneshan et al.
reported in a study that for all fuel mixtures, upon increasing

load, the braking heat efficiency increased due to the
reduction of heat loss and the increase in power generated
with increasing load [49]. Buyukkaya also tested rapeseed
biodiesel compounds with diesel in the engine and concluded
that BTE increased with an increase in the amount of biodiesel
in the fuel composition, and the probable reason for the
increase in BTE biodiesel at full load was its lubrication and
the greater amount of oxygen [37].
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Figure 7. The effect of increasing biodiesel on braking thermal
efficiency

4.8. Exhaust gas temperature

Figure 8 indicates the exhaust temperature changes for pure
diesel fuel (B0), mixtures of diesel and biodiesel fuel, and
pure biodiesel fuel (B100) with the determination coefficient
(R?=0.994) and standard error (SE=11.99893). As biodiesel
content in fuel increases, the exhaust gas temperature
decreases so that the highest exhaust gas temperature is
related to diesel fuel and the lowest temperature is related to
B100. Upon increasing biodiesel content, the pressure of the
cylinder decreases and as a result, the exhaust gas temperature
decreases. The exhaust gas temperature changes with the
change in the combustion time delay. Long delays cause
combustion delays and as a result, the temperature of the
exhaust gases increases [55]. Also, a lower cetane number
prolongs the time delay. For this reason, the exhaust gas
temperature for BO fuel is higher than other biodiesel fuel
compounds due to its lower cetane number. Aydin and Binder
reported that the highest exhaust gas temperatures were
observed at 2500 rpm and full load for diesel fuel, which
reached 469 °C, while the corresponding values for B20 were
395 °C under the same conditions [44].
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Figure 8. Effect of increasing biodiesel on exhaust gases
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4.9. Comparison between the proposed combinations
of fuels and pure diesel fuel

To select the most suitable fuel combination from 5
combinations (B0, B20, B50, B80 and B100), a multi-criteria
decision method (TOPSIS) was used. According to the steps
mentioned in the TOPSIS method, the decision matrix (Table
5), the scaleless matrix (Table 6), the normal weight matrix

(Table 7), the PIS and NIS values (Table 8), and the distance
from the positive and negative ideal solutions (Table 9) were
calculated.

The final rankings of the five compared fuel combinations
(B0, B20, B50, B80, and B100) in this study are shown in
Figure 9. The results show that B50 fuel is better than pure
diesel fuel and other listed fuel combinations.

Table 5. Decision-making matrix

Biodiesel blends Power (kW) Torque (N.m) BSFC (g/kWh) | CO % (vol) | NOx (ppm) | BTE % (vol) EGT (°C)
BO 99.63551 619.7808 260.8026 0.03135 641.294 27.30035 641.749
B20 101.5263 623.2578 255.4732 0.0247 646.5878 33.09792 615.3804
B50 105.5298 646.6796 275.9305 0.019 673.6998 29.39732 598.579
B8O 99.64799 602.2808 355.1309 0.019 701.7747 21.6091 575.924
B100 95.95 587.1 441.94 0.0171 734.35 17.5085 568.1

Table 6. The dimensionless decision matrix

Biodiesel blends Power (kW) Torque (N.m) BSFC (g/kWh) | CO % (vol) | NOx (ppm) | BTE % (vol) EGT (°C)

BO 0.4433 0.4498 0.3579 0.61396 0.4214 0.4628 0.4778
B20 0.4517 0.4523 0.3506 0.4837 0.4249 0.5611 0.4582
B50 0.4695 0.4693 0.3787 0.3720 0.4427 0.4984 0.4457
B8O 0.4433 0.4371 0.4874 0.3720 0.4612 0.3663 0.4288
B100 0.4269 0.4261 0.6065 0.3348 0.4826 0.2968 0.4230

Table 7. The weighted dimensionless decision matrix

Biodiesel blends Power (kW) Torque (N.m) BSFC (g/kWh) | CO % (vol) | NOx (ppm) | BTE % (vol) EGT (°C)
BO 0.0071 0.00751 0.1071 0.1988 0.0109 0.1370 0.0105
B20 0.0072 0.0075 0.1049 0.1566 0.0110 0.1661 0.0101
B50 0.0075 0.0078 0.1133 0.1204 0.0114 0.1475 0.0098
B8O 0.0071 0.0073 0.1459 0.1204 0.0119 0.1084 0.0094
B100 0.0068 0.0071 0.1816 0.1084 0.0125 0.0878 0.0093

Table 8. PIS and NIS values for each dependent variable of five fuel types

Power (kW) Torque (N.m) BSFC (g/kWh) | CO % (vol) | NOx (ppm) | BTE % (vol) EGT (°C)

PIS 0.0075 0.0078 0.1049

0.1204 0.0109 0.1661 0.0094

NIS 0.0071 0.0073 0.1459

0.1988 0.0119 0.1084 0.0105

Table 9. Distance from the positive and negative ideal solutions

Biodiesel blends D+ D-
BO 0.0835 0.0481
B20 0.0361 0.0823
B50 0.0203 0.0933
B8O 0.0707 0.0783
B100 0.1101 0.0993
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Figure 9. Final ranking of five fuel combinations (B0, B20, B50, B80 and B100)
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5. CONCLUSIONS

Despite many types of research in the field of performance
parameters and pollution of biodiesel fuel combustion engine,
no research has been done so far on the parameters of
biodiesel engine of safflower oil with transesterification
reaction with the help of hydrodynamic cavitation reactor.
According to the experiments conducted in this study, the
efficiency of biodiesel produced by a hydrodynamic cavitation
reactor was higher than that by conventional and ultrasonic
reactors.  After  biodiesel  production,  performance
characteristics and pollution of different percentages in
combination with diesel fuel in the diesel generator engine
were studied at the laboratory. The results showed that upon
increasing the percentage of biodiesel in the fuel composition,
the emission of nitrogen oxides increased due to the high
combustion temperature and the emission of carbon monoxide
decreased due to the high oxygen content of biodiesel
compared to diesel fuel. Following an increase in the volume
percentage of biodiesel to 50 % in the combination of fuel,
braking power and braking torque increased and, then,
decreased due to high fuel consumption and the presence of
oxygen content in biodiesel. With the increase in the
percentage of biodiesel fuel in fuel mixtures, the consumption
of special brake fuels had an upward trend due to the high
density and low calorific value of biodiesel. Also, braking
thermal efficiency was inversely related to braking specific
fuel consumption and fuel calorific value. Exhaust gas
temperature decreased by increasing the percentage of
biodiesel in the fuel mixture due to the reduction of cylinder
pressure and ignition time delay. By using TOPSIS, the
comparison between the proposed fuel compositions and the
pure diesel fuel demonstrated that the fuel mixtures containing
20 % and 50 % biodiesel in terms of performance
characteristics and pollution could be identified as potentially
confirmed alternatives for use in diesel generators.
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The greenhouse problem has a significant effect on our communities, health, and climate. So, the capturing
techniques for CO, remain the focus of attention these days. In this work, a Chemical Looping Combustor
(CLC) was designed and fabricated with the major geometric sizes at the Faculty of Engineering, Suez Canal
University. The system involves two interconnected fluidized beds. Nickel powder with 150 um diameter as
well as brown coal and liquefied petroleum gas were used as oxygen carrier, solid fuel, and gaseous fuel,
respectively. The temperature distributions along the fuel reactor for LPG flow rates of 11 and 18 LPM with
and without using nickel powder as well as using preheated reactor were discussed and evaluated. The effects
of brown coal diameter change with and without using nickel powder were studied. The CO and CO,
concentrations at combustion gases with and without using nickel powder were conducted for LPG and brown
coal fuels. A mathematical model was used to simulate the combustion in CLC using combustion and energy
code. The obtained results showed that using nickel powder improved the combustion process and in case of
using LPG, the flame color changed to blue which is the color of the complete combustion flame. The CO was
reduced by 48.4 % and CO, was augmented by 66.5 %. In case of using brown coal as solid fuel, CO was
reduced by 53.7 % and CO, was increased by 71.9 %. Finally, there is good agreement between the
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experimental and numerical results based on the determination coefficient.

https://doi.org/10.30501/jree.2021.269946.1182

1. INTRODUCTION

Recently, the greenhouse effect has been the focus of attention
of many scientists. Close to the years 1910-1940 and from
1970 to 2000, the earth's surface temperature increased by
0.35 °C and 0.55 °C, respectively. Based on the data recorded
by global climate change organizations, the last decade has
been the warmest [1]. The effect of the global warming
problem is not limited to increasing the earth's surface
temperature; however, as a result of this problem, scientists
expect a steady increase in ice melting and increase in sea
level above the normal. Many scientists today agree that an
industrial greenhouse effect is the main cause of global
warming such as combustion of fossil fuels and emissions of
CO:; [2]. Consequently, it is necessary to separate and store
the CO, produced from combustion processes. A possible
solution is to produce a pure stream of CO, from fossil fuels
combustion and store it. This concept can be used as a
long-term interim solution until the renewable energy sources
can replace the traditional combustion systems. One of the
newest technologies in this respect is called chemical looping

*Corresponding Author’s Email: kh.ramzy2005@eng.suez.edu.eg (Kh. Ramzy)
URL: https://www jree.ir/article_139804.html

combustion. It is a novel combustion process for gaseous or
solid fuels, producing a pure stream of CO; [3].

Carbon capture and storage technology can be used to
reduce the emitted carbon dioxide into the atmosphere in
many fields of industry and power generation. If this
technology is successfully used in different industrial areas
and power plants, 57 % of CO; emissions can be reduced [4].
Driven by the global trend to reduce carbon dioxide in
industrial emissions, many scientists investigated different
methods of carbon dioxide capture in industrial application.
However, the main problem is that carbon dioxide capture is
very expensive and exceeds the cost of capturing one ton of
carbon dioxide at 12 dollars. Carbon dioxide capturing at
power plants reduces their efficiency by 10 £2 % [5].

Chemical looping combustion is the unmixed combustion
technique because the fuel and the air do not have a direct
reaction. Combustion occurs without air contact with fuel,
where oxygen is separated from the air by a metal powder,
called oxygen-carriers; therefore, the process of combustion is
carried out by oxygen only and carbon dioxide can be
captured with high efficiency. In chemical looping
combustion, oxygen-carrier particles are run between two
reactors, as shown in Figure 1.

In the first reactor, air flows from the bottom where the
oxidation of particles occurs. This reactor is usually called an
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air-reactor. Then, the metal powder is transported through a
ring seal to the second reactor where the fuel is inserted and
this reactor is called the fuel-reactor [6-7]. The fuel and the
available oxygen in the oxygen-carrier particles react
according to Equation 1.

(2n + m)Me, Oy, + CyHppm = (2n + m)Me,0," + nCO, + mH,0
1)

Oxygen-carrier is reduced in fuel reactor and the metal
powder is transferred to the air reactor to be oxidized, as
shown in Equation 2.

2Me, 0, + 0, — 2Me, Oy @)

where MeOy+1 is the oxidized metal-powder and Me,Oy is the
reduced metal powder. Therefore, the objective of this process
is to transport oxygen to the fuel reactor without any direct
loss of efficiency and without nitrogen-dilute gas in the
reaction results. Following the condensation of water and
cleaning of the exhaust from impurities such as Sox, a pure
stream of CO; is ready to be transported to a suitable location
for storage [8-9]. Lewis and Gilliland put forward the
principle of chemical looping combustion first [10-11].

Separator

reactor

Figure 1. Schematic diagram of the chemical looping combustion
process

Chemical looping combustion was first coined by Ishida et
al. [11] and they recognized the concept of CLC system to
capture CO, from fossil fuels. Lyngfelt et al. presented the
first chemical looping combustion design based on the
circulating fluidized bed principle [6]. More different
materials have been investigated as oxygen carrier materials
for use in CLC technology, especially the active oxides of
iron, nickel, copper, and manganese [12]. In the beginning of
the year 2011, it was reported that operation for more than
4000 h was completed in 12 different units [13] using gaseous
fuels. Through the last few years, solid fuel has received a
greater focus than liquid fuels, but the latter have been tested
in relatively small lab units [14]. Until the year 2012, reports
on nearly 120 hours of operation with three different oxygen
carriers have been submitted [15] and more studies have been
performed on solid fuel [16]. Due to the chemical looping
combustion importance, it is important to make a comparison
between different types of fuel.

Therefore, the main objectives of the present study are to
design and fabricate a chemical looping combustor; to
compare the combustion of gaseous and solid fuels in the
chemical looping combustor' to investigate the temperature
distribution along the fuel reactor using gaseous and solid
fuels before and after applying CLC technology. The CO and
CO; concentrations in combustion gases with and without
using nickel powder were given for LPG and brown coal

fuels. The temperature distribution along the fuel reactor for
LPG flow rates of 11 and 18 LPM with and without using
nickel powder as well as using preheated reactor will be
discussed and evaluated.

Also, this study presents the experimental results of
temperature distribution along the fuel reactor for brown coal
of different diameters with and without using nickel powder.
In addition, a mathematical model was developed to simulate
the combustion in CLC using combustion and energy code.
This code investigates the concentration of gases in emissions
and temperature distribution in both gas and solid phases. The
experimental and simulated results were validated according
to the statistical methods such as the coefficient of
determination R? as follows.

2. EXPERIMENTAL SETUP
2.1. Design of CLC reactor

This section presents the design of the CLC combustor with
its main parts and dimensions. The chemical looping
combustor was designed and fabricated at the combustion lab,
Faculty of Engineering, Suez Canal University. The CLC
system consists of the air reactor with a height of 2.67 m and
an internal diameter of 0.09 m. The air reactor is connected to
the fuel reactor with a height of 1.25 m and an internal
diameter of 0.2 m. The particles flow upward in the air reactor
with the inlet air and can be collected by the cyclone at the top
of the CLC system. Two butterfly valves are used for
measuring solid circulation flux. A photograph and a
schematic diagram of the chemical looping combustor system
with its main geometric sizes are shown in Figure 2.
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Figure 2. (a) Schematic diagram and (b) photograph of chemical
looping combustion (CLC) system, where T is thermocouple sensors,
1- air inlet, 2- metal powder inlet, 3- air reactor, 4- cyclone, 5-
butterfly valves, 6- burner, 7- combustion chamber, 8- fuel reactor
and 9- chimney

2.2. Oxygen carrier selection

The selection of oxygen carrier is one of the most important
aspects for designing the CLC system. There are many
important factors to be considered when choosing an oxygen
carrier. These factors include high reactivity in both cases of
reduction by fuel gas and oxidation by oxygen in the air,
oxygen transfer capacity, cost, environmental impacts,
thermodynamic properties, and melting point. Researchers
found that some oxide systems of the transition metals, Fe,
Cu, Co, Mn, and Ni could be used as oxygen carriers [17, 18].
There are many experimental investigations of different
oxygen carriers.

Nakano et al. [19] performed an experimental work using
Fe,O3 with ALLOs; and Fe,Os with Ni as support using a
thermogravimetric analyzer. In addition, they presented a
CLC reactor and a fixed bed reactor with gas chromatography
[20]. Mattisson and Lyngfelt investigated iron ore,
Fe,03/Al,03, and Fe,03/MgO in fixed bed [21].

Also, different oxides of nickel, copper, cobalt, and
manganese supported by aluminum oxide were studied by
Mattisson et al. [22] for methane. From the previous studies, it
can be noticed that the reaction rates during oxidation and
reduction varied in a wide range depending upon the metal
oxide used as well as reaction parameters. In general,
nickel-based carriers appear to have the highest reduction
reactivity compared to iron; manganese and copper based
carriers have not been studied to the same extent. Therefore,
nickel was used as metal powder in the CLC system under
investigation.

2.3. Uncertainty analysis

Uncertainty in measurement is the doubt regarding the result
of any measurement [23]. The analysis of experimental
uncertainty was done and evaluated according to Holman [24]
and Ismail et al. [25]. The minimum experimental error was
equal to the ratio between its least count and the minimum
recorded value of the measured output. All values were
smaller than the obtained data and found to be within the
allowable range of the measurements. Table 1 shows the
uncertainty analysis for the measured parameters during
experiments.

Table 1. Uncertainty analysis of the measured parameters

Parameter Range Accuracy Uncertainty
Thermocouple K-type
Temperature 0 °C to 1300 °C t22°C + 0.043 %
P or£025% | o
Compact combustion analyzer
Carbon dioxide 0-60 % +03 +0.013 %
0-2000 ppm
+ 10
Carbon And 4000 ppm | — PP™ 14 0.09%
monoxide . +5%
max for 15 min
Rotameter
1 fl
Volume flow 1.2-18 LPM - +2.7%
rate

2.4. Experimental setup for using gaseous fuel

In order to determine the effect of using CLC technology, the
fuel should be combusted traditionally and the results before
and after applying CLC technology need to be compared. The
lower and upper explosive limits for gaseous fuel should be
measured based on the system conditions. The minimum
concentration of a particular combustible gas or vapor
necessary to support its combustion in air is defined as the
Lower Explosive Limit (LEL) for that gas. Below this level,
the mixture is too "lean" to burn. The maximum concentration
of a gas or vapor that burns in the air is defined as the Upper
Explosive Limit (UEL). Above this level, the mixture is too
“rich” to burn. In this study, Liquid Petroleum Gas (LPG) was
used as gaseous fuel consisting of 60 % Propane (C3;Hs) and
40 % butane (C4Ho), with a heating value equal to 46.1 MJ/kg
[26]. The lower and upper explosive limits and stoichiometry
percentage of Propane and Butane are shown in Table 2.

Table 2. Lower and upper explosive limits and stoichiometry

percentage
Gas LEL UEL Stoichiometry
Propane 21 % 9.5% 4.016 %
Butane 1.8 % 8.4 % 3.135%
All concentrations in percentage by volume

A half HP blower with an airflow rate of 480 LPM was used
as an air source for traditional combustion. Flammability
limits of mixtures of several combustible gases can be
measured using Le Chatelier's mixing rule for combustible
volume fractions Xi using the following Equations [27].

LEL mix = —— 3)

LELi
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UEL mix — 2% (4)

UELi

Stoichiometry mix = % ®)
Ztoich
From the calculation above and at the air flow rate of 480
LPM, the minimum amount of fuel (Qmin), the maximum
amount of fuel (Qmax), and the best ratio between the air and
fuel used (Qstoich) are shown in Table 3.

Table 3. Lower and upper explosive limits and stoichiometry
percentage for LPG at the air flow rate of 480 LPM

Gas Qmin (LPM) Qmax (LPM) Qstoich (LPM)

LPG 9.64 47.629 17.98

The Qswich fuel ratio was used in experiments because due to
its higher temperature than Qmin and lower toxic exhaust than
Qmax. For stoichiometric combustion, Qgel =18 LPM and this
flow rate consists of 40 % Butane and 60 % Propane.

CsHs +5 02 — 3 CO2+ 4 H20 (6)
CaHio+ 6.5 02 — 4 CO2 + 5 H20 )

According to Equations (6) and (7), it can be noticed that
38.822 x 107 and 34.207 x 10 mole O, / sec are required for
Propane and Butane, respectively. In order to calculate the
required amount of nickel powder flow rate, the amount of
needed oxygen to burn LPG components should be 73.029 x
103 mole/sec to burn the LPG flow rate of 18 LPM.

2.5. Experimental setup for use in solid fuel

A batch system was used by burning 300 g of brown coal with
proximate analysis, as shown in Table 4. In order to calculate
the required amount of nickel powder flow rate, the amount of
needed oxygen to burn 300 g of brown coal experiments
should be calculated. The proximate analysis for 300 g of
brown coal used in experiments is shown in Table 5. From the
mass percentage of the volatile matter components shown in
Table 6, the required oxygen for burning combustible volatile
matter can be calculated.

Table 4. Proximate analysis for brown coal

Element

Mass percent (%)

Fixed carbon (C)

39

Moisture (H20)

15

Volatile matter

29

Ash

17

Table 5. Proximate analysis for 300 g of brown coal

Element Mass percent (%) Mass for 300 g (g2) g/mole Number of moles
Fixed carbon (C) 39 117 12 9.75
Moisture (H20) 15 45 18 2.5
Volatile matter 29 87 - -
Ash 17 51 - -
Table 6. Mass percentage for 87 g of volatile matter components
Element Mass percent (%) g g/mole Number of moles
Ha 20 17.4 2 8.7
CcO 14 12.18 28 0.435
CH4 15 13.05 16 0.82
S 0.87 32 0.027
N2 5 4.35 28 0.16
02 24 20.88 32 0.65
CO2 9 7.83 44 0.18
H20 12 10.44 18 0.58
The combustion equations of volatile matter elements are as 32.609 Ni+ 16.3045 O2 — 32.609 NiO (14)

follows:

8.7 H, + 4.35 0, > 8.7 H,0 (8)
0.435 CO + 0.2175 0, — 0.435 CO, 9)
0.82 CH, + 1.64 0, > 0.82 CO, + 1.64 H,0 (10)
0.027 S + 0.027 0, — 0.027 SO, (11)
0.16 N, + 0.32 0, — 0.32 NO, (12)
9.75C+9.750, - 9.75 CO, (13)

According to Equations (9-13), the required oxygen for
burning combustible volatile matter is equal to 6.5545 mole of
0, and 9.75 moles of oxygen required for burning 117 g of
fixed carbon. From this calculation, all the required moles of
O, are equal to 16.3045 moles to burn 300 g of brown coal.
From Equation (14), it can be noticed that 1913.82 g nickel is
needed for burning 300 g of coal. From experiments, it can be
noted that complete combustion with 300 g of coal takes 10 to
12 minutes. Assuming that combustion rate is constant, 2.66
to 3.2 g of nickel per the second path are required through the
combustion chamber.
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3. MATHEMATICAL MODELLING OF THE FUEL
REACTOR

The mathematical model gives a simulation of combustion in
CLC using combustion and energy code. CFD techniques
offer the capacity of studying a system under conditions over
its limits. In the combustion process, the simulation uses less
advanced technology to study the solid, gas phase and
temperature distribution of matter, thus greatly saving the
calculation requirements. The mathematical model is built
based on the conservation of a coupled transport equation and
the equation of state of the fluid system. For obtaining a time-
and grid-independent solution, the presented simulations were
performed with a time step of 2 x 103 s and a space step of
0.1 mm. The combustion process was launched by the gas
burner. More details of the current model can be found in the
supplementary  materials. The previously described
mathematical model was evaluated based on the coefficient of
determination, R?. This statistical value can be used to test the
linear relationship between the calculated and measured
values; its value should be as close to unity as possible and is
given by the following equation [28]:

Error between experimentaland predicted results

21—

R"=1 Experimental result deviation (15)
2 _ Z(Em_Ec)Z

R - 1 Z(Em_Em) (16)

where E;, and E. are the measured and calculated values,
respectively. The term E,, in Equation (16) is the average
measured value which can be defined as follows [28]:

T Z:l=p1 Em

Ep==— an

np

where ny, is the number of experimental points.

4. RESULTS AND DISCUSSION
4.1. Gaseous fuel (LPG)

This section provides the results of temperature distribution
along the fuel reactor of LPG as a gaseous fuel. The
temperature was measured using K-type thermocouple with a
data acquisition system. Also, this section gives the
concentration measurements of CO and CO; in combustion
exhaust in three different cases.

4.1.1. Experimental and simulated results for LPG
without nickel powder

After preparing CLC reactor along the fuel reactor, a volume
flow rate less than the stoichiometric was measured and
recorded, as shown in Figure 3. This figure shows that the
maximum recorded temperature was 576 °C at T; and the
temperature gradually decreased to 288 °C at Tg. The
simulated results of temperature distribution are shown in
Figure 4. After preparing the CLC reactor and adjusting the
volume flow rate to 18 LPM, the temperature distribution
along the fuel reactor was measured and plotted, as shown in
Figure 5. From the figure evaluation, it can be noticed that the
maximum-recorded temperature was 824 °C and recorded by
T). The temperature distribution starts decreasing gradually
along the fuel reactor to reach 417 °C at Ts. The simulated
results of temperature distribution along the fuel reactor for
the LPG volume flow rate of 18 LPM are shown in Figure 6.

The red region in the simulated results represents the highest
temperature and blue region represents the lowest temperature
in the domain. It is clearly seen in these figures that the
high-temperature region occurs in the bottom of the reactor
and decreases gradually along the reactor length.
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Figure 3. Experimental results of temperature distribution along the
fuel reactor for LPG (Q = 11 LPM), without using nickel powder
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Figure 4. Simulated results of temperature distribution for LPG
(Q =11 LPM) without using nickel powder
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Figure 5. Experimental temperature distribution along the fuel
reactor for LPG without using nickel powder
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[K1

Figure 6. Simulated results of temperature distribution for LPG
without using nickel powder

4.1.2. Comparison between experimental and
simulated results for different flow rates of LPG

The comparison between the temperature distribution in the
combustion chamber (T;) for LPG flow rates of 11 and 18
LPM is shown in Figure 7. In the experiments, the proportion
of gases emitted before and after the use of nickel powder is
compared; therefore, the perfect LPG volume flow rate should
be chosen to be used in all subsequent experiments. The
simulated results of temperature distribution and different
values of flow rates for LPG are shown in Figure 8. It was
observed that the flow rate of 18 LPM was perfect and the
temperature at the beginning of the experiments was less than
the requirement of the reduction process of nickel powder.
Therefore, it is necessary to preheat the reactor before starting
the combustion process for obtaining high temperature. The
experimental results of temperature distribution along the
preheated fuel reactor for 18 LPM of LPG are shown in
Figure 9. From this figure, it is clear that there is a high-
temperature distribution along the fuel reactor at the beginning
of the experiment and this is sufficient for nickel reduction,
and the maximum recorded temperature was 1079 °C. For this
reason, all the following experiments for gaseous fuel were
carried out with 18 LPM after preheating the reactor. Also, the
simulated results of the LPG volume flow rate of 18 LPM
with preheated reactor are shown in Figure 10. From the
analysis of these figures, it can be concluded that the
temperature distribution is very crucial which occurs by
different colors in the model domain.
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Figure 7. Comparison between the temperature distribution in the
combustion chamber (T1) at different LPG volume flow rates (Q = 11
and 18 LPM)
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Figure 8. Simulated results of temperatures along the fuel reactor for
different LPG volume flow rates (Q = 11 and 18 LPM)
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Figure 9. Experimental temperature distribution along the fuel
reactor for LPG, preheated reactor without using nickel powder
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Figure 10. Simulated results of temperature distribution with LPG
and preheated reactor without using nickel powder

4.1.3. Validation for using LPG without nickel powder

Figure 11 shows a comparison between experimental and
simulated results of temperature distribution for preheated fuel



M.A. Barakat et al. / JREE: Vol. 9, No. 1, (Winter 2022) 23-36 29

reactor using LPG with a flow rate of 18 LPM without using
nickel powder. Based on the analysis of this figure, it is clear
that the values for experimental results and simulated results
are different. This is due to the adiabatic system and the
laminar flow. Therefore, there is no leakage of heat in the
numerical system; in contrast, there is a leakage in the heat in
the practical experiments. Moreover, the accuracy in
measuring instruments is not ideal. The coefficient of
determination (R?) for the experimental and simulated results
values of the LPG equals 80.83 %.
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Figure 11. Experimental and simulated results of temperature
distribution for LPG and preheated reactor without using nickel
powder

4.1.4. Experimental concentrations of CO and CO: for
gaseous fuel

Table 7 shows the operating conditions of carbon monoxide
and carbon dioxide concentrations measurement for different
cases with using gaseous fuel (LPG).

Table 7. Operating conditions of CO and CO2 concentrations of
measurement experiments using LPG

. The used
Combustion | The reactor used
Case . X amount of
method in combustion .
nickel

Gaseous fuel (18 LPM of LPG)

The fuel reactor

Conventional | after separating it without using

Case # 1
ase combustion from the air nickel powder
reactor
Case# 2 CLC CLC system (fuel %0¢
combustion reactor and air 135 d 45
Case # 3 h gan . &
technology reactor) supplementation

Case # 1: Gaseous fuel, without nickel powder

In the experimental work, the concentration of carbon
monoxide and carbon dioxide in the combustion exhaust
emissions was measured using the gas analyzer. Figure 12
shows the concentrations of CO and CO, emissions for
gaseous fuel without using metal powder. From the analysis of
this figure, it is clear that the concentration of carbon
monoxide increased continuously until the end of the
experiment. In contrast, the concentration of carbon dioxide
was reduced significantly throughout the experiment. The

average values of the exhaust gases reading for CO and CO;
during the experiment were 1289 ppm and 32.5 %,
respectively. In other words, incomplete combustion occurs
during this experiment.

Case # 2: Gaseous fuel using 90 g nickel powder

In this case, in order to improve the combustion process, 90 g
of nickel powder was used in the experimental work. The
nickel powder was used as an oxygen carrier for complete
combustion in the system under investigation. The results are
shown in Figure 13. From this figure, it is clear that at the
beginning, the CO concentration decreases until 400 s and it
begins to increase; otherwise, the CO, concentration increases
until 400 s and it begins to decrease. In other words, the
combustion process was enhanced during this experiment. The
average experimental exhaust gases reading for CO and CO;
were 678.5 ppm and 48 %, respectively. The results also
showed the effect of using oxygen carriers on combustion
gases where the average ratio of the carbon monoxide was
lower than that in Case #1.

Case #3: Gaseous fuel using 135 g nickel powder with
supplementation

In this case, gaseous fuel was used using 135 g nickel powder
and 45 g was added in the experiment. The additional amount
of nickel powder was added to study the effect of nickel
powder supply on the combustion process. The additional
amount of nickel powder was added after five minutes, which
is the time in which CO and CO, curves began to change its
direction in the previous experiment. Figure 14 represents the
concentrations of CO and CO, emissions for this case. From
the analysis of this figure, it can be noticed that the average
exhausts gases reading for CO and CO, were 655 ppm and
54.1 %, respectively. According to previously obtained data, it
can be concluded that there is a significant difference in the
readings of the combustion gases before and after using nickel
powder.

The average carbon monoxide before using nickel powder
was about 1289 ppm, and after using nickel powder, it
decreased to 655 ppm, meaning that using metal powder
decreases the rate of CO with an average value of 49.1 %. In
addition, for carbon dioxide, the average value before using
nickel powder was about 32.5 % and after using nickel
powder, it was 54.1 %, meaning that using metal powder
improves the rate of CO, by 66.5 % and improves the
combustion process.
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Figure 12. Concentrations of CO and CO: emissions for gaseous fuel
without using metal powder
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Figure 14. Concentrations of CO and CO: emissions for gaseous fuel
using 135 g nickel powder with 45 g supplementation after five
minutes

4.1.5. The effect of using nickel powder for gaseous
fuel

As discussed in the previous section, nickel powder improved
the combustion process. Thus, the temperature distribution
along the fuel reactor was measured and recorded using
experimental and numerical methods, as shown in Figures 15
and 16, respectively. From these figures, it is clear that there is
an increase in the temperature after using oxygen carriers and
the maximum recorded temperature is 1154 °C and measured
by Ti. A comparison between the temperature distribution for
LPG fuel with and without using nickel powder is shown in
Figure 17. This figure shows that the nickel powder increases
the temperature distribution along the fuel reactor. Also, the
flame color is essential to a better understanding of the
complete or incomplete combustion process. Figure 18 shows
the flame color with and without using nickel powder. From
the photograph in Figure 18 (a), it is clear that the flame color
is yellow and this is one of the common colors for incomplete
combustion, indicating that after using nickel powder,
complete combustion is very close. On the contrary, the flame
color is blue when using nickel powder, meaning that when

burning LPG with using nickel powder, the complete
combustion process occurs, as shown in Figure 18 (b).
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Figure 15. Experimental temperature distribution along the fuel
reactor for LPG using nickel powder
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Figure 16. Simulated results of temperature distribution along the
fuel reactor for LPG using nickel powder
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Figure 17. Comparison between the temperature distribution for
LPG fuel with and without using nickel powder
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(a) Without using nickel powder

(b) Wiﬂiﬁsing nickel powder

Figure 18. The flame color of gaseous fuel with and without using
nickel powder

4.2. Solid fuel (brown coal)

4.2.1. Experimental and simulated results for different
brown coal diameters, without using nickel powder

For brown coal (1-2 cm diameter), the results are shown in
Figure 19. The maximum recorded temperature was 422 °C at
T, and the temperature gradually decreased to 115 °C at Ts.
Figure 20 shows the results of temperature distribution along
the fuel reactor for brown coal (2-3 cm diameter) without
using nickel powder. From the analysis of this figure, it can be
noticed that the maximum recorded temperature was 531 °C at
T, and the temperature gradually decreased to 129 °C at Ts.
Also, Figure 21 shows the experimental results of temperature
distribution along the fuel reactor for brown coal (3-4 cm
diameter) without using nickel powder. The maximum
recorded temperature was 678 °C at T and the temperature
gradually decreased to 159 °C at T8. Figure 22 shows the
temperature distribution along the fuel reactor for brown coal
(4-5 cm diameter) without using nickel powder. From this
figure, it is clear that the maximum recorded temperature was
840 °C at T, and the temperature decreased gradually to
209 °C at Ts. For brown coal (5-6 cm diameter), the results are
shown in Figure 23. The maximum recorded temperature was

567 °C at T, and the temperature gradually decreased to
218 °C at Ts. The simulated results of temperature distribution
for different brown coal diameters without using nickel
powder are shown in Figure 24.
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Figure 19. Experimental results of temperature distribution along the
fuel reactor for brown coal (1-2 cm diameter) without using nickel
powder
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Figure 20. Experimental results of temperature distribution along the
fuel reactor for brown coal (2-3 cm diameter) without using nickel
powder
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Figure 21. Experimental results of temperature distribution along the
fuel reactor for brown coal (3-4 cm diameter) without using nickel
powder
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Figure 22. Experimental temperature distribution along the fuel

reactor for brown coal (4-5 cm diameter) without using nickel
powder
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Figure 23. Experimental results of temperature distribution along the
fuel reactor for brown coal (5-6 cm diameter) without using nickel

powder
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Figure 24. Simulated results of temperature distribution for different
brown coal diameters without using nickel powder

4.2.2, Comparison between experimental and
simulated results for different brown coal diameters

A comparison between the experimental results of
temperature distribution in the combustion chamber (T;) for
different brown coal diameters is shown in Figure 25. From
this figure, it is clear that the brown coal with a diameter (4-5
cm) gives the highest value of temperature distribution among
the other diameters. Figure 26 shows the simulated results of
temperature distribution along the fuel reactor for different
diameters of brown coal. Also, the red region for the brown
coal diameter of (4-5 cm) extends to a larger area, compared
with the other diameters. It was observed that 4-5 cm diameter
would be perfect and the temperature at the beginning of these
experiments was less than the requirement of the reduction
process of nickel powder.

Therefore, it is necessary to preheat the fuel reactor before
starting the combustion process. The temperature at the
beginning of the experiment is sufficient for nickel powder
reduction. The experimental results of the temperature
distribution with the preheated reactor are shown in Figure 27.
From the analysis, it can be concluded that there was a
significant increase in the temperature gradient and the
maximum recorded temperature in this experiment was
973 °C at T,. For this reason, all experiments for solid fuel
were carried out with a 4-5 cm diameter and after preheating
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the fuel reactor. Figure 28 shows the simulated temperature
distribution along the fuel reactor for brown coal (4-5 cm
diameter) upon preheating the fuel reactor.
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Figure 25. Comparison between the temperature distributions in the
combustion chamber (T1) for different brown coal diameters
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Figure 26. Simulated results of temperature distribution along the
fuel reactor with different diameters of brown coal
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Figure 27. Experimental temperature distribution along the fuel
reactor for brown coal (4-5 cm diameter) preheated reactor without
using nickel powder
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Figure 28. Simulated results of temperature distribution for brown
coal (4-5 cm diameter), preheated reactor without using nickel
powder

4.2.3. Validation for using brown coal without nickel
powder

Figure 29 shows a comparison between experimental and
simulated results for preheated fuel reactor using brown coal
without using nickel powder. The brown coal has a diameter
of 4-5 cm. From the analysis of this figure, it can be
concluded that the values for the experimental results are
consistent with those for the simulated results. The coefficient
of determination (R?) for the experimental and simulated
results values of the brown coal equals 82.9 %.
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Figure 29. Experimental and simulated results of temperature
distribution for brown coal, preheated reactor without using nickel
powder

4.2.4. Experimental concentrations of CO and CO: for
solid fuel

Table 8 shows the operating conditions of carbon monoxide
and carbon dioxide Concentrations measurement for different
cases with using solid fuel (brown coal).
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Table 8. Operating conditions of CO and CO2 concentrations of
measurement experiments using brown coal fuel

The used
Combustion The reactor used
Case amount of
method in combustion
nickel

Solid fuel ( 4-5 cm diameter of brown coal)

The fuel reactor

30 - - 4500
1 + 4000
25 + :
] £ 3500
=S ] i _
=20 1 - 3000 £
£ + 2500 &
~ L N 7]
g5 £ 2000 ®
o ] s E
] £ 1500 T
10 | : S
] £ 1000
s+t F 500
0 200 400 600 800
Time (sec)
——CO2 —&—Co

Conventional after separating it without using

Case # 1

combustion from the air nickel powder

reactor

Case #2 CLC CLC system (fuel 40¢g

combustion reactor and air 60gand20 g
Case # 3

technology reactor) supplementation

Case # 1: Solid fuel, without using nickel powder

The concentration measurements of CO and CO for solid fuel
are discussed in three cases. In this case, the measurements
were done without using nickel powder and the behavior of
CO and CO; concentration is shown in Figure 30. This figure
shows that the concentration of carbon monoxide increased
continuously until the end of the experiment. In contrast, the
concentration of carbon dioxide decreased significantly
throughout the experiment, and the average exhaust gases
reading for CO and CO, was 2591 ppm and 18.5 %,
respectively.

Case # 2: Solid fuel, using 40 g nickel powder

In this case, 40 g of nickel powder was added to the fuel
reactor. The concentrations of CO and CO; emissions were
measured, as plotted in Figure 31. From the analysis of this
figure, it can be concluded that using nickel powder as oxygen
carrier improved the combustion process and the average
exhaust gases reading of CO and CO, emissions were 1517
ppm and 26.8 %, respectively.

Case # 3: Solid fuel, using 60 g of nickel powder with
supplementation

The effect of adding nickel powder with supplementation was
studied in this case. In this experiment, 60 g of nickel was
used at the beginning of the experiment and 20 g
supplementation after six minutes. This time duration is the
time at which the behavior of the curve begins to change its
direction, as shown in Figure 32. From the analysis, it is clear
that the CO, curve begins to increase significantly from the
beginning to the end of the experiment. The average exhaust
gases reading of the experiment for CO and CO; emissions
was 1200 ppm and 31.8 %, respectively. According to the
previously recorded data, there is a significant difference in
the readings of the combustion gases before and after using
nickel powder. The average carbon monoxide before and after
using nickel powder was 2591 ppm and 1200 ppm
respectively, meaning that using metal powder reduced the
average rate of CO by 53.7 %. Also, the average carbon
dioxide before and after using nickel powder was 18.5 % and
31.8 %, respectively, and this means that using metal powder
improves the average rate of CO; by 71.9 %.

Figure 30. Concentrations of CO and CO: emissions for solid fuel
without using metal powder
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Figure 31. Concentrations of CO and COz emissions using solid fuel
with 40 g nickel powder
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Figure 32. Concentrations of CO and CO; emissions using solid fuel
with 60 g nickel powder and 20 g supplementation after six minutes

4.2.5. The effect of using nickel powder for brown coal
fuel

The temperature distribution along the fuel reactor was
measured and recorded using experimental and numerical
methods, as shown in Figures 33 and 34, respectively. From
these figures, it is clear that using oxygen carriers increases
the temperature distribution. The maximum recorded
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temperature was 1037 °C at T1. The comparison between the
temperature distribution for brown coal (4-5 cm diameter)
with and without using nickel powder is shown in Figure 35.
Also, it is clear that there is a significant increase in
temperature which yields increase in the CO, percentage and
the approach to the complete combustion process.
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Figure 33. Temperature distribution along the fuel reactor for brown
coal (4-5 cm diameter), a preheated reactor with nickel powder

1080

[K]

Figure 34. Simulated results of temperature distribution for brown
coal (4-5 cm diameter), a preheated reactor with nickel powder
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Figure 35. Comparison between the temperature distribution for
brown coal (4-5 cm diameter) with and without using nickel powder

5. CONCLUSIONS

Chemical looping combustion is one of the most effective
techniques that does not waste energy during the separation
process of COx. In this study, a Chemical Looping Combustor
(CLC) was designed and fabricated using nickel powder,
brown coal and liquefied petroleum gas as an oxygen carrier.
The temperature distribution along the fuel reactor using
gaseous and solid fuels before and after applying CLC
technology was investigated. The CO and CO; concentrations
at combustion gases with and without using nickel powder
were conducted for LPG and brown coal fuels. The
temperature distributions along the fuel reactor for LPG flow
rates of 11 and 18 LPM with and without using nickel powder
as well as using preheated reactor were discussed and
evaluated.

Also, the experimental results of temperature distribution
along the fuel reactor for brown coal of different diameters
with and without using nickel powder were studied. In
addition a mathematical model was developed to simulate the
combustion in CLC using combustion and energy code for
both gas and solid phases. The experimental and simulated
results were validated according to the coefficient of
determination R?. The results showed that the chemical
looping combustion technique could be used for gaseous and
solid fuels. Using nickel powder improved the combustion
process and in case of using LPG, the color of the flame
changed to blue which is the color of the complete combustion
flame. The CO was reduced by 49.1 % and CO; increased by
66.5 %. In case of using brown coal as solid fuel, CO was
reduced by 53.7 % and CO, was augmented by 71.9 %.
Finally, there was good agreement between the experimental
and simulated results based on the determination coefficient.

6. ACKNOWLEDGEMENT

The authors thank the combustion laboratory workers,
Department of Mechanical Engineering, Faculty of
Engineering, Suez Canal University, for technical guidance
and support towards the preparation of this work.

REFERENCES

1. Karl, R. and Trenberth, K., "Modern global climate change", Science,
Vol. 302, (2003), 1719-1723. (https://doi.org/10.1126/science.1090228).

2. Chan, E.Y., "Climate change is the world's greatest threat—In Celsius or
Fahrenheit", Journal of Environmental Psychology, Vol. 60, (2018),
21-26. (https://doi.org/10.1016/j.jenvp.2018.09.002).

3. Pelletier, C., Rogaume, Y., Dieckhoff, L., Bardeau, G., Pons, M.-N. and
Dufour, A., "Effect of combustion technology and biogenic CO, impact
factor on global warming potential of wood-to-heat chains", Applied
Energy, Vol. 235, (2019), 1381-1388.
(https://doi.org/10.1016/j.apenergy.2018.11.060).

4.  IPCC, IPCC special report: Carbon dioxide capture and storage,
(2005). (Accessed: 10 July 2016) (https://www.ipcc.ch/report/carbon-
dioxide-capture-and-storage/).

5. Cho, P., Mattisson, T. and Lyngfelt, A., "Comparison of iron-, nickel-,
copper and manganese-based oxygen carriers for chemical-looping
combustion", Fuel, Vol. 83, (2004), 1215-1225.
(https://doi.org/10.1016/j.fuel.2003.11.013).

6. Lyngfelt, A., Leckner, B. and Mattisson, T., "A fluidized-bed
combustion process with inherent CO, separation; Application of
chemical looping combustion", Chemical Engineering Science, Vol.
56, (2001), 3101-3113. (https://doi.org/10.1016/S0009-2509(01)00007-
0).

7. Ma, J., Zhao, H., Tian, X., Wei, Y., Zhang, Y. and Zheng, C.,
"Continuous operation of interconnected fluidized bed reactor for
chemical looping combustion of CH, using hematite as oxygen carrier",



https://doi.org/10.1126/science.1090228
https://doi.org/10.1016/j.jenvp.2018.09.002
https://doi.org/10.1016/j.apenergy.2018.11.060
https://www.ipcc.ch/report/carbon-dioxide-capture-and-storage/
https://www.ipcc.ch/report/carbon-dioxide-capture-and-storage/
https://doi.org/10.1016/j.fuel.2003.11.013
https://doi.org/10.1016/S0009-2509(01)00007-0
https://doi.org/10.1016/S0009-2509(01)00007-0

36

10.

11.

12.

13.

14.

15.

17.

M.A. Barakat et al. / JREE: Vol. 9, No. 1, (Winter 2022) 23-36

Energy Fuels, Vol. 29,
(https://doi.org/10.1021/ef502881x).

Linderholm, C. and Schmitz, M., "Chemical-looping combustion of
solid fuels in a 100 kW dual circulating fluidized bed system using iron
ore as oxygen carrier", Journal of Environmental Chemical
Engineering, Vol. 4, (2016), 1029-1039.
(https://doi.org/10.1016/j.jece.2016.01.006).

Pérez-Vega, R., Abad, A., Garcia-Labiano, F., Gayan, P., Luis, F. and
Adénez, J., "Coal combustion in a 50 kWth chemical looping
combustion unit: Seeking operating conditions to maximize CO, capture
and combustion efficiency", International Journal of Greenhouse Gas
Control, Vol. 50, (2016), 80-92.
(https://doi.org/10.1016/.ijggc.2016.04.006).

Lewis, W.K., Gilliland, E.R. and Sweeney, W.P., "Gasification of
carbon metal oxides in a fluidized power bed", Chemical Engineering
Progress, Vol. 47, (1951), 251-256.
(https://doi.org/10.1021/ie50474a017).

Ishida, M. and Jin, H., "A novel combustor based on chemical-looping
combustion reactions and its reactions kinetics", Journal of Chemical
Engineering  of Japan, Vol. 27, (1994), 296-301.
(https://doi.org/10.1252/jcej.27.296).

Lyngfelt, A. and Mattisson, T., "Materials for chemical-looping
combustion", Process Engineering for CCS Power Plants, (2011), 475-
504. (https://www.worldcat.org/title/process-engineering-for-ccs-power-
plants/oclc/740976968).

Lyngfelt, A., "Oxygen carriers for chemical looping combustion - 4000
h of operational experience", Qil & Gas Science and Technology, Vol.
66, (2011), 161-172. (https://doi.org/10.2516/0gst/2010038).

Hoteit, A., Forret, A., Pelletant, W., Roesler, J. and Gauthier, T.,
"Chemical-looping combustion with different types of liquid fuels", Qil
& Gas Science and Technology, Vol. 66, (2011), 193-199.
(https://doi.org/10.2516/0gst/2010022).

Moldenhauer, P., Ryd’en, M., Mattisson, T. and Lyngfelt, A.,
"Chemical-looping combustion and chemical-looping with oxygen
uncoupling of kerosene with Mn- and Cu-based oxygen carriers in a
circulating fluidized-bed 300 W laboratory reactor", Fuel Processing
Technology, Vol. 104, (2012), 378-389.
(https://doi.org/10.1016/j.fuproc.2012.06.013).

Leion, H., Mattisson, T. and Lyngfelt, A., "The use of petroleum coke as
fuel in chemical-looping combustion", Fuel, Vol. 86, (2007), 1947-
1958. (https://doi.org/10.1016/j.fuel.2006.11.037).

Jerndal, E., Mattisson, T. and Lyngfelt, A., "Thermal analysis of
chemical-looping combustion", Chemical Engineering Research and
Design, Vol. 84, (20006), 795-806.
(https://doi.org/10.1205/cherd05020).

(2015), 3257-3267.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ishida, M., Jin, H. and Okamoto, T., "A fundamental study of a new
kind of medium material for chemical-looping combustion", Energy
Fuel, Vol. 10, (1996), 958-963. (https://doi.org/10.1021/ef950173n).

Nakano, Y., Iwamoto, S., Maeda, T., Ishida, M. and Akehata, T.,
"Characteristics of reduction and oxidation cycle process by use of a
Fe,0; medium", Iron Steel J Jpn, Vol. 72, (1986), 1521-1528.

Jin, H. and Ishida, M., "Reactivity study on natural-gas-fuelled chemical
looping combustion by a fixed-bed reactor", Industrial & Engineering
Chemistry Research, Vol. 41, (2002), 4004-4007.
(https://doi.org/10.1021/ie0201841).

Mattisson, T., Lyngfelt, A. and Cho, P., "The use of iron oxide as
oxygen carrier in chemical-looping combustion of methane with
inherent separation of CO,", Fuel, Vol. 80, (2001), 1953-1962.
(https://doi.org/10.1016/S0016-2361(01)00051-5).

Mattisson, T., Jardnis, A. and Lyngfelt, A., "Reactivity of some metal
oxide supported on alumina with alternating methane and oxygen
application for chemical-looping combustion", Energy Fuels, Vol. 17,
(2003), 643-651. (https://doi.org/10.1021/ef0201511).

Coleman, H.W. and Glenn Steele, W., Experimentation and uncertainty
analysis for engineers, Wiley, New York, (1999).
(https://www.wiley.com/en-
us/Experimentation%2C+Validation%2C+and+Uncertainty+Analysis+f
or+Engineers%2C+4th+Edition-p-9781119417514).

Holman, J.P., Experimental method for engineers, 6™ ed., McGraw-Hill,
Singapore, (1994). (https://www.amazon.com/Experimental-Methods-
Engineers-J-Holman/dp/0070296669).

Ismail, T.M., Ramzy,K., Abelwhab, M.N., Elnaghi, B.E., Abd El-Salam,
M. and Ismail, M.I., "Performance of hybrid compression ignition
engine using hydroxy (HHO) from dry cell", Energy Conversion and
Management, Vol. 155, (2018), 287-300.
(https://doi.org/10.1016/j.enconman.2017.10.076).

Yaws, C.L. and Braker, W., "Flammability characteristics of
combustible gases and vapors", Matheson gas data book, New York:
Parsippany, NJ:  Matheson  Tri-Gas, Vol. 443, (2001).
(https://www.worldcat.org/title/matheson-gas-data-
book/oclc/46685585).

Koshiba, Y., Hasegawa, T., Kim, B. and Ohtani, H., "Flammability
limits, explosion pressures, and applicability of Le Chatelier”s rule to
binary alkane-nitrous oxide mixtures", Journal of Loss Prevention in
the Process Industries, Vol. 45, (2017), 1-8.
(https://ynu.repo.nii.ac.jp/?action=repository_action common downloa
d&item_id=9396&item no=1&attribute_id=20&file_no=1).

Maindonald, J. and Braun, J., Data analysis and graphics using R: An
example-based approach, Cambridge University Press, (2006).

(https://www.amazon.com/Data-Analysis-Graphics-Using-Example-
Based/dp/0521762936).



https://doi.org/10.1021/ef502881x
https://doi.org/10.1016/j.jece.2016.01.006
https://doi.org/10.1016/j.ijggc.2016.04.006
https://doi.org/10.1021/ie50474a017
https://doi.org/10.1252/jcej.27.296
https://www.worldcat.org/title/process-engineering-for-ccs-power-plants/oclc/740976968
https://www.worldcat.org/title/process-engineering-for-ccs-power-plants/oclc/740976968
https://doi.org/10.2516/ogst/2010038
https://doi.org/10.2516/ogst/2010022
https://doi.org/10.1016/j.fuproc.2012.06.013
https://doi.org/10.1016/j.fuel.2006.11.037
https://doi.org/10.1205/cherd05020
https://doi.org/10.1021/ef950173n
https://doi.org/10.1021/ie020184l
https://doi.org/10.1016/S0016-2361(01)00051-5
https://doi.org/10.1021/ef020151i
https://www.wiley.com/en-us/Experimentation%2C+Validation%2C+and+Uncertainty+Analysis+for+Engineers%2C+4th+Edition-p-9781119417514
https://www.wiley.com/en-us/Experimentation%2C+Validation%2C+and+Uncertainty+Analysis+for+Engineers%2C+4th+Edition-p-9781119417514
https://www.wiley.com/en-us/Experimentation%2C+Validation%2C+and+Uncertainty+Analysis+for+Engineers%2C+4th+Edition-p-9781119417514
https://www.amazon.com/Experimental-Methods-Engineers-J-Holman/dp/0070296669
https://www.amazon.com/Experimental-Methods-Engineers-J-Holman/dp/0070296669
https://doi.org/10.1016/j.enconman.2017.10.076
https://www.worldcat.org/title/matheson-gas-data-book/oclc/46685585
https://www.worldcat.org/title/matheson-gas-data-book/oclc/46685585
https://ynu.repo.nii.ac.jp/?action=repository_action_common_download&item_id=9396&item_no=1&attribute_id=20&file_no=1
https://ynu.repo.nii.ac.jp/?action=repository_action_common_download&item_id=9396&item_no=1&attribute_id=20&file_no=1
https://www.amazon.com/Data-Analysis-Graphics-Using-Example-Based/dp/0521762936
https://www.amazon.com/Data-Analysis-Graphics-Using-Example-Based/dp/0521762936

JREE: Vol. 9, No. 1, (Winter 2022) 37-52

Journal of Renewable
Energy and Environment

Materials and Energy
Research Center

Journal Homepage: www.jree.ir MERC

Review Article

Trends of Progress in Setting up Biorefineries in Developing Countries: A Review of
Bioethanol Exploration in Nigeria

Toyese Oyegoke 2", Emo Obadiah?, Francis Adah¢, John E. Oguche?, Geoffrey T. Timothy 4, Ismail A. Mantu ¢, Abubakar D. Ado?

a Department of Chemical Engineering, Ahmadu Bello University, Zaria, Nigeria.

b Laboratoire de Chimie, Ecole Normale Supérieure de Lyon, Lyon, France.

¢ Department of Water Resources & Environmental Engineering, Ahmadu Bello University, Zaria, Nigeria.
d Department of Biochemistry, Federal University, Dutsinma, Nigeria.

e Department of Political Science, Federal University, Dutsinma, Nigeria.

PAPER INFO ABSTRACT

Paper history:

Received: 27 March 2021

Revised in revised form: 14 June 2021
Scientific Accepted: 19 July 2021
Published: 20 November 2021

In recent times, limitations and adverse effects of fossil fuels have significantly attracted researchers' attention
to green fuels worldwide, especially in developed nations. As a way of assessing this actualization of
biorefineries establishment in developing nations, this report surveys the works done by various researches
towards this great course in terms of promoting and gaining the attention of both government and private
investors about the technical and economic feasibility of embracing the use of biofuels, a case of bioethanol in
Nigeria. Different classes of feedstocks were reviewed for the laboratory-scale, process scale-up, pilot plant,

Keywords: and techno-economic studies regarding ascertaining the technical and economic feasibility of local setup of a

Biofuels, functional biorefinery in Nigeria, which would be beneficial environmentally and economically. The literature

Biomass, survey unveiled that the Bioethanol yield obtained from sugarcane-juice (72.7 %), banana-stems (84.0 %), and

Biorefinery, cassava (92.0 %) were found to be of highest potential amongst other sugar-based, lignocellulosic, and starch-

Bioethanol, based feedstock, respectively. The survey further unveils that the volume of process scale-up and economic

E‘?ne‘f"able Fuels, feasibility studies does not correlate well with the laboratory-scale studies. The bulk of the research works on
igeria

bioethanol has given preferential attention to laboratory studies. Only a few studies have looked into the
commercialization (i.e., scale-up) of the laboratory findings and the economic implications. Presently, only
sugarcane and a few cassavas are reported in the literature so far. It is, therefore, necessary for further studies
to give attention to the investigation of the commercializing locally developed technologies and the
exploration of their economic benefits.

https://doi.org/10.30501/jree.2021.278037.1197

harmful gases from fossil fuel consumption [8], which are
non-biodegradable. Bioethanol, an alternative to fossil fuel,
has high octane number, high heating value, and complete
combustion in automobiles due to its rich oxygen content,

1. INTRODUCTION

Biofuel as a fuel derived from biological carbon fixation leads
to the release of energy and can also be obtained from

converting various lignocellulosic wastes into liquid, solid,
and gaseous fuels. Today, biofuels have received much
interest from the public and the scientific community [1-3].
This new-found interest buildup is attributed to certain factors
such as environmental pollution caused by fossil fuels,
increased oil price, and the urgent need for improved security
in the world energy sector, African energy sectors, and the
quest for green technology [4-6]. Some fuels obtained from
solid biomass include bioethanol, bio-methanol, biodiesel,
biohydrogen, and biomethane, in which some are liquid while
others are gaseous fuels [7].

The world is facing global warming, which is majorly
brought about by incomplete combustion and emission of

*Corresponding Author’s Email: oyegoketoyese@gmail.com (T. Oyegoke)
URL: https://www jree.ir/article_140459.html

leading to less poisonous gas emission [9, 10].

Over time, fossil fuels are experiencing drastic depreciation
(in value) and relevance to the global scene. The demand and
prices of hydrocarbon deposits are shrinking down daily,
especially in developed nations. Most fossil fuel-dependent
economies and oil-producing countries are gearing up policy
frameworks to seek a more reliable alternative to fossil fuels.
Efforts are in motion to explore bioethanol through a series of
government policies to attain a paradigm shift from a
nonrenewable energy source to a renewable one [11]. Nigeria
is well known for being a petroleum-producing economy that
is far lagging in policies and actions to gradually divorce
fossil fuels for biofuels [12]. Lack of legislative-driven
policies and strong political will are a few among the many
rationales behind the slowdown in diverting the Nigerian state
from fossil fuels to biofuels [13].
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2. BACKGROUND INFORMATION ON BIOETHANOL

Bioethanol is a substitute for fossil fuels and can be produced
by fermenting sugar components from plant matter; ethanol
can be produced synthetically and naturally through yeasts.
About 51.3 billion liters of ethanol were produced worldwide
in 2006, and ethanol production would increase in the future
[14]. On a global scale, the challenges of rapid fuel
exhaustion, fuel prices, and climate change have resulted in
algal biomass gaining prominence in recent years. Algae are
excellent resources for sustainable and renewable energy
production with zero competition in the food market and do
not need freshwater resources to thrive. With these recent
developments in the promotion of algae used in biofuel
production, there has been a growing interest in using algal
biomass in an optimum manner for the production of other
products like pharmaceuticals, cosmetics, wastewater
treatment, and inhuman and animal fee.

Bioethanol is presently the most common biofuel, similar to
about 73 % of the 135.3 billion liters of biofuel produced in
2016. The United States (USA) is the largest producer, 59 %,
followed by Brazil, which produces 27 % global production
[15]. Bioethanol can be used as a purely gasoline substitute or
in a mixture of gasoline. The use of bioethanol in internal
combustion engines has many benefits over gasoline.
Presently, commercial bioethanol is of almost entirely first-
generation because food crops are used as feedstock:
sugarcane in Brazil, corn in the USA, and wheat and sugar
beet in the European Union. The major drawback for the first-
generation bioethanol is the competition over the use of arable
land to cultivate food crops between biofuel feedstocks, thus
increasing food prices [16].

A survey of the literature indicates that the Nigeria
government has been investing largely in the importation of
300-350 million of bioethanol liters worth of 1.2 trillion Naira
(i.e., 2.7 billion US dollars) on an annual basis to meet the
national demand [17-19], which was primarily imported from
US, Brazil, and other European countries. In recent time, the
concern about the enormous amount of fund invested in
importing bioethanol has strengthened the drives for different
state governments in Nigeria and the federal government to
give attention to the establishment of Nigeria-based
biorefinery which would complement the use of petroleum
fuels and would equally save the huge annual sum incurred on
the importation of the bioethanol [20, 21]. Some of the
concerned state governments that have taken steps towards the
actualization of biorefinery in Nigeria include Kebbi, Kogi,
Osun, and the Plateau States. All these states have proposed
launching cassava-based bioethanol plants, including Nigerian
National Petroleum Corporation (NNPC), except Kebbi State
Government, which expressed an interest in setting up
additional sugarcane-based bioethanol plants [22-27]. Nigeria
is therefore seeking an efficient way for diversifying its
energy mix [21] to reduce its overdependency upon the use of

fossil fuels. The search for ways of inventing a local
technology for the processing of Nigeria biomass into this fuel
via the use of the local resource is also in progress. The
government of Nigeria looks forward to the actualization of
the dream of saving a huge cost of annual bioethanol
importation and  establishing functionally developed
biorefineries across Nigerian communities.

3. OVERVIEW OF DIFFERENT PRODUCTION METHODS
3.1. Classification of bioethanol based on generation

This section briefly discusses various bioethanol classes based
on the origin or generation of materials used either as biomass
or waste. Bioethanol is classified into three categories based
on generations known as the first, second, and third
generations.

(a) First-generation bioethanol: The class of bioethanol
generation consists of edible crops mainly. Examples include
corn, barley, sugarcane, potato wastes, and wheat [28-30]. To
a great extent, first-generation bioethanol hinges on energy
crops like maize and sugarcane [30, 31]. Unlike the second-
generation bioethanol, first-generation bioethanol does not
demand saccharification since the sugars from these energy
crops are easily accessible, making the production process
simpler than second- and third-generation bioethanol [32].

(b) Second-generation bioethanol: This generation of
bioethanol is produced using lignocellulosic materials. The
lignocellulosic biomass consists of cellulose, hemicellulose,
and lignin. They have advantages over first-generation
bioethanol since they do not compete with food crops and are
obtained from agricultural wastes such as corn stover,
elephant grass, rice husk, corn cob, wheat straw, and
sugarcane bagasse [30]. Since they contain a considerable
amount of cellulose, they can be an excellent alternative to
first-generation bioethanol. However, they require a
saccharification process that increases production cost; hence,
commercial-scale production is not widely feasible [29, 33-
35]. Second-generation biofuel is cellulosic ethanol produced
via a biochemical route, in which enzymes and other
microorganisms are used to convert cellulose and
hemicellulose components of the feedstocks to sugars before
they are fermented to produce ethanol [36, 37].

(c) Third-generation bioethanol: They are primarily derived
from algal biomass. Algal biomass has a very different growth
yield than classical lignocellulosic biomass [38, 39]. Several
algae species have been examined including fast-growing
species: Chlamydomonas reinhardtii, Dunaliella salina, and
various chlorella species [40]. Third-generation bioethanol
does not compete with food, has a fast growth rate, and can be
increased in wastewater and land unsuitable for agriculture
than first- and second-generation bioethanol [39, 41].

Table 1. Several studies on the sugar-based bioethanol production (Note: Conventional approach=One-factor-at-a-time)

Ref. Feedstock/Material used Enzymes used for fermentation Bioethanol yield, g/g % Study approach

[42] Raffia n.r. 2.03 Conventional approach

[42] Palm wine n.r. 4.00 Conventional approach

[43] | Calabash (Crescentia cujete) Saccharomyces cerevisiae 6.19 RSM - CCD design approach
pulp juice

[44] Sugar molasses Saccharomyces cerevisiae (DIST/IPF/90) 10.50 Conventional approach

[45] Sugarcane juice (SJ) Saccharomyces cerevisiae 19.30 Factorial design approach
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3.2. Classification of bioethanol based on feedstock

This section deals with the classification of bioethanol based
on the raw materials used for conversion into bioethanol. Any
materials that can be converted into sugar and further to
bioethanol can be categorized as feedstock for bioethanol. The
primary requirement of raw materials as a suitable raw
material for conversion into bioethanol is its availability.
However, one of the challenges encountered in bioethanol

Cassava

SIVRRIALVYIN MVY
AY093IYD
w
-
()
>
el

SNOLLYIINddV

/

| —

ETHANOL

No. 1, (Winter 2022) 37-52 39

production from some raw materials like starch [46-48] and
cellulosic-based [49-55] feedstock is the depolymerization of
biomass into fermentable sugar before conversion into
bioethanol, otherwise known as hydrolysis, which is often
preceded by pretreatment. Bioethanol can be classified based
on feedstock as sugar, starch, and lignocellulosic-based
feedstocks (as shown in Figure 1).

T At (AN PNt
Maize Cob Rice Husks Bagasse

CELLULOSE

Fuel

[}

Industrial

Figure 1. Raw materials, categories & applications of bioethanol [14, 56-58]

(a) Sugar-based bioethanol: These feedstocks for bioethanol
are obtained from sugar raw materials. It requires fewer
processes than starch-based bioethanol feedstock, which does
not involve saccharification; hence, sugars are readily
available [32]. Examples of sugar-based bioethanol feedstocks
include sweet sorghum, sugarcane, molasses, and sugar beets.
Essentially, they involve simple processes such as extraction
(milling) to produce their high sugar components converted to
bioethanol [59].

Among several studies conducted on the use of sugar-based
feedstock (with details presented in Table 1), some of the
feedstocks considered entail raffia [42], palm wine [42],
calabash pulp juice [43], sugar molasse [44], and sugarcane
juice [42, 45], among which the report on the use of sugarcane
juice was found to have shown the highest yield (19.30 %),
while the raffia showed the most negligible yield with 2.03 %.
Moreover, a higher yield was reported by Nwufo et al. [42]
which could be primarily attributed to the extended time of 12
days given for the fermentation process, unlike that of
Suleiman et al. [45] which was only allowed to last the
maximum of 96 hours found to be much shorter than the
allowable time employed in the report of Nwufo et al. [42].
Suleiman et al. [45] reported that a lower temperature of about
30 °C would significantly promote the fermentation process
than the higher temperature. The literature survey indicated
that the bioethanol yield from sugarcane juice was the highest
amongst other sugar-based biomasses, with a 72.7 % yield.

(b) Lignocellulosic bioethanol: These feedstocks are widely
used to produce bioethanol and are primarily deposited as
waste in developing countries like Nigeria. Lignocellulosic
biomass as organic matter is widely available on a renewable
basis, with some including energy crops, aquatic plants,
agricultural waste, wood waste, and other wastes [34-36, 51,

52]. Unlike sugar and starch-based bioethanol feedstocks,
accounting for 40-70 % of the total costs, lignocellulosic
feedstocks only present about 30% of the total production
costs [60]. Also, lignocellulosic feedstock does not compete
with food. However, they have challenges in the conversion
process due to the highly recalcitrant nature of lignin in the
feedstocks, thus requiring complex pretreatment processes
that may increase the overall cost of production [61, 62].
Examples are corn stover, algae, sugarcane bagasse, wheat
straw, elephant grass, and rice husk [36, 58, 61].

Other studies on the use of cellulosic biomasses are
summarized in Table 2 in which the cassava peels [49, 62-66],
sweet potato peels [49, 51, 53], yam peels [62, 64], rice straw
[55, 61, 67], rice husk [68-71], and much other biomasses are
considered. The use of cassava peels, banana stem, rice husk,
and elephant grass stem for the production of bioethanol has
been proven from the reported research works to be of high
yield, confirming the materials to be an excellent potential
resource that facilitates the commercialization of bioethanol in
developing nations, especially in Africa where these resource
materials are widely and randomly disposed within the
surroundings as waste for animals to feed on or allowed to
decompose and pollute the environment. It also provides food
security as the feedstocks are not sources of food.

A survey of the literature reveals that the rate of conversion
of differentsubstrates such as yam peel [62], cassava peels
[66], rice straw [61], rice husk [68], corn stover [12] and many
other biomasses into bioethanol in the presence of specific
enzymes like saccharomyces cerevisiae varies from one
substrate to another. These findings indicate the significance
of selecting appropriate enzymes of a specific substrate or
feedstock during bioethanol fuel production from the use of
biomass. Banana stem, rice husk, and elephant grass stem
produced much more bioethanol than other lignocellulosic
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biomasses yielding 84.0 %, 80.0 %, and 78.0 %, respectively.
The survey indicates that banana stem displays the highest
yield among other lignocellulosic feedstock forms
investigated in the literature.

(c) Starch-based bioethanol: These feedstocks for bioethanol

materials require liquefaction and saccharification to
hydrolyze carbohydrates into the corresponding sugar
monomers [15, 72]. Production of bioethanol from starch
involves three stages: hydrolysis, fermentation, and product
purification [59]. Starch-based bioethanol feedstocks include
wheat, barley, corn, wheat, cassava triticale potato, and rice

are obtained from starchy materials.

Starch-based raw

[73].

Table 2. Several studies on the cellulosic-based bioethanol production (Note: *calculated , **glucose)

Ref. Feedstock/Material Organism(s) used for fermentation Bioethanol yield, g/g % Study approach
used (*computed)

[74] Banana pseudo-stem Saccharomyces cerevisiae 84.00 Conventional approach
[53] Cassava C. tropicalis (IMI 398401) 23.80 Conventional approach
[66] Cassava peel Saccharomyces cerevisiae 16.00 Conventional approach
[65] Cassava peels Yeast 40.00 Conventional approach
[75] Cassava peels Saccharomyces cerevisiae 17.52 Not reported

[63] Cassava peels Rhizopus nigricans, Aspergillus niger, 41.00 Conventional approach

Saccharomyces cerevisiae, Spirogyra
Africana
[51] Cassava peels Zymomonas mobilis, Saccharomyces 23.00 Conventional approach
cerevisiae
[51] Cassava peels Gloeophyllum sepiarium and Pleurotuso 26.00 Conventional approach
streatus
[62] Cassava peels Saccharomyces cerevisiae 11.30 Conventional approach
[54] Cocoyam peels Co-culture of Aspergillus niger and *7.00 (4.2 g-bioethanol) Conventional approach
Saccharomyces cerevisiae
[54] Cocoyam peels Mono Aspergillus niger and *9.40 (5.65 g-bioethanol) Conventional approach
Saccharomyces cerevisiae
[12] Corn stover (CS) Saccharomyces cerevisiae *11.30 (143.15 mg-bioethanol/1 L- Conventional approach
CS)
[76] Elephant grass stem Aspergillus niger and Saccharomyces 78.00 Conventional approach

cerevisiae

[77] | Groundnut shell waste
(GSW)

Saccharomyces cerevisiae and Aspergillus
niger

*24.14(80 mL-bioethanol/420 g-

GSW)

Conventional approach

[78] | Orange peels, cassava
peels, and banana peels

Aspergillus niger and Bacillus cereus

*12.44 (12.44 g-bioethanol)

Conventional approach

[50] Orange waste Escherichia coli and saccharomyces 40.00 Conventional approach
cerevisiae
[52] Pineapple peels Saccharomyces cerevisiae 5.82 RSM designed
methodology
[64] Potato peels, Saccharomyces cerevisiae 4.02 Not reported
[68] Rice husk (RH) Saccharomyces cerevisiae *80.00 (48 g-bioethanol) Not reported
[69] Rice husk Trichoderma harzianum 6.25 Not reported
[69] Rice husk Aspergillus niger 6.99 Not reported
[70] Rice husk Saccharomyces cerevisiae and Aspergillus *25.35 (32.13 g-bioethanol/mL- Conventional approach
niger RH)
[71] Rice husk pretreated Trichoderma reesei, cellulase, 3.01 Conventional approach
with FeCl; using SHF Saccharomyces cerevisiae
[71] Rice husk pretreated Trichoderma reesei, cellulase, 3.80 Conventional approach
with FeCl; using SSF Saccharomyces cerevisiae
[79] | Rice stalks treated with Co-culture of Aspergillus niger and 3.91 Conventional approach
hydrogen peroxide Saccharomyces cerevisiae
[79] | Rice stalks treated with Co-culture of Aspergillus niger and 5.06 Conventional approach

sulfuric acid

Saccharomyces cerevisiae

[55] Rice straw Trichoderma viride *8.11 (16.21 g-bioethanol) Conventional approach
[61] Rice straw Saccharomyces cerevisiae 49.50 Conventional approach
[80] Spent mushroom Saccharomyces cerevisiae *%23.55 (0.51 mg/L) Conventional approach
[45] Sugarcane bagasse Aspergillus niger 14.50 24 factorial design method
[66] Sugarcane bagasse Saccharomyces cerevisiae 9.03 Conventional approach
[53] Sweet potato peels C. tropicalis (IMI 398401) 47.99 Conventional approach
[53] Sweet potato peels C. tropicalis (IMI 398401) 47.99 Conventional approach
[49] Sweet potato peels Saccharomyces cerevisiae 31.00 Conventional approach
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[49] Sweet potatoes peels Zymomonas mobilis and Saccharomyces 12.00 Conventional approach
cerevisiae
[49] Sweet potatoes peels Gloeophyllum sepiarium and Pleurotuso 12.00 Conventional approach
streatus

[80] Wastepaper Saccharomyces cerevisiae **40.03 (0.51 mg-bioethanol/L) Conventional approach

[64] Yam peels Saccharomyces cerevisiae 1.68 Not reported

[62] yam peels Saccharomyces cerevisiae 27.08 Conventional approach

Table 3. Several studies on the starch-based bioethanol production

Ref. Feedstock/Material used Enzyme used for fermentation Bioethanol yield, g/g % Study approach

[47] Cassava flours Yeast 52.00 Conventional approach

[81] Cassava starch Saccharomyces cerevisiae 5.85 Not reported

[64] Cassava effluent Zymomonas mobilis and 16.50 Not reported
Saccharomyces cerevisiae

[82] Cassava starch Saccharomyces cerevisiae 92.00 Not reported

[83] A mixture of cassava, yam, and potato Zymomonas mobilis 8.36 Conventional approach

[83] A mixture of cassava, yam, and potato Saccharomyces cerevisiae 6.64 Conventional approach

[83] Yam Zymomonas mobilis 6.03 Conventional approach

[83] Potato Zymomonas mobilis 5.17 Conventional approach

[83] Cassava Saccharomyces cerevisiae 6.77 Conventional approach

[83] Yam Saccharomyces cerevisiae 7.39 Conventional approach

[83] Potato Saccharomyces cerevisiae 5.51 Conventional approach

[83] Cassava Zymomonas mobilis 6.86 Conventional approach

[48] Cassava tubers + koji and yeast cells Aspergillus awamori IAM8928 and 7.05 Analytical approach

Saccharomyces cerevisiae IR2
[48] Cassava tubers + gelatinized Aspergillus awamori IAM8928 and 6.50 Analytical approach
Saccharomyces cerevisiae IR2
[84] Cassava wastewater Yeast 8.69 RSM - CCD Design
Approach

[85] Cassava flour L Novoenzym, Aspergillus niger and 20.49 Conventional approach
Saccharomyces cerevisiae

[85] Cassava starch L Novoenzym, Aspergillus niger and 14.04 Conventional approach
Saccharomyces cerevisiae

[86] Cassava pulp Yeast 82.40 Conventional approach

[87] Yam tuber [89]s Saccharomyces cerevisiae LC 5.61 Conventional approach

269108

[48] Cassava tubers Aspergillus niger 30.00 Conventional approach

[89] Cassava mill effluents (cme) Saccharomyces cerevisiae 48.55 Conventional approach

[89] Cassava mill effluents + Empty fruit Saccharomyces cerevisiae 31.34 Conventional approach

bunch
[89] Cassava mill effluents + chaff Saccharomyces cerevisiae 68.56 Conventional approach
[89] Cassava mill effluents + cassavapeel Saccharomyces cerevisiae 28.65 Conventional approach

A further survey of literature has unveiled several works that
have paid attention to the exploration of starch-based
materials in the search for better technology for the production
of bioethanol that would result in a higher yield which would
facilitate complementing the use of existing fossil fuels in
meeting the energy/fuels demand in developing nations like
Nigeria. Among the feedstocks studied in the literature [47,
48, 64, 81-85, 87, 89-91], Cassava, a starch-based feedstock
[82, 89, 91] has been experimentally proven to have shown a
higher yield (92.0 %) for the production of bioethanol among
its class of feedstocks studied in the literature. However, some
of this feedstock would compete with the human food source.

4. IMPORTANT FEATURES OF BIOETHANOL OVER
PETROL FUEL

Some of the essential features attracting the world towards
embracing the use of bioethanol include the following:

(a) Better octane-rating: One of the advantages of bioethanol
over petrol is that the octane rating of bioethanol is higher
than that of gasoline; this allows an increase in the
compression ratio of an engine for increased thermal
efficiency. Balat [92-94] also emphasized that bioethanol, as
an alternative to fossil fuel, had high octane number, high
heating value, and complete combustion in automobiles due to
its high oxygen content and less toxic gas emission [12].

(b) Less pollution: Petrol fuel used in automobiles today,
despite meeting the demand needed for automobile
functioning, has certain disadvantages including releasing
sulfur oxides into the atmosphere, thereby contributing to the
greenhouse effect. It is, therefore, vital that the advantages of
bioethanol over petrol fuel be outlined. Another advantage of
bioethanol over petrol fuel is that it does not emit dark smoke,
which is an oxide of Sulfur and does not contribute to air type
of environmental pollution [14, 20, 95].
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5. FEEDSTOCK AVAILABILITY AND QUANTITY IN
NIGERIA

Although the Nigerian state stands out among agricultural-
oriented African countries with many biofuel-rich crops such
as sugarcane, maize is mainly grown and cultivated in
Nigeria. However, it is a severe worrisome decibel for most of
these crops to be effectively utilized for biofuel production
and consumable foodstuff without necessarily hiking the
prices and affordability of these crops. Hence, there is a need
to strike out a balance between its commercial and economic
benefits [96]. There is no precise effort to hint the Nigerian
government, policymakers, and stakeholders on which
approach would perfectly enhance Nigeria's biofuel
production. Researchers have failed to suggest a viable policy
to arrest the possible foreseen widening gap between crop
utilization for food production and biofuel production
regarding the possible price escalation [97].

Several crops are used as a biofuel source; particularly,
energy crops including sugar cane, sunflower, Barbados nut,
soya bean, and maize are grown with less cost and low
maintenance harvest. As mentioned earlier, Nigeria, nationally
recognized as highly involved in agricultural production, is
rich in feedstocks, especially as waste products both from
industrial and domestic uses. Although not quantified,
Nwofe’s report [S0] emphasizes that a high volume of waste is
generated in Nigeria daily. Research in Nigeria shows that the
bio-energy reserve as of the year 2005 stands as follows:
1,3071,464 hectares for fuelwood, 61 million tons per year for
animal waste, and 83 million tons for crop residues [98],
which indicate the abundance of bio-energy resource in the
country.

Fruit wastes have also been identified as a significant
feedstock for bioethanol production: one of such feedstock is
the orange peel. The abundance of this feedstock in Nigeria
results from its enormous consumption daily [80]. Instead of
covering the land with these solid wastes, it would instead
benefit the country to convert the orange peels into a helpful
resource by producing bioethanol and reducing land pollution.
Another feedstock that is much available in Nigeria, which is
also fruit, is pineapple peel. This is because Nigeria is the
seventh-largest pineapple producer globally and the leading
producer in Africa [99]. Therefore, it would be advantageous
to use the peels disposed of as waste to produce economically
viable ethanol.

Interestingly, wastepaper and spent mushrooms have been
identified as potential feedstocks for bioethanol production.
Spent mushroom which refers to the substrate left after the
mushroom is cultivated and harvested [100]. Paper and paper
products consist of about 35 % of the weight of municipal
solid waste [56]. Also, an extensive collection of Irish potato
peels, maize cob, plantain peels, rice husk, sweet potato peels,
rotten waste tomatoes, and yam peels can essentially be found
in Zamfara/Plateau, Katsina, Cross River, Kano, Kaduna,
Bauchi, and Yobe states in Nigeria, according to the report of
the NBS [100, 101] for agricultural items production and cost.

Deductions from the literature survey indicate that Nigeria is
blessed with a vast land fertile to cultivate the potentially
available feedstocks to produce first- and second-generation
bioethanol production. Some first-generation bioethanol
feedstocks available in Nigeria include potatoes, yam,
sugarcane, cassava, wheat, rice, sorghum, and many others

[100, 101]. Nigeria’s Energy Commission of Nigeria (ECN)
and NNPC recommend using cassava, sorghum, and
sugarcane to produce bioethanol due to the significant yield
annually reported for Nigeria's crop production. On the other
hand, the second-generation bioethanol production is currently
receiving significant attention for consideration due to its
inedibility nature, making it uncompetitive with the food
market or supply. Instead, it further facilitates better
management of our agricultural, municipal, and domestic
wastes daily disposed and poorly managed in most
communities in Nigeria. However, investment in the
production of feedstock and the establishment of processing
plants for the production of third-generation bioethanol is not
gaining significant expected attention in Nigeria. Only a few
efforts are put into exploring its economic potentials for
actualizing the establishment of a feasible biorefinery in
Nigeria.

6. FUEL CONSUMPTION IN NIGERIA

Nigeria is known to be one of the world's major petroleum-
producing countries globally and exports petroleum for a
refining process; the country depends on developed countries
for refined products by exporting the products [46]. 5.06
quadrillion kilojoules (or 4.8 quadrillion British thermal units)
remains the total primary energy consumption in Nigeria as of
the year 2014. Traditional biomass and waste constitute 74 %,
while oil, natural gas, and hydropower comprise 13 %, 12 %,
and 1 %, respectively [46]. The recent report from Knoema on
the energy consumption in Nigeria indicates that it has risen to
6.25 quadrillion kilojoules (or 5.93 quadrillions British
thermal unit) as of the year 2018 [102].

According to the report by Nigeria Bureau of Statistics
(2016-2019), the volume of Premium Motor Spirit (PMS or
petrol) consumption in Nigeria (as shown in Figure 2a) has
maintained an average of 1.5 billion liters within a range of 1
billion to 2.5 billion liters of PMS. It was shown that the
tremendous volume of bioethanol was needed to complement
the imported PMS to fulfill the requirement of E10 provided
in Nigeria's energy policy for the use or sales of PMS/petrol in
Nigeria. Moreover, the price of PMS has stood at the average
of 140 Naira per liter except for the usual rise report in 2018,
from November 2017 to March 2018 (as shown in Figure 2b),
similar to the unexpected rise experienced in the late 2020 and
present times. Therefore, the promotion of bioethanol
production in Nigeria would go a long way to complement
PMS use, which Nigeria residents majorly use for power and
transport and promote cleaner air and a safe environment with
a lower release of greenhouse gases.

The adoption of bioethanol (a biofuel) worldwide is
significantly rising, not leaving any class of nations developed
or developing (as shown in Figure 3), including private and
public sectors. Embracing and promoting the use of biofuels
for their environmental friendliness is very advantageous.
Unlike the risk that the present use of fossil fuels is
significantly posing to the health and safety in our
environment due to the gases released, the carbon monoxide is
commonly released during the incomplete process of
combustion which the fossil fuels do undergo as a result of
their lower octane rating when compared to the biofuels with
higher rating.



T. Oyegoke et al. / JREE: Vol. 9, No. 1, (Winter 2022) 37-52

2.50

2.00

1.50

1.00

0.50

Fuel Consumption (in BL)

T T T T T T T T T T T
W W W N N N O 0 0 O O O
S B B S B A B
c > o c > o c© > a c > Qo
© © (7] © @© [7) © @© Q @© © ki
S S v S sS B, S B S v
Period
(a)

43

250

200

150

100

Fuel Price X 1/,,, (in US $)

50

0

T T T T T T T T T T T T

(=} o X} ~ ~ ~ 0 00 ()] (2] (<)) o o

R B B B S B S .

= > Q c > Q c > Q = > Q c >

© (1) (7] © o [ © ] (7] © (1) (7] © ©

- S DS LS
Period

Figure 2. (a) Fuel (PMS) consumption (expressed on Billion Liters i.e., BL) in Nigeria, (b) Fuel (PMS) price fluctuation in Nigeria expressed in
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Figure 4. Fuel ethanol production in Africa from 2013 to 2016 [Data Source: 2017 Statistical Review of World Energy]

The 2017 Statistical Review of World Energy report shows
that only a few African countries are presently part of this
initiative, where most countries are mainly producing biofuels
from the USA, Brazil, European Union, Asia, and other
American continent countries. A few African countries
currently into biofuels production primarily include
Zimbabwe, Sudan, Malawi, Kenya, Egypt, Mozambique, and
Ethiopia. Countries like Nigeria were found to have shown

zero or insignificant production in line with the report (shown
in Figure 4) of the 2017 Statistical Review of World Energy.
The report of Ogundari et al. [46] projected that the
domestic demand for petrol (otherwise known as PMS) would
have risen to two million tons and above as of the year 2019,
as shown in Figure 5. As the energy demand has gradually
risen in Nigeria for its residents to meet the demand for power
and transport functions, the government needs to diversify its
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energy mix through a deliberate integration of biofuels
production.
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Figure 5. Domestic consumption of petrol in Nigeria (Actual &
Projected values) [Source: Ogundari et al., [46]]

The report of Ogundari et al. [46] projected that the
domestic demand for petrol (otherwise known as PMS) would
have risen to two million tons and above as of the year 2019,
as shown in Figure 5. As the energy demand has gradually
risen in Nigeria for its residents to meet the demand for power
and transport functions, the government needs to diversify its
energy mix through a deliberate integration of biofuels

production.

7. PROCESS

SIMULATION,

SCALE-UP,

AND

COMMERCIALIZATION OF BIOETHANOL FUEL IN

Process modeling and simulation involve developing
representations of actual processes on a different platform that
could facilitate the study and research of such processes [103,
104]. In recent time, the use of computer in the modeling of
thermochemical, chemical, and biochemical processes is
gaining significant attention among the industrialists and
researchers in the study of chemical and biochemical process
systems being a means that is an effective and efficient
approach to studying reality via the use of process simulation,
which would promote a better understanding of process plant
and troubleshooting or retrofitting an existing planting process
[103-105]. Deductions made from such studies would enable
research works to understand better the preliminary technical
and economic implications of commercializing such
processes, which in most cases has already been confirmed to
be feasibile from the laboratory studies findings [56, 57, 103-
105].

A literature survey indicates that several research works
have established the technical feasibility of setting up some
functional bioethanol plants. However, some research papers
have focused on using sugar-based materials while others
focused on using cellulosic and starch-based materials. Some
of these studies provide a report on the implication of utilizing
cellulosic material like sugarcane-bagasse [56, 57] (in Figure
7), sorghum-bagasse [95] (in Figure 8), rice-husk (in Figure
9), and maize-cob [106, 107] for the production of bioethanol
fuel through the process simulation approach. Other works
that have employed the use of like approach are the use of
sugar-based materials like molasses [14], sugarcane juice [88,
108] (in Figure 6), and many others.

NIGERIA
Table 4. Report of the process scale-up studies
Ref. Objectives of the work Feedstock/Material Study Thermodynamics Key findings
used (Production approach model used
capacity) [Software used]
[14] Model and implement a cost-effective Sugarcane molasses Process Non-Random The parametric study found
method of converting cane molasses, a | (86 million liters of | modeling Two liquid that the minimum number of
by-product of sugar production in sugar bioethanol per and (NRTL) [Aspen trays in the distillation
refineries, into a liquid fuel known as annum) simulation HYSYS] column for maximum purity
bioethanol. was 40.
[95] | Model, simulate and study the financial Sorghum bagasse Process NRTL [Aspen 9,408 kg of fuel-grade
implications of establishing or building (9408 kg/h of fuel- modeling HYSYS, bioethanol produced from
a plant for transforming sorghum grade bioethanol) and MATLAB, Ms- 50,000 kg of sorghum
bagasse into bioethanol in Nigeria. simulation Excel 2013] bagasse was expensive
relative to other existing
bioethanol plant reports.
[88] This study provides a pilot scale for Sugarcane (100 Process NRTL [SuperPro A qualitative analysis of the
bioethanol production from L/day of bioethanol) | modeling Designer] fermenter and distillate using
bioresources (sugarcane) through the and an infrared spectroscope
fermentation process. simulation revealed that ethanol
accounted for approximately
67 % of ethanol.
[58] Examine the cost-effectiveness of Sugarcane bagasse Process NRTL [Aspen The project's benefit is highly
setting up a bioethanol plant in Nigeria, (143 million modeling HYSYS, sensitive to the change(s) in
using waste (sugarcane bagasse) as a liters/annum of fuel and MATLAB, Ms- sugar cane and government
raw material. grade bioethanol) simulation Excel] subsidy cost but not sensitive
to the change(s) in minimum
wages and taxes.
[57] The model simulates bioethanol Sugarcane juice and Process NRTL [Aspen The energy efficiency of the
production from a combined cellulose bagasse (148 modeling HYSYS] proposed bioethanol plant
and sugar feedstock and verifies the million liters/yr of and was 63 %.
feedstock's feasibility and economic bioethanol) simulation
viability.
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[56] Examine the economic viability and Sugarcane juice and Process NRTL [MATLAB According to the study's
sensitivity of selected variables to the bagasse (148 modeling | R2017a, Ms-Excel | conditions, the study suggests
bioethanol plant project's sustainability million liters/yr of and 2016] that the proposed plant would
when cane juice and bagasse are used in bioethanol) simulation be economically viable and
Nigeria. profitable in Nigeria.
[106] To comparatively investigate the Rice husk and Process NRTL [Aspen The study shows that rice
material requirement, production yield, maize -cob (9.94 modeling HYSYS, husks show a high yield,
and total equipment cost involved in the | kg/h and 7.32 kg/h and MATLAB and while maize cob makes the
rice-husk and maize-cob transformation of fuel-grade simulation | Microsoft Excel] production less capital-
into the bio-ethanol fuel for large-scale bioethanol) intensive.
production using a process modeling
and simulation study to promote the
potential investors’ interest.

The details of the works done so far that have advanced the
scaling up and establishing the bioethanol plant in Nigeria are
presented in Table 4. Studies indicate that no studies have
been reported on starch-based feedstock use among the works
done so far. Instead, most reports have been mainly on sugar
and cellulosic-based feedstock like rice husk, maize cob,
sugarcane bagasse, sorghum bagasse, molasses, and many
other related feedstocks.

Most of the process scale-up studies reported in the
literature have primarily been shown to have employed the
thermodynamics model known as the Non-Random Two
liquid (NRTL) model. Likewise, most of the studies that have
majorly used Aspen HYSYS, while the report of Misau et al.
[88, 108] employed SuperPro Designer simulator possessed
good features and capacities similar to that of the Aspen
HYSYS simulator. Some of the process flow diagrams
reported for the studies of bioethanol production for the use of
sugarcane juice [88, 108], sugarcane juice-bagasse [56, 57],
sorghum bagasse [95, 109] and rice husk [106] to investigate
the feasibility of commercial bioethanol in Nigeria. In most of
the reports, the NRTL model has been reported to have the

best fit to equilibrium due to the components involved in a
bioethanol production process attributed to its polarity (like
water and ethanol), and the vapor phase behavior can be
compared to that of the ideal gas due to the low operating
pressures, i.e., 1-5 atm as reported in the literature [14, 95].
Process modeling and pilot studies have reported using
sugarcane juice and bagasse, indicating that it is technically
feasible to set up such refineries in Nigeria.

8. ECONOMIC SIGNIFICANCE OF
BIOETHANOL FUEL IN NIGERIA

PROMOTING

Not only was the technical feasibility of scaling up the plant
for its establishment in Nigeria carried out, but also many
other studies focused on the economic feasibility of
establishing this bioethanol plant in Nigeria. The report of the
various research work findings is summarized in Table 5,
reporting the nature of feedstocks used as well as the
estimated capital and operating costs including the economic
benefit of the projected deduced from studies.
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Figure 6. A Process Flow Diagram (PFD) route for sugarcane juice to bioethanol project in Nigeria [88, 108]



46

T. Oyegoke et al. / JREE: Vol. 9, No. 1, (Winter 2022) 37-52

Figure 7. A PFD for the combined transformation of sugarcane juice and bagasse into bioethanol in Nigeria [57]
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Figure 8. The PFD showing the process route for sorghum bagasse into bioethanol in Nigeria [95]
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Figure 9. The PFD displaying the process route for transforming rice husk into bioethanol in Nigeria [106, 107]
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Unlike the sugar and cellulose-based feedstocks whose
economic feasibility studies have been reportedly conducted,
literature is yet to give significant attention to the economic
feasibility studies of starch-based materials, except for the
study of Ogbonma et al. [48] that accounted for the economic
feasibility of utilizing cassava, which was only feasible
provided the plant would be situated next to the farm.
However, the literature survey indicates that the stability of
currency exchange rates like the Naira-Dollar exchange in
Nigeria has an extended role in promoting the economic
feasibility of establishing a bioethanol fuel plant across
Nigeria’s states and other developing nations. Also, the
reports from Abemi et al. [14] and Oyegoke et al. [56]
emphasize the need for developing governments to introduce a
subsidy for bioethanol production to promote green fuel
consumption in developing nations.

9. BIOETHANOL STUDIES TREND TOWARD THE
PROMOTION OF BIOREFINERIES IN NIGERIA

The distribution of works done so far on the laboratory
investigations [43, 45, 51-55, 61, 63-66, 68, 69, 71, 76, 86, 87,
110], process scale-up studies [14, 57, 58, 88, 95, 106], and
the economics feasibility studies [14, 48, 56, 58, 107, 109,
111] towards the commercialization of bioethanol is
graphically represented in Figure 5, where the proportion of
starch [46-48, 81, 82, 84, 85, 90, 91, 112], cellulose [51, 53,
57, 58, 61, 71, 74, 77, 78, 83, 95, 109] and sugar-based [14,
44, 45, 56, 57] feedstock studied so far and the form of studies
and volume of works done so far are presented.

The survey of laboratory studies carried out in the literature
indicates that many laboratory research works are giving
significant attention to the study of bioethanol production
kinetics and optimization, even though the literature survey
indicates that greater attention is given to the study of
bioethanol production optimization with lesser attention given
to the investigation of the reaction kinetics of the production
processes, which enable the process scale-up studies to be
feasibly investigated with the use of the findings obtained
from the laboratory studies.

Table 5. Economic studies report for bioethanol production (CC=Capital cost, OC=Operating cost)

Ref. Type Feedstock/Material CC (00) ROI NPV/NPW Other Key findings made
used (Production (IRR) economic
capacity in the study) % parameters
[58] | Cellulose Sugar cane bagasse n.r. (n.r.) 12.83 NGN 37.48 Payback 143 million liters of fuel-quality
(143 million liters) (12.10) million period (PBP) | bioethanol require 402 metric tonnes
at 10 % of of crushed sugar cane bagasse.
6.9 years
[95] | Cellulose Sorghum bagasse $1.92/L n.r. n.r. n.r. The project would require capital
(9,408 kg of (0.83 $/L) (n.r) and operating costs of $1.92 and
bioethanol from $0.83, respectively, to produce one
50,000 kg sorghum liter of fuel-grade bioethanol from
bagasse) sorghum bagasse.
[109] | Cellulose Sorghum bagasse $0.64 /L 49.99 -$212 n.r. It was found that it was not
(59,778,931.90 L of (0.89 $/L) (n.r.) million economically feasible to replace fuel
bioethanol) used in Nigeria due to high
exchange rates.
[107] | Cellulose Rice husk (17.7 0.27 US$/L 9.89 $5 million 5.5 years The report's findings recommend
million liters (1789.45 | (0.51US$/L | (16.10) (PBP) of 25 subsidizing and tax-exempt biofuel
kg/h) of bioethanol) or 183.6 years production to encourage investors
NGN/L) and promote cleaner fuels in
emerging countries.
[57] | Cellulose Combined cellulose $51 million n.r. n.r. n.r. 375,000 liters of bioethanol can be
& sugar and sugar feedstock ($89 (n.r.) produced from a metric tonne of
(148 million liters of million) crushed sugarcane at an investment
fuel grade bioethanol) and manufacturing cost of $0.34/L
and $0.61/L, respectively.
[56] | Cellulose Combined cellulose $51 million 8.40 $20.90 PBPat 10 % | A plant producing 148 million liters
& sugar and sugar feedstock or 0.34$/L) | (11.51) | million (at | of 9.64 years of fuel-grade bioethanol from 402
(148 million liters of | ($89million 10 % metric tonnes per year of crushed
fuel grade bioethanol) or discount) sugarcane would be economically
0.61$/L)) feasible in Nigeria.
[48] Starch Cassava (0.34 g- n.r. n.r. n.r. Cost price It was recommended that the plant
ethanol/g-cassava ($46,875) (n.r.) calculated as | be integrated with the cassava farm
flour) §102.5/1 is grown to make the process
(US$0.641/1) workable.
[14] Sugar Cane molasses (86 $12.86 -124.22 -$85.45 PBP is Bioethanol production in Nigeria
million liters of million ($ (14.69) million infinity (o0) from molasses is economically
bioethanol per annum) 51.70 viable if the government subsidizes
million) it and the naira-dollar exchange rate
declines.
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A literature survey (presented in Figure 10) regarding the
promotion of bioethanol fuels adoption in Nigeria indicates
that greater attention has been given to the studies of the
cellulose-based feedstock in the laboratory (46 %) and
economic feasibility (8 %) studies, while sugar (4 %) and
cellulose (5 %) based feedstock studies (8 %) have dedicated
greater attention to the case of process scale-up studies, being
vital to the commercialization of the laboratory established
fact on bioethanol production in Nigeria. Moreover, the
survey further indicates that the bulk of the works have mainly
focused greater attention to the laboratory studies (with 81 %)
while giving lesser attention to the study of process scale-up

81%

8%

Laboratory Studies Scale-up Studies

0% 4-_-% >%

(with 8 %) and economic feasibility (with 11 %) studies with
a tremendous potential of attracting the attention of
government and private investor that would incur their fund
on the establishment of biorefineries in Nigeria.

Moreover, it is necessary to pay more attention to the
investigation into the laboratory study of the bioethanol
production kinetics, the process scale-up studies of the
laboratory established fact, and the exploration of the
economics relevance before materializing the project and this
would bring about significant pre-insights for both the
government and private investors.

M Starch

B Cellulose

» 8% . 11% Sugar
. . B Total

Economic Feasibility

Studies

Figurel0. Distribution of studies carried out at different stages in Nigeria for bioethanol production

10. CONCLUSIONS

Many research attempts to unveil the technical and economic
implications of embracing bioethanol fuels in developing
nations like Nigeria were successfully surveyed. The survey,
which included the exploration of the laboratory-scale,
process scale-up studies, and techno-economic studies carried
out so far as part of the vital component of research, can be
used to gain the confidence of both private investors and
government to explore the financial benefits for potential
investors in Nigeria.

From the literature review that has been carried out through
careful research, it can be seen that bioethanol yield from
sugarcane juice was the highest amongst other sugar-based
feedstocks. Banana stem, rice husk, and elephant grass stem
produced more bioethanol than other lignocellulosic
feedstocks. The starch-based feedstock has cassava as the
highest bioethanol yielding feedstock. However, the starch-
based feedstock may compete with human food. The high-
octane number and complete combustion of bioethanol due to
oxygen presence serve as a significant advantage over fossil
fuel. This makes it the center of energy research for both
developed and developing countries.

However, Nigeria is far behind in the production of
bioethanol despite the availability of feedstocks. Feasibility
studies, process scale-up, and pilot studies have shown that
venturing into bioethanol production as a country would be a
good investment. Despite the work done so far, there is still
room for improvement and areas to consider. Only a few
studies have examined process scale-up, modeling, and
economic feasibility studies for many lab-scale technologies.
Politically, the snaring revelation hindering the effective sail
of biofuel production may not be far from the politicking on
the part of business personalities and oil rig moguls whose

income and business empires might cripple down if biofuel
production and utilization substitute petroleum in the Nigerian
economy. It is, therefore, necessary to review bioethanol
production policies in Nigeria by the appropriate authorities.

In addition, findings from literature survey have pointed to
the need for further studies to focus on the investigation of
process scale-up for bioethanol production through the use of
starch-based and some other lignocellulosic (yet to be
investigated) materials, including the exploration of its
economic benefits to the national development of developing
nations like Nigeria and other African countries. Moreover,
the findings of this survey have also shown the need for the
government to subsidize bioethanol production due to the
unstable exchange rates. Therefore, adequate funds should
support the transition towards green energy by supporting
scale-up, feasibility, pilot study, and implementation by both
government and private establishments.
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Photovoltaic energy has the potential to become one of the major energy sources used in the households in the
tropical region of Africa, where the solar radiation intensity is abundant and almost constant over the year.
Solar photovoltaic systems present many advantages when they are integrated in the building structure
envelope and have a significant influence on the indoor air temperature of dwelling buildings due to the
thermal resistance modification. In this paper, a simplified model of the photovoltaic system integrated on the
roof of a residential building according to the building construction customs and materials has been designed
and modeled. The heat transfer is studied in several situations: with and without a Building Integrated
Photovoltaic (BIPV) system and for a building with and without false ceiling. The BIPV system installed over
an effective area of 35 m? increases the building indoor air temperature of approximately 5 °C which is
corrected by the heat insulation optimization of the false ceiling made up with building local materials. The
final indoor air temperature obtained is in good agreement with the ASHRAE standards and can, therefore, be
applied to tropical regions.
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1. INTRODUCTION

Tropical countries are situated between latitude +15 °C and
-15 °C and are extended to the warm and humid zones of
Central Africa, Central America, southern Asia, and northern
South America; temperatures range between 24 and 33 °C and
the humidity may be frequently between 60 and 100 %. The
tropical climate is expanded on to three different continents:
Oceania, Asia, and Africa. Hence, the energy consumption of
a building in a tropical climate of each of these continents is
not automatically identical, but is closely related to the
geographical location of the country. In Australia, air
conditioning (space heating and/or cooling) is the main source
of energy consumption (35 %) followed by residential
appliances (24 %), water heating (23 %), and lighting (7 %)
[1]. As Australia is located in the tropical region of Oceania
where in the south regions of Australia, the winter is mild and
the summer hot and the temperatures oscillate between 10 and
21 °C. Hence, the comfort resumes to increase the indoor air
temperature. An opposite perception of the thermal comfort
exits in Malaysia and other East Asia countries, where the
comfort resumes to lower the indoor air temperature.
Concerning the country of Cameroon, to meet the needs of an
increasing energy demand remains a mission accomplished to
a lesser extent; despite setting up new energy sources such as

*Corresponding Author’s Email: ekoealoys@yahoo.fr (A.M. Ekoe A. Akata)
URL: https://www.jree.ir/article_140549.html

power gas stations and steam-generating stations, the cover of
the national territory in electric power still remains low
enough, about less than 50 % and 10 % in urban and rural
areas, respectively. This is due to the great distance between
the production and consumption sites, hence inducing a
significant energy loss during its transport representing almost
30 % of the electric power produced [2]. From the analysis
made on tropical countries, a focus can be made on the two
following problems: 1) Reducing the energy consumption of
the residential building used for space cooling; 2) Reducing
the dependence of traditional (non-renewable) energy sources.
A common solution to these two problems can be found: the
use of renewable energy.

1.1. Photovoltaic systems

Renewable energies refer to energy sources that are renewed
quickly enough to be considered as inexhaustible on the
human scale. There are many types of renewable energies:
solar energy, wind energy, biomass energy, hydraulic energy,
etc. As their use has a negligible impact on our environment,
the conception of a sustainable development passes through an
increasing implementation of renewable energy sources.
Among the renewable energy sources, solar energy has the
capacity to become one of the major energy sources in tropical
climates. Solar energy should therefore constitute the real
source of electrical production and thermal energy in all
sectors, particularly the residential sector because of its on-site
production. Indeed, Chen et al. [3] claimed that from incident
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solar radiation, measured in the city of Brazl, in the period of
2007 to 2012, they obtained an average power generation of
11.0 kWh/day and efficiency of the modules in the order of
12.6 %.

In the past, it was common to lay PV panels on the roof of
the already designed building; this concept is called Building
Applied Photovoltaic (BAPV) [4]. This solution was not very
adequate as it was necessary to spend both for the roof and PV
panels; in addition to that, the increasing temperature of the
PV panels leads to a reduction in their efficiency [5]. All that
contributed to the elaboration of the BIPV concept, i.e., the
solar photovoltaic system was integrated in the structure of the
building envelope. PV panels, therefore, replace a part of the
materials used in the construction of the building roof [6]. It is
also possible to integrate photovoltaic to the walls. This
concept enables to make savings on building materials and
space integration. To maintain the PV panels’ temperature to a
value enabling their optimal functioning, the idea of the
hybrid PV/T solar collector was put forward. Chow et al. [7]
proposed an aluminum-alloy flat-box type PVT collector
using water as the coolant fluid and the fin efficiency
approached unity, leading to the thermal efficiency of 57.4 %.
Ekoe et al. [8] proposed as solution the setting-up of fins on
the back sheet of the photovoltaic module of the Building
Integrated Semitransparent PhotoVoltaic Thermal system
(BISPVT) system; the heat extracted from the air circulating
in the rectangular duct at the back sheet of the PV module can
be used to warm the building indoor air temperature. An
annual production of 76.66 kWh of thermal energy at an
overall thermal efficiency rate of 56.07 % is obtained with a
system area of 36 m? They thus arrived to the same
conclusions as Maturi et al. [9] who got the same results
experimentally. The so-extracted energy can be used in
electric power production and also, the thermal energy can be
used to warm the building indoor air temperature and to
produce hot domestic water. The so-used sensor is called a
PhotoVoltaic Thermal (PV/T) sensor. This concept developed
by the authors of [10-12] has shown its effectiveness. Even
though energy production through PV systems is important,
the indoor air quality of the building is another aspect that
should be considered carefully.

1.2. The effect of PV on thermal comfort of a building

The results obtained from various researches show that proper
ventilation and the absence of airtight devices, installed to
reduce energy consumption, favor the indoor/outdoor air
exchange and thus contribute to the enhancement of Indoor
Air Quality. Several studies have been carried out to quantify
the impact of a solar photovoltaic system on the building
indoor air temperature and humidity (Iath). Benradouane et al.
[13] designed and adapted a thermo-solar house on the site of
Tlemcen, Algeria which allows a significant storage of the
heat coming from solar rays in order to do cancel the use of
auxiliary energy sources. They found that South, East, and
West orientations facilitated obtaining good results. Obeng et
al. [14] conducted a study in the rural households of Ghana as
they depended mainly on kerosene lanterns for lighting after
sunset. They compared households with and without solar PV
in off-grid rural Ghana and came to two major conclusions:
firstly, the proportion of household members being affected
by indoor smoke from kerosene lanterns could be reduced by
50 % thanks to the use of solar PV lighting. Secondly, solar
PV lighting can probably reduce the proportion of household

members who get blackened nostrils from soot associated with
kerosene lanterns by approximately a third. These conclusions
reflect the reality as during their operation, PV panels produce
no air pollution, hazardous waste, or noise.

In order to analyze the comfort aspect (thermal and lighting
aspects) of PV modules and PV systems for vertical
integration, Lopez et al. [15] presented a work dealing with
the specific design of the test facility and the methodology
employed for BIPV reproducing the internal conditions of a
real building. The temperatures they obtained during the
conducted experiments never went above the interval 23 °C
and 27 °C as specified by the "European Adaptive Standard",
EN 15251:2007-08, but were sometimes below the minimum
specified value. Green buildings not only provide an improved
worker productivity and work quality as a result of a more
comfortable office environment, but also an improved public
health resulting from reduced indoor air pollution. Wen I-Jyh
et al. [16] conducted a study where they designed a ventilated
BIPV with a double roof structure in order to introduce indoor
ventilation and also provide itself with environmental control.
From the results obtained, they concluded that both ventilated
BIPV designs proposed in this study can provide appropriate
indoor thermal environments.

Two other research works deserve to be mentioned. The first
one is the study done by Dominguez et al. [17] who quantified
the indirect benefits of a photovoltaic roof for the insulation of
the cement roof of the Powell Structural systems Laboratory
(PoSL) at the University of San Diego, California. The heat
flux modeling of theirs has shown a significant reduction in
daytime roof heat flux under the PV array, while at night, the
conditions reversed. They have thus obtained a 5.9 kWhm™
(or 38 %) reduction in annual cooling load. The second one
comes from Ekoe et al. [18] who studied the influence of the
integration of solar systems in the envelope structure of the
building on the indoor air temperatures and humidity of a
building under the tropical climatic conditions of Yaoundé,
Cameroon. They have found that BIPV increases the
building’s indoor air temperature by 4°C, when compared to a
building of the same size without PV integrated. They have
also shown that a judicious choice of the building materials
and the orientation of the building allow minimizing that
temperature difference. Among these two options, the choice
of the building materials is the solution accessible to
everyone.

1.3. False ceiling in tropical regions

Various techniques can be used to improve the thermal
comfort of a building, namely the HVAC system, energy
production, and the elements of the building’s envelope. The
appropriate use of such techniques depends on the typology of
the building, the construction habits, and climatic conditions
of the area. The studies on the rational use of energy in
buildings located in tropical regions have been focused on the
reduction of energy consumption in buildings through the
optimum utilization of the thermal insulation of the envelope.
In the case of Cameroon, the main source of energy
consumption is air conditioning followed by lighting.
Therefore, the thermal comfort resumes to the lowering of the
indoor air temperature. This can be efficiently achieved by
increasing the thermal inertia of the building through the use
of a false ceiling.

In the Cameroonian context, the false ceiling is a solid and
horizontal surface that closes up a living room parallel to the
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floor. It is made up of local materials, especially wood. The
false ceiling is used for decoration of the building and the
hiding of electric cables. It can also be used for the installation
of ceiling fans; people are used to employ ceiling light in
order to obtain a better lighting than when the lamps are fixed
on the wall. The space between the false ceiling and the roof
is referred to as the dead space. The air contained in the dead
space greatly influences the indoor comfort. Indeed, a great
part of the heat gained by the building is done through the
elements of the roof. Normally, almost all the heat is
transferred to the building, resulting in indoor thermal
discomfort. Hence, the use of the false ceiling increases the
thermal inertial of the building, reduces the thermal heat
transferred in the leaving space, and produces more
comfortable conditions for the occupants of the building. As
wood is among the local building materials, its use as false
ceiling is the ideal solution to obtain comfortable indoor air
conditions.

The authors [19] established a transient 1-D model to study
the role of such a ceiling in the reduction of the ambient
indoor air temperature. The use of false ceiling only without
reflector sheet reduced the heat gain introduced to space for a
whole day by 66.8 %, while the use of a false ceiling with
reflector sheet increased the reduction percentage of heat
gained from the concrete roof to be 81.6 % during the same
period. However, the building that they have studied did not
have PV panels, the roof was made up of concrete and the
temperature of the building was controlled.

Basically, the roof of the building can be described as the
upper part of the envelope which protects the building against
the climatic elements that could be harmful to the inhabitants
of the building. The climatic elements include sun light, rain,
birds excrement, etc. The materials used in the roof
construction vary from one geographical area to another. In
the tropical sub-Saharan African climate and specifically in
urban zones, the roofs are mainly made up of Aluminum due
to its reflecting properties. The Aluminum sheets are fixed
with wooden slats to prevent them from getting carried away
by wind. This construction style is reproduced in almost all
the buildings in urban areas. Concerning buildings with many
floors, such roof is used to cover the last floor of the building.
However, due to the conducting properties of Aluminum, a
great part of the heat absorbed by the roof is transferred to the
floor of the building. To reduce the quantity of heat
transferred to the floor of the building, the simple roof, i.e.,
the roof made only of steel, can be completed by the addition
of the false ceiling in order to provide pleasant indoor
conditions to the occupants of the building. In this paper, the
simple roof refers to a roof made up of only Aluminum, while
the term roof indicates the unit made up of the Aluminum, the
dead space, and the false ceiling.

Our study comes after all those studies and focuses on two
important aspects: the presence or not of false ceiling and PV
panels on the roof of the building, and their influence on the
indoor air temperature and humidity. Modeling of the roof
heat flow through the different elements of the envelope of the
building has been done for a tropical climate of Cameroon in
order to characterize the comfort conditions inside the
building according to those aspects.

2. PROBLEM IDENTIFICATION

In Cameroon, the energy used for building lighting represents
almost 20 % of the energy consumption in the residential

sector and almost 25 % in offices and commercial buildings.
The electric power produced by the BIPV system could be
used for the lighting of the building, the corridor, and the
outside light; however, this paper does not focus on the
electric power which can be produced by the BIPV system.
The building under consideration is situated in Yaoundé at
4.051N, 9.768E, and a site altitude of 103 m. The size of the
building is 15 m x 11 m with an average height of 6.5 m. The
roof is south oriented. The building is insulated by a layer of
sand, cement, and paint. The Photovoltaic system is integrated
at the roof top covering an effective area of 450 m?. The BIPV
system is made of polycrystalline PV modules. The BIPV
system, area of 35 m?, and made up of 20 PV modules and
peak power of 4 kWh is oriented in opposite direction with the
wind in order to optimize the natural convection. Moreover,
the space left between the false ceiling and the roof (dead
space) also takes part in the temperature lowering of the
ambient air of the building. Thus, the height of the false
ceiling can be chosen as 0.75 m with a thickness of 4 mm,
depending on the other dimensions of the building.

3. MODELLING OF ROOF PV

As envisaged in the summary and the introduction, several
cases will be studied, as shown in Figure 1:

1. The building does not have a false ceiling nor PV panels
(A);

2. The building has a false ceiling, but lacks PV panels (B);

3. The building has a false ceiling and a Semitransparent
Photovoltaic system is integrated as the roof top (C).

The following assumptions have been made in order to write
the energy balance equations:

a. A one-dimensional heat conduction is considered in the
present study;

b. The system under consideration is in quasi-steady state;

c. The incident solar radiation is uniform on both sides of
the roof;

d. The building is considered as one piece without internal
heat source;

e. Air properties are constant with time and temperature.

Ambient air
A B
/ —\ /’ Roof indoor air \
H Building indoor air H

Ambient air

C
o

//’ Roof indoor air -\
‘ Building indoor an“ ’

Figure 1. Pictorial view of the different cases studied, A) without
BIPV system and false ceiling; B) false ceiling, without BIPV
system; C) with BIPV system and ceiling false ceiling

Cl (€)] External Glass
2) PV Cells
@3) 3) Back sheet of PV module

Figure 2. Pictorial view of studied BIPV module

Building mdoor air
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3.1. Simple roof

Figure 1A shows a pictorial view of the building in the
absence of the false ceiling and the BIPV system. Following
Figure 1A, the energy balance for each component of the
thermal system is:

Roof

On the outer surface of the roof, the equation expressing the
energy balance is:

(Te-T,)/R, =A 0, 1(t)+hoA, (T,-Ty) (1)

By replacing each term by its expression, we have obtained
the expression of temperature on the outer surface of the roof:

To={T+R, [ A (t) +hoA, ]} /[1+hoAR, ] )

On the inner surface of the roof, the equation expressing the
energy balance is:

(T,-T;) /Rr =h; roorAr (Tr-Tin ) 3

By replacing each term by its expression, we have obtained
the expression of temperature on the inner surface of the roof:

Tr:[Ts+Tinhi,r00f'ArRr:'/[H_hi,roofArRrJ “4)

The expression of the heat flux getting in the building
through the roof is given by:

(Plz(Ta 'Tin )/[(l/ho)Jr(eal/kal)Jr(l/hi,roof ):| (5)

Ambient air of the building

The energy balance equation for the ambient air in the
building is given by:

) K, +AU,
i, C dT; T { 11 0

aird_;:( a'Tin) _0.33N0V+K12}_hi,roofAr(Tr'Tin) (6)

Upon solving Eq. (6) and applying the initial condition
Tin (t0)=Ty, initia1 » the building air temperature is obtained as

follows:
T :(Finl/Ginl )+|:Tininitial '(Finl/Ginl ):| exp('Ginlt) (7

3.2. Roof with false ceiling

Figure 1B shows a pictorial view of the building having a
false ceiling in the absence of a BIPV system. The major
difference between Case 3.1 and Case 3.2 is the reduction of
heat transferred to the leaving space due to the presence of the
false ceiling to the building. Following Figure 1B, the energy
balance for each component of the thermal system is as
follows:

Roof

i. On the outer surface of the roof, by applying the first
principle of thermodynamics, the equation of the energy
balance is the same as that in Case 3.1.

ii. On the inner surface of the roof, by applying the first
principle of thermodynamics and replacing each term by
its expression, we have obtained the expression of
temperature on the inner surface of the roof:

T =(Ty Ty AR, ) /(14hi AR ) (®)

avi,av i,av

False ceiling air temperature

The energy balance equation for the ambient air in the false
ceiling is given by:

dT,

m, C d:v :(Ta 'Tav)KZI'(TaV' in)K22+hi,avAr(Tr 'Tav) (9)

air

By integrating Eq. (9) and applying the initial condition

Toy (50) =Ty, .., » the false ceiling air temperature is obtained
as follows:
Tay :(Favl/Gavl )Jr[Tavinitial '(Favl /Gavl ):| exp('Gavlt) (10)

The expression of the heat flux getting in the building
through the roof is given by:

(1h0) e/ (1)
+(eopt /Kept )+ (1/hiin)

9,=US(AT)=(T,-T;,) (11)

Ambient air of the building

The energy balance equation for the air in the building is
given by:

dT;

in _
= Awall T9floor T9openings

m.Cyi — -
rCair — 4 (12)

~Qair,replenishement +q false_ceiling

By replacing each term by its expression and applying the
initial condition T,, (t=0)=T;, .. . the building ambient air

temperature is obtained as follows:
Tin :(Fin2/Gin2 )Jr[Tininitial '(FinZ/GinZ ):| €Xp ('GinZt) (13)

3.3. PV roof with false ceiling

Figure 1C shows a pictorial view of the building having a
false ceiling and a BIPV system, while Figure 2 shows a
pictorial view of the PV collector. The major difference
between Case 3.3 and case 3.2 is the roof heat flux which will
differ, due to the addition of the PV modules to the roof of the
building. Following Figure 1C, the energy balance for each
component of the thermal system is as follows:

PV module

At the glass cover of the photovoltaic module, by applying the
first principle of thermodynamics, the equation of the energy
balance is:

~t (0o 10+ (K, /eg)[Ar(TC-Tg)-hOAr(Tg-Ta)] -0 (14)

By replacing each term by its expression, we have obtained
the expression of temperature at the Glass cover of the
photovoltaic module:
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-1

Tg{l(t)(ag-rg) ] (0 /ke)+(1/ho)] (15)

+(kg /eg ) TethyT,

At the Solar cell of the photovoltaic module, by applying the
first principle of thermodynamics, the equation of the energy
balance is as follows:

TaoBl(t) + o0t (I'Bc)l(t) - TgtBencl(t) - (kbs/ebs)(Tc'Tbs)

[(eg/ke)+(/m0)] (Te-T) = 0 (16)

By replacing each term by its expression, we have obtained
the expression of temperature at the Solar cell of the
photovoltaic module:

-1 -1
€, 1 b
[k+ho T, + kbz Tstr(rot)eff I(t)

g
T, = (17)

c 1 1
eig.;_i +[ebSJ
kg h0 kbs

At the Back sheet of the PV module, by applying the first
principle of thermodynamics, the equation of the energy
balance is:

hps (T Tbs)+hlbsav (TaV'Tbs) =0 (18)

By replacing each term by its expression, we have obtained
the expression of temperature at the Back sheet of the PV
module:

Tbs (hcbsT Jrh1bsav av)/(hcbs+hibsav) (19)

False ceiling air temperature

The energy balance equation for the air in the air gap is given
by:

dT,
m,Cyjr d:V = Qwall,roof + 9c-i - Yair,interior (20)

- qair,replenishement

By proceeding similarly as in Case 4.2, the building air
temperature is obtained as:

Tav =(Fav3/Gav3)+|:Tavinma| '(Fav3/Gav3 ):| exp( ‘GaVSt) 21
To compute the expression of the heat flux getting in the
building through the roof, Figure 3 illustrates the thermal
resistance of the insulation. Following Figure 3, the roof heat
flux is obtained by :

03 = US(AT) = (Ta'Tin )/Rtotal
+ {1/[(1/Rroof)+(l/RBIPV )]} (22

+R +Rep TR

conv,,

Riotal = Rconvm

conv;,

Ambient air of the building

The energy balance equation for the air in the building is
given by:

: n _
My Cyip = Qwall T Afloor T Qopenings
. . + . (23)
~ Yair,replenishement ™ Yfalse_ceiling

By replacing each term by its expression and applying the

initial condition T, (=0)=T,, .. . the building ambient air

temperature is obtained as follows:

Tin= ( 1n2/G1n2) [ iNjpitial ( inZ/Gin2)j|eXp('Gin2t) (24)

Rroof
Reon . R, R Reon

ext [:: : ] My cpl in
Ty fm

Rbipv
Figure 3. Thermal resistance

4. OPERATING PARAMETERS

In order to obtain the dynamic behavior of the three thermal
systems and determine the ambient air temperature of the
building, we used hourly global and diffuse solar radiation
data over the town of Yaoundé¢, Cameroon for the year 2016
obtained from the Energy and Environmental Technologies
Laboratory of the Department of Physics at the University of
Yaound¢ I. In addition, the hourly ambient temperature
variation from the climatic data issued by the Atmospheric
Physics Laboratory was used.

The total solar radiation over inclined roof is obtained using
Eq. (25) [20]:

1 1
I(t)=[1g(t)-ld(t)JRb+5(1+cosG)Id(t)+5(1-0056)palb1g(t) (1)

1. The equation of the energy balance on the outer surface
of the roof is used to obtain the outer roof temperature.
The latter is introduced in the equation of the energy
balance on the inner surface of the roof in order to have
the expression of the inner roof temperature as a function
of the temperature of the ambient air of the building.

2. The so-obtained expression is introduced in the equation
(differential) of the energy balance of the room to have
an analytical expression of the indoor air temperature of
the building.

3. A system of equation is therefore obtained and solved
numerically with MATLAB R2016b software.

4. The same procedure is repeated for the two other thermal
systems, as shown below.

5. The whole procedure is illustrated in Figure 4, including
the computation of the roof heat flux.

Design specification and operating parameters of the
building are presented in Table 1. These have been used as
input parameters for energy analysis.
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Weather data
‘ Roof with BIPY ‘ ‘ Roof without BIPV ‘
Roof without Presence of false Roof without
false ceiling ceiling false ceiling

Indoor air conditions

Figure 4. Flow chart of the modeling of the thermal system

Table 1. Design parameters of a building and semitransparent PV

module
Parameters Values
b 6.3 m
d 4.5m
PV roof area 28.35 m?
Cr 0.38
Cair 1005 J kg!' K!
oc 0.9
or 0.5
Bc 0.83
Tg 0.9
nc 0.12

5. RESULTS AND DISCUSSION

Figure 5 illustrates the variations of average solar radiation
and ambient temperature of Yaoundé for the year 2018.

1000

500 -

Solar Radiation, W/m?
Ambient Temperature, °C

6 8 10 12 14 16 18
Time, h

Figure 5. Average solar radiation and ambient temperature

The peak irradiation on the horizontal surface is 994.13
W/m? and the peak solar radiation obtained with a tilt angle of
20° South is 992.62 W/m? The solar radiation is maximal
when the tilt angle is close from the latitude of the location
under investigation. However, taking into account the building
habits in the tropical climate of Cameroon, a tilt angle of 4° is
rarely used for the installation of the roof. This is to avoid the
labor cost and work required for cleaning the roof and the
photovoltaic system of the horizontal roof. Hence, the solar
radiation obtained with a tilt angle of 20° South is used in the
rest of this work.

Figure 6 shows the average hourly variations of the average
indoor temperature in the case of the roof only. The maximum
average indoor air temperature is 30 °C around 12.00 A.M.,
which is 2 °C higher than the maximum average ambient
temperature. This fact can be explained by the weak thermal
resistance in the case of a simple roof; the roof is made only
of steel; this favors a great heat absorption of heat which will
be transferred to the living space.
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Figure 6. Average indoor air temperature of the building with a
simple roof

The introduction of the false ceiling leads to a significant
reduction in the room air temperature illustrated in Figure 7;
the average maximum value of the indoor air temperature
declines to 27.13 °C. The new indoor air temperature is almost
3 °C less than the case of simple roof. This significant
temperature reduction is due to the addition of the false ceiling
to the roof of the building, as this addition will increase the
thermal resistance of the roof.
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Figure 7. Average indoor air temperature of the building with Simple
roof and false ceiling (FC)

The integration of the BIPV system on the roof top of the
building, even though beneficial to the building because of the
production of electric and thermal power, has the
inconvenience of increasing the indoor air temperature of the
building, as shown in Figure 8. The average air temperature of
33 °C is obtained. The difference in temperature caused by the
introduction of the BIPV in the envelope of the building can
be estimated to about 5 °C. Such a temperature may cause
uncomfortable conditions for the occupants of the building.
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Figure 8. Average indoor air temperature of the building with roof,
false ceiling, and the BIPV system

To overcome this inconvenience, a wooden layer can be
placed just at the back sheet of the PV module, or the
thickness of the false ceiling can be increased. The issue of
placing a wooden layer just at the back sheet of the PV
module is shown in Figure 9 (a). The average indoor air
temperature rise due to the BIPV integration on the roof of the
building has been completely reduced when the thickness of
the wooden layer is equal to half that of the false ceiling and
to an optimal value of 27.1 °C when the thickness of the
wooden layer is equal to twice that of the false ceiling, as
shown in Figure 9 (b). These results show that a great part of
the heat gained by a building is distributed through the
envelope of the building and especially the roof, hence
succeeding in the reduction of heat transfer through the roof
leads to the significant reduction of the heat exchanges
between a building and its surroundings, and the consequence
is a comfortable temperature of the indoor air of the building.

The results shown in Figure 9 enable us to assert that an
increase in the thickness of the wooden layer just at the back
sheet of the PV module leads to a greater reduction in the
average indoor air temperature of the building. This assertion
can be explained by the thermal inertia of building materials
which plays a significant role in thermal comfort of the
buildings. It is the case of materials as the wood which has
weak thermal inertia and is adapted to the climatic zones
where one wants to improve the thermal comfort of the
interior section of the room. The increase of the wooden layer
will certainly cause an increase in the weight of the
framework, the latter being expected to firmly support the
insulation. Hence, it is essential to correctly dimensionalize
the wooden layer, taking into account the rest of the roof and
the other elements of the building; this dimensioning will
permit to obtain an acceptable weight of the whole
framework. The use of an insulation layer placed under the
roof can therefore be considered as an interesting solution to
lower the indoor air temperature, thereby increasing the
thermal comfort of the room in tropical climates. The
insulating material is not necessarily the same and the choice
of the material may vary from one location to another, but the
final aim remains the same. The authors [21] recommend
using 50 mm of fibreglass and foil aluminium to respectively
reduce the ceiling temperature by about 3 °C and 2 °C in the
tropical climate of Malaysia. However, in Cameroon, the use
of wood as an insulating material is very common, hence
favoring its use in the BIPV system.

The maximum average indoor air temperature of the room
obtained with the addition of the wooden layer under the back
sheet of the PV module is 27.1 °C, depending on the thickness
of the wooden layer. The ideal interval of temperature is 23 to
26 °C in summer, and 20 to 23.5°C in winter, as
recommended by the ASHRAE standards. The temperatures
obtained from the modelling done in this work are slightly
higher than those recommended by the ASHRAE, but these
temperatures can be considered as comfortable in a tropical
climate of Cameroon, where the subjects accommodate easily
to such a temperature as they live in a hot climatic area, and
they have adapted their bodies to temperatures greater than
27 °C without the use of an air-condition system, even though
27 °C is considered as hot by the international standards;
hence, the important results obtained from our modelling can
be applied to the case of Cameroon for the production of
electric power using solar radiation.
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Figure 9. Average indoor temperature of the building with simple
roof, false ceiling and the BIPV system when a) the thickness of the
wooden layer is equal to half that of the false ceiling; b) the thickness
of the wooden layer is equal to double that of the false ceiling

Figure 10 (a) shows that the indoor air temperature could be
affected by an increase in the size of the BIPV surface
replacing the roof of the building, while Figure 10 (b) focuses
on the influence on indoor air temperature with an increase in
the speed of the wind in the air in the space between roof and
false ceiling in which case the space is not closed. As it can be
expected, the temperature will rise if the number of PV panels
increases. A quasi-regular increase is observed. The limit will
be reached when the whole roof is replaced by PV panels.
However, as the present study is done in the tropical climate,
such a rise is not too much useful, as the produced heat cannot
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be used for the heating of the indoor space. Hence, a
compromise should be found between the number of PV
panels to be installed and the maximum value of the indoor
temperature which must not be exceeded. In Figure 10 (b), the
speed of the air between roof and false ceiling has, been
doubled, resulting in a significant reduction in the maximum
temperature of indoor temperature. The maximum indoor
temperature reached in the present case is 25.63 °C, a value
almost 2 °C less than the one obtained in the previous case.
Such result is logic, as an increase in the speed of the air
between the roof and the false ceiling will create a fast
removal of the heat stocked on the back sheet of PV panels,
hence preventing heat from entering in the indoor air space.
Therefore, increasing in the speed of the air between the roof
and the false ceiling can greatly contribute to the reduction of
the indoor air temperature caused by an increase in the size of
the BIPV system, thereby improving the thermal comfort of
the occupants of the building.
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Figure 10. Average indoor temperature of the building with roof,
false ceiling and the BIPV system when (a) the size of the BIPV
system is increased; (b) the speed of the air in the dead space is
doubled

Figure 11 illustrates the roof heat flux of the building for the
different cases studied in the modelling. It can be observed
that the highest values of heat flux are obtained when the
BIPV system is added to the roof and the false ceiling,
followed the case of the simple roof. The use of the wooden
layer just under the PV modules greatly reduces the roof heat
flux, hence showing the positive effects on the indoor comfort
conditions of the wooden layer placed just under the PV
panels. Another observation that can be made from Figure 11
is that the roof heat flux is maximal during the period
comprised between 10 a.m. and 4 P.M.; this observation can
be explained by the fact that the highest values of
temperatures are obtained during the noon and the afternoon,

and the accumulated effect of the irradiation absorbed since
the morning will have the overall effect of lowering the
thermal resistance of the envelope elements. The results
obtained clearly show that the maximum heat transfer in a
residential building is done through the roof of the building.
The roof heat flux in case of the simple roof is maximum at
noon, as it reaches 250 W/m?, a value almost 8 times greater
than the heat flux density through the walls (29 W/m? in
Yaoundé, 38 W/m? in Garoua from the authors of [22]). This
value declines to 155.77 W/m?, thanks to the use of the false
ceiling. Introducing PV panels to the roof increases the roof
heat flux, with a maximum value of 300 W/m? but an
appropriate use of the false ceiling brings back the heat flux to
a value of 169 W/m? and to 132 W/m? with the increase of the
wooden layer placed just under the PV module. Therefore,
reducing indoor temperature can lead to a reduction in the roof
heat flux, hence the improvement of the thermal comfort of
the occupants of the building. These results are in accordance
with previous studies [23] and show all the benefits of an
appropriate use of local building materials to increase the
indoor comfort of buildings.
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Figure 11. Heat transfer through the roof to the leaving space in the
five (05) cases studied

The heat transfer model for the indoor air temperature of the
building is simplistic, as the results of this modelling were
obtained by considering the entire building as a unique piece
without internal heat source. The different temperatures of
each room of the building have not been studied, whereas
such a study could have improved the degree of precision of
the modelling. Taking into account the heat generated by the
occupants and the devices of the building would certainly lead
to an increase in the temperature of the indoor air of the
building. In addition, the heat loss due to ventilation
(mechanical or natural) of the building is not sufficiently
taken into account in the model. Another factor to consider is
that the heat transfer through radiation should be more
considered in the elaboration of the modelling, as radiation
occupies an important place in the heat exchanges between the
building and its environment, especially those taking place
through the roof of the building. Also, means must be
implemented to reduce the temperature of the PV cells, e.g.,
adding fins at the back of the PV module, or increasing the
natural ventilation around the PV module. This ventilation
may be done by creating small adjustable openings around
building envelope just under the ceiling or making an open
roof-ceiling system.
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6. CONCLUSIONS

We presented three distinct but related concepts: first, the
irradiation on a tilted surface; second, the lowering of the
indoor temperature variation; last, the reduction of the roof
heat transfer. The thermal analysis of each of the three
systems, the first one consisting of a building without a false
ceiling and a BIPV system, the second one consisting of a
building with a false ceiling in the absence of a BIPV system,
and the third one consisting of a building with a false ceiling
and a BIPV system on which a wooden layer is later added
just under the back sheet of the PV module was conducted.
This study allowed us to demonstrate that:

1. Taking into account the building customs of Cameroon,
a tilt angle of 20°S, can be adopted as the tilt angle of the
solar roof of our modeling.

2. The building with a roof only had a high room air
temperature, approximately 30 °C. The roof heat flux in
case of the roof only reaches a maximum of 250 W/m?,
but the use of a false ceiling lowers the density flux to
169 W/m?2.

3. The introduction of the false ceiling lowers the indoor
temperature by about 2.5 °C.

4. The association between the false ceiling and a BIPV
system makes the room air temperature rise to
approximately 32.5 °C.

5. The addition of a wooden layer just under the back sheet
of the PV module brings back the room air temperature
to 27.71 °C, when the thickness of the wooden layer is
equal to twice that of the false ceiling.

6. The increased area of the BIPV system yields an increase
in the indoor air temperature; the latter increase can be
reduced by increasing the speed of air located in the dead
space.

7. The addition of the PV brings back the roof heat flux to
the rise, about 300 W/m?, but this value can be greatly
reduced by the appropriate use of the false ceiling and
the natural ventilation (134 W/m?).

8. The reduction of the indoor temperature and the roof
heat flux increase the thermal comfort of the occupants
of the building.

9. As the wood is considered to be among the building
local materials, we recommend its use for the
optimization of thermal insulation between the roof
system and the floor supporting that roof.

The practice of optimizing the building envelope through
the thermal insulation of this envelope should be required
either in the construction of new buildings or the renovations
of already existing buildings in Cameroon. The use of a well-
planned false ceiling makes the solar roof more attractive in a
tropical region of Africa.
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NOMENCLATURE

A Area (m?)

b Height of the BISPVT system (m)

C Specific heat (J/kg K)

Ce The conversion factor of the thermal power plant
d Width of the BISPVT system (m)

dx Elemental length (m)

dt Elemental time (s)

e Thickness (m)

h Heat transfer coefficient (W/m?K)
k Thermal conductivity (W/mK)

L Length (m)

m Mass flow rate (kg/s)

R Thermal resistance (K/W)

T Temperature (K)

Time (s)
1(t) Incident solar radiation (W/m?)
U Overall heat transfer coefficient (W/m?K)
(UA), Overall heat transfer coefficient from room to ambient air (W/K)
\Y Volume (m?), Velocity (m/s)
Greek letters
o Absorptivity
B Packing factor, Volume expansion Coefficient
0 Inclination of roof (rad)
T Transmissivity
n Efficiency
(aT)err Product of effective absorptivity and transmittivity
Palb Albedo
9 Viscosity
I Heat flux (W/m?)
Subscripts
a Ambient
al Aluminum
av Air in the gap
bs Back sheet of PV
c PV cell
door Door
Fc False ceiling
g Glass cover of PV
i Inner surface
in Indoor air of the building
n Number
o Outer surface
r Roof
S Roof exterior surface
T Tedlar
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A mechanical technique was applied to the copper current collector of lithium-ion battery anode to improve
interface adhesion between Cu foil and anode film. The mechanical and electrochemical performances of
graphite anodes coated on Bare Cu Foil (BCF) and Modified Cu Foil (MCF) were evaluated. The BCF and
MCF anodes exhibited adhesion strengths of 1.552 and 1.617 MPa, respectively. The electrochemical studies
of BCF and MCF anodes showed that the initial discharge capacity of graphite anode coated on the MCF
(323.6 mAh g'') was about 8 % higher than the BCF anode (299.9 mAh g'). The BCF anode capacity reached
227.9 mAh g after 100 charge/discharge cycles at 0.5C rate, while this value was 247.7 mAh g' for MCF
anode. The results of electrochemical impedance spectra demonstrated that the diffusion coefficient of lithium-
Current Collector, ion for MCF anode was about 56 % higher than that for BCF anode. On the other hand, the surface
Surface Modification, modification of the copper current collector reduced the charge transfer resistance of anode from 28.5 Q to
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Cu Foll, 232 Q.
Graphite
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1. INTRODUCTION

Given that the essential requirement of an eco-friendly energy
including regulations on CO, emission and fossil fuel
reduction is increasing, many studies are being carried out
worldwide to develop high-performance energy storage
systems [1, 2]. Recently, storage of electrical energy remains
critically dependent on Lithium-lon Batteries (LIBs).
Therefore, advanced LIBs are required to address the
increasing demand for energy sources with high capacities,
which present high energy density, high power density, and
better cycle stability than existing LIBs [3-7]. At present, the
development of new materials for cathode, anode, membrane,
and electrolyte are the most attractive approaches to
improving the performance of LIBs [8-10]. Numerous
researches have attempted to evaluate new electrode materials
[11-13] and high-performance membranes and electrolytes
[14, 15]. Some studies have also considered degradation
mechanisms such as structural volume changes of active
electrode material during lithiation and delithiation processes
[16, 17].

However, the factors that affect LIB performance are limited
to electrode materials, membranes, and electrolytes. As a
critical component in LIBs, the current collector enhances

*Corresponding Author’s Email: babaiee.mohsen@gmail.com (M. Babaiee);
m.zarei@isrc.ac.ir (M. Zarei-Jelyani)
URL: https://www.jree.ir/article 141272 .html

battery performance significantly [18, 19]. The -current
collector not only acts as a bed for loading active materials,
but also is responsible for collecting the electrical current
produced by the electrode active materials and conducting it
to the output. Unlike other battery components, current
collectors, especially copper foils, have received insignificant
attention, while they have a crucial impact on lithium-ion
battery performance. In a conventional anode electrode of
LIB, the surface of the copper foil is coated with graphite
slurry. Bond strength, contact impedance of graphite/copper
foil interface, and chemical and electrochemical stability are
the significant factors impacting cycling stability and capacity
of a lithium-ion battery [20, 21].

Mechanical damage to current collector foils in LIBs can
lead to external electronic failure followed by battery failure
[22]. Furthermore, it has been shown that the organic
electrolyte of LIBs gradually etches the copper current
collector [23], leading to the degradation of battery
performance during long charge/discharge processes. In
addition, in the case of traditional copper foils, the smooth
surface of copper foil may cause poor contact with the
graphite. This can cause high impedance in the contact
interface as well as high risk of chemical corrosion in case of
electrolyte exposure [24, 25].

Kang et al. synthesized a thin uniform and Compact Oxide
Layer (COL) on an Al current collector for LIB cathode
through the oxidation process using KMnO4 as an oxidant.
They found that the COL on an Al current collector could

(2022), 63-69. (https://doi.org/10.30501/jree.2021.290435.1219).
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effectively protect it from corrosion and exhibit good adhesion
properties and electrochemical performance for extensive
cycle life [26].

Jeon et al. used two types of Cu foil, conventional flat Cu
foil and rough Cu foil, to fabricate silicon (Si) electrodes for
flexible and high-energy-density LIBs. When Cu foils with a
roughness of 3 mm were used for the Si electrode, they
delivered much better cycle performance, especially under
lower binder content and in the mechanically stressed
condition [27].

Jiang et al. synthesized a thin graphene film on the surface
of Cu current collector by a large-scale Low-Pressure
Chemical Vapor Deposition (LPCVD) process. Their
modified Cu foil was used as a current collector to support
spinel LisTisO1» anode directly. They represented that
graphene coating Cu foil could effectively improve the overall
Li storage performance of LisTisO12 anode [28].

Zhang et al. applied ultrafast laser ablation for the surface
modification of Cu foil for preparation of artificial graphite
anode films for LIBs. Improved adhesive force and
electrochemical performance were confirmed in anode films
on laser structured Cu foils [29].

In the present study, a mechanical abrasion method has been
employed for the copper current collector (Figure 1) to
increase its specific surface area and enhance mechanical
performance. This surface treatment will increase the contact
strength between the graphite active material and the current
collector. Furthermore, the interface impedance is reduced and
the corrosion resistance against the electrolyte increases using
this surface modification method. Therefore, the surface
treatment of copper foil improves the insertion/de-insertion
process of lithium ions in/from the structure of graphite anode.
This practical, simple and effective method can be applied to
lithium-ion batteries with a long cycle life.

I - 0000000008 )

Bare Cu foil (BCF)

Modified Cu foil (MCF)

Anode electrode coated
on MCF

Figure 1. Schematic of current collector treatment and anode electrode preparation process

2. EXPERIMENTAL
2.1. Meterials

The active material for anode slurries was Mesocarbon
Microbeads (MCMB, Gelon) with 16.5-19 um mean diameter
(d50), 1.28 g cm? tap density, and a specific surface area of
less than 1.5 m?> g'!'. The conductivity agent of Carbon black
(CB, Super P Li, Gelon) with a density of 160 kg m3 was
used. A blend of carboxymethyl cellulose (CMC) and styrene-
butadiene rubber (SBR) was utilized as the binder. The current
collector of the electrode was Copper foil with a thickness of
9 pm.

2.2. Mechanical modification of current collector
surface

The copper current collector was abraded using sandpaper
(mesh 1000) to increase the roughness of the surface and the
contact strength between the active material and the current
collector. After mechanical treatment, the surface of copper
foil was cleaned with acetone to prepare the current collector
for coating of anode slurry. Figure 2 represents microscopic
images of the surface of the copper foil before and after the
abrasion process at 60 and 200x magnifications.

Figure 2. Microscopic images of the surface of the copper foil before abrasion process at: (a) 60x and (c) 200x magnifications and after abrasion
process at (b) 60x and (d) 200x magnifications
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2.3. Electrodes preparation

The composition of anode slurry coated on different current
collectors is shown in Table 1. Active material (MCMB) and
conductive agent (CB) were heated in a vacuum oven for 2
hours at 120 °C to prepare the anode electrodes. A planetary
mill was used for 30 minutes at a rate of 200 rpm in order to
grind and mix the active and conductive materials. According
to Table 1, the required amounts of CMC and SBR were
mixed with distilled water and, then, were stirred for 24 h at
ambient temperature. Afterward, the active material of the
anode and conductivity agent were added to the binder
solution. A vacuum-mixer was applied for degasing and
further mixing of the blend at a rate of 200 rpm for 1.5 h. The
homogenous prepared slurry was coated on bare Cu foil

SEM-MAG: 108 e

b - ~r

(BCF) and modified Cu foil (MCF) using a doctor-blade
method. Then, the electrodes were dried overnight at 60 °C
and pressed using a roll press. This was to warrant good
contact between the current collector and electrode mass, as
well as between the electrode components. Figure 3 shows the
SEM images of the anode electrodes with 1000 and 5000x
magnifications.

Table 1. Composition of anode electrode components

Component Composition (wt %)
Active material (MCMB) 94.5
Conductive agent (CB) 1
CMC 2.25
SBR 2.25

Figure 3. The SEM images of the anode electrodes with (a) 1000x and (b) 5000x magnifications

2.4. Cell assembly

The electrode sheets were punched to prepare the disks of the
electrode with a diameter of 14 mm. Prior to assembly of a
coin cell, the disks of the electrode were dried under vacuum
at 60 °C for 2 hours. The assembly of CR2032 coin-type half-
cells was conducted in a glove box with oxygen and moisture
levels lower than 0.5 ppm. The separator was a porous
polymer film with a thickness of 25 um. A solution of 1 M
LiPF¢ in a mix of EC/DEC (1:1) (MTI Corporation) was
utilized as an electrolyte. A foil of Li-metal with 0.6 mm
thickness and 16 mm diameter (Gelon LIB Group) was
employed as reference and counter electrodes. Finally, the
sealing of cells was performed by an electric coin cell
crimping machine (MTI Corporation). After assembly, the
cells spent 3 hours in a resting state to ensure perfect
electrolyte penetration through the pores of electrode and
membrane.

2.5. Chraracterization

Quantification of the adhesion strength of anode coatings on
the copper foil was conducted using a universal testing
machine (Gotech). As shown in Figure 4, double-sided
adhesive tape was used to fix an electrode disk between two
parallel plates. A pre-compression load equal to 20 kg.f was
applied to achieve a reproducible adhesive bond between
compression grips and electrode. The disjunction speed of the
grips was set at 5 mm/min. The value of the measured tensile
stress was considered as adhesion strength.

Coin half-cells were charged and discharged by a battery
tester (Neware technology Itd.) to evaluate the electrochemical
performance at 0.5C rate in the range of 0.01-2.0 V. All

electrochemical experiments were conducted at ambient
temperature.

Electrochemical Impedance Spectroscopy (EIS) tests were
performed under a frequency window of 10 mHz-100 kHz
(open-circuit voltage was selected as the applied bias voltage).
An equivalent electronic circuit was applied to simulate the
experimental Nyquist plots using the NOV A software.

T

Tensile load

Adhesive

Coating

Current collector
Adhesive

Figure 4. Mechanism of adhesion strength test

3. RESULTS AND DISCUSSION

Figure 5 shows the adhesion strength of MCMB anodes
coated on Bare Cu Foil (BCF) and Modified Cu Foil (MCF).
The BCF and MCF anodes exhibit adhesion strengths of 1.552
and 1.617 MPa, respectively. Therefore, the anode electrode
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coated on the modified current collector has better adhesion
properties, which can improve the mass loading of the
electrode and increase the energy density of the LIB.

1.7

1.65 o

1.6 4

1.55 4

1.5 4

Adhesion Strength (MPa)

1.4 -
BCF MCF

Figure 5. Adhesion strength of MCMB anodes coated on BCF and
modified Cu foil (MCF)

Figure 6 represents the cycling performance of BCF and
MCF anodes during 100 charge/discharge cycles at a rate of
0.5C. The initial discharge capacities of BCF and MCF
anodes are 299.9 and 323.6 mAh g, respectively. The
modification of the surface of the current collector increases
the initial discharge capacity of the MCMB anode by 7.9 %.
In addition, the MCF anode capacity reaches 247.7 mAh g!
after 100 cycles, while the BCF anode capacity is equal to
227.9 mAh g in the 100" cycle. This means that after 100
cycles, the discharge capacity of the modified anode is 8.7 %
higher than that of the BCF anode. On the other hand, the
BCF anode has only passed 46 cycles to reach the capacity of
247.7 mAh g (equal to the final capacity of the MCF anode
after 100 cycles). This indicates that the cycle life of the
modified anode is 2.2 times longer than that of the BCF anode
to reach the capacity of 247.7 mAh g!. Figure 7 shows the
discharge voltage profiles for BCF and MCF anodes at 1%,
20%, 40, 60", 80" and 100" cycles. The electrochemical
parameters of the voltage profiles are presented in Table 2.

350
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Figure 6. Cycling performance of BCF and MCF anodes during 100
charge/discharge cycles at 0.5C
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Figure 7. Discharge voltage profiles for BCF and MCF anodes at 1%,
20, 40™, 60, 80, and 100" cycles

Table 2. The electrochemical parameters of the voltage profiles

Discharge capacity (mAh g)
Anode
1steycle | 20™ cycle | 40™ cycle 60t cycle 80t cycle | 100%™ cycle
BCF 299.9 284.2 251.2 240.1 234.0 227.9
MCF 323.6 301.6 279.2 264.2 255.5 247.7

Figure 8 demonstrates the differential capacity curves for
anode half-cells of BCF (Figure 8a) and MCF (Figure 8b) in
the discharge process of 20", 40%, 60, 80%, and 100™ cycles.
In these figures, two peaks are observed as the anode
discharges from low voltage to high voltage, related to the
delithiation process [30]. As shown in Figure 8a and b, the
delithiation peaks are shifted to higher voltage during cycling,
indicating that the resistance of anode half-cells increases as
cycle number increases [31]. Figure 8¢ and d compares the
differential capacity profiles of BCF and MCF anodes in the
discharge process of 20™ and 100% cycles, respectively.
According to Figure 8c, it can be said that the average
discharge voltage of the MCF anode is lower than that of BCF
anode since the peak related to de-insrtion of lithium ions for
the MCF anode occurs at lower voltages than that for BCF.
Therefore, if the MCF and BCF anodes are employed in a full
cell of LIB, the battery prepared by the MCF anode will have

a higher discharge voltage. On the other hand, the higher peak
intensity for the MCF anode points to the higher capacity of
the MCF anode than that of the BCF anode.

Figure 9a displays the half-cells Nyquist plots of BCF and
MCF anodes after 100 charge/discharge cycles. Each
impedance spectrum shows two semicircles, simulated using
an equivalent circuit (Figure 9a). The R shows the resistance
of bulk electrolyte and high-frequency semicircle is
considered the SEI film resistance (Rsg)). The observed
semicircle at a medium frequency indicates the charge-
transfer resistance (R¢) of the lithiation process between the
electrolyte and the electrode. CPEgg; and CPE elements are
constant phase elements associated with Rggr and R,
respectively. The low-frequency slope is attributed to
Warburg impedance that represents the diffusion process of
Li* ion in the electrode-electrolyte interface [32].
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Table 3 presents the simulation results obtained from
impedance spectrum of BCF and MCF anodes. The values of
Rs are 20.1 Q and 12.4 Q for BCF and MCF electrodes,
respectively. This indicates that the surface modification
process of Cu foil has reduced the Ry by about 40 %. In
addition, the MCF anode has lower charge-transfer resistance
(23.2 Q) than the BCF anode (28.5 Q) after 100 cycles at a
rate of 0.5C.

Figure 9b shows a diagram of the real part resistance with
the inverse square root of the angular speed for the anodes of
BCF and MCF (in the low-frequency region). In order to
determine the Warburg factor (o) and lithium diffusion
coefficient (Dy;+), Equations (1) and (2) were applied,
respectively [33].

Z' = Rg + Rgg; + Ry + o005 (D)

R2T?
Dijr = so—=mm s
2A2n2F4C202

@

where the parameters are defined as follows:

Z': real part resistance

o: angular frequency

R: gas constant

T: absolute temperature

A: electrode surface area

F: Faraday constant

C: Li—ion molar concentration in an active material

According to Equation (1), the slope of the line obtained in
Figure 9b represents the Warburg factor (c), which is equal to
3.347 and 2.679 for the BCF and MCF anodes, respectively.
Since all parameters of Equation (2) are the same for BCF and
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MCF anodes except o, the ratio of lithium diffusion
coefficients is calculated using Equation (3).

Dy i+ mcF — O'BCF)Z 3)

Dyi+BCF OMCF

The surface modification of the current collector has
increased the lithium-ion diffusion coefficient by about 56 %

according to Equation (3). The higher lithium diffusion
coefficient for the MCF anode can be attributed to this
electrode tortuosity. The tortuosity can augment the
conductivity of the electrolyte and the effective diffusion
coefficient. The short distances of diffusion can be made
across the electrode as the tortuosity decreases. It can yield an
increase in the lithium diffusion coefficient.

Table 3. Simulation results obtained from impedance spectrum of BCF and MCF anodes

Sample R, (Q) Rser (Q) CPEsu Ret (Q) CPE« W (mMho)
Y. (1Mho) N Y, (1Mho) N
BCF 20.1 1.5 139 0.579 285 984 0.614 219
MCF 12.4 13.7 20.8 0.693 232 742 0.656 267

4. CONCLUSIONS

In the present study, a mechanical method was applied to
surface modification of copper current collector to be used in
the preparation of lithium-ion battery anodes. The general
conclusions are as follows:

(1) Improvement of the mechanical properties of the
modified anode was confirmed using the adhesion
strength test.

(2) The electrochemical studies of BCF and MCF anodes
showed that the initial discharge capacity of graphite
anode coated on the MCF (323.6 mAh g!) was about
8 % higher than the BCF anode (299.9 mAh g).

(3) The BCF anode capacity reached 227.9 mAh g! after
100 charge/discharge cycles at 0.5C rate, while this
value was 247.7 mAh g for MCF anode.

The results of electrochemical impedance spectra
demonstrated that the diffusion coefficient of lithium ion for
MCF anode was about 56 % higher than that for BCF anode.
On the other hand, the surface modification of the copper
current collector reduced the charge transfer resistance of
anode from 28.5 Q to 23.2 Q.
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A new interleaved high step-up converter with Zero Voltage Transition (ZVT) is proposed for operation in this
paper. The main advantages of the proposed converter are low input current ripple and low voltage stress on
the power switches, high efficiency, low total component count, and eliminating reverse recovery problem of
power diodes. Due to the soft switching operation of the switches and diodes in the converter, the efficiency

has been enhanced. Also, the switches do not have capacitive turn on loss due to ZVT operation. The proposed
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converter uses only one power switch to provide ZVT conditions for all switches and the clamp capacitor
transfers its energy to the lifting capacitor, which causes increase in voltage gain of the converter. Because of
the interleaved structure, the converter has a low input ripple current and this advantage makes it very suitable
for solar applications. The proposed converter is analysed and a S80W prototype is made to verify theoretical

https://doi.org/10.30501/jree.2021.279818.1198

1. INTRODUCTION

With the scarcity of fossil fuels and their replacement by
green energy sources such as photovoltaic systems, fuel cells,
and wind power, not only do greenhouse gas emissions
decrease but also the increase in flexibility and reliability in
power generation is ensured [1-3]. To maintain DC bus
voltage (380-400 V), renewable and distributed generation of
the microgrid is essential among the fundamental factors in
sustaining high DC bus voltage. In photovoltaic systems,
output voltage is low and variable and in order to provide DC
line requirements, high step-up DC-DC converters are used
widely in the power conversion stage. Besides, to harness
greater power, reliability, and efficiency, Photovoltaic arrays
are installed with modular DC-DC structures [4-6].

The conventional boost converters have a small number of
elements, simple modeling, and design, but have many
disadvantages such as high voltage peak on the switch and
diode, narrow duty cycle, and reverse recovery problem of the
diode. There are several voltage-boosting techniques such as
switched capacitors, voltage multiplier, switched inductors or
voltage lifting, magnetic coupling, and multistage structures
[7-9].

Non-isolated converters often have an uncomplicated
structure with lower weight and cost than isolated ones. These
converters are not suitable for extracting high power levels.
One of the main advantages of these converters is their

*Corresponding Author’s Email: delshad@khuisf.ac.ir (M. Delshad)
URL: https://www.jree.ir/article_141495.html

electrical connections between the input and output and
greater efficacy compared to the isolated ones [10-15].

The multiphase interleaved techniques manage to increase
power density and reduce input current ripple. Several types
of interleaved high step-up converters have been presented
recently, which use an auxiliary circuit to recycle leakage
inductances energy and provide zero-voltage conditions for
the main switches [16-21].

A high step-up interleaved DC-DC converter with ZVT
performance was introduced in [18]. An auxiliary circuit
including auxiliary switches and clamp capacitors was used to
reduce switching losses and control spike voltage of all
switches. A transformer with three windings is employed to
boost the voltage and reduce the voltage stress of all switches.
Leakage inductance controls the current of output diodes and
improves the problem of reverse recovery of these diodes.
However, the gain of the converter is low. In addition, the
voltage of output diode is twice that of output voltage, which
is a considerable amount given the operation of this converter
at high voltages. The use of two additional switches also may
control circuit complexity.

The converter introduced in [19] also uses a combination of
coupled inductors with three windings and voltage boosters to
provide a high voltage gain converter. This converter, thanks
to the use of three coupled inductors and voltage boosters,
provides a suitable voltage gain while reducing the voltage
stress of its semiconductor elements. If the winding ratio is
uniform, its voltage gain will be four times a boost converter.
Under such conditions, the voltage across the main switches
and clamp diodes is a quarter of the output voltage, and other

Please cite this article as: Tohidi, B., Delshad, M. and Saghafi, H., "A new interleaved ZVT high step-up converter with low count elements for photovoltaic
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diodes withstand stress equal to Vo/2. However, such a coil
structure, called WCCI, is a bit complicated, while the number
of elements used in the circuit is relatively large.

Another technique to eliminate switching losses is using the
lossless snubber for the switch and the snubber does not
impose significant losses on the converter, but the switch
drain-source current and voltage stresses increase
meaningfully [22-24].

The converters in [25, 26] are interleaved high step-up ones
in which an active clamp technique is used to conduct ZV
condition. In the main form of the technique, there are two
additional switches, duty cycle losses, and high circulating
current in the auxiliary circuits.

The converter in [27] is a high step-up converter with
switching in zero voltage which applies a new auxiliary circuit
with the coupled inductor. The number of elements is
relatively large. On the other hand, the coupled inductor in the
auxiliary circuit makes the complexity of the converter’s
operation. Moreover, the driver’s circuit should be isolated
since the lack of common ground with the source of power
MOSFETs. In [21], a high step-up converter with two
auxiliary switches was proposed. The major disadvantage of
the mentioned circuit is the existence of the auxiliary switch
with the floating switch’s source. In [21], a high step-up
converter using a mini boost converter to recover leakage
energy of coupled inductor and transfer it to the load was
introduced. The main problem of this converter is the hard
switching operation of converter which causes switching
losses and limits the switching frequency of the converter. In
[28], a new auxiliary circuit for the interleaved converter was
introduced. The circuit can be extended to more phases and its
energy was transferred to the output in an effective way.
However, the critical problems we are facing in this converter
are the number of the auxiliary circuit elements as well as use
of a coupled inductor in the auxiliary circuit which makes the
circuit’s operation more complicated.

In [15] and [29], high step-up converters were introduced in
which the coupled inductors accompanied with lift voltage
capacitors were used to increase voltage gain. The energy in
the leakage inductance was absorbed in clamp capacitor.
However, in these converters, the soft switching conditions
were highly depended on the load. In the light load conditions,
the soft switching disappeared and the efficiency was reduced.

In the proposed converter, an active switch was reduced
compared to similar ZVT converters, which reduced the
conduction losses and the complexity of the circuit operation.
Since all switches in the proposed converter operate under ZV
condition, unlike ZCS converters, they do not have capacitive
turn-on losses.
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Figure 1. The proposed interleaved high step-up converter

2. THE PROPOSED CONVERTER
2.1. The converter description

The proposed interleaved step-up DC-DC converter with ZVT
operation is shown in Figure 1. As shown in the figure, the
converter has two main power switches S; and S, and just an
auxiliary switch S,. Also, capacitors C.; and C., are used to
clamp voltage, the capacitor Ci is employed to lift the voltage
gain, and C, is used to get voltage ripple. To increase the gain,
the inductors Lij, Li2, Lai, L2z have been coupled, which are
modeled by magnetizing inductances Ly and Lim> and leakage
inductances Ly, and Ly, respectively. The converter also
includes four diodes Dy, D,, D3, and D.,.

2.2. The operation of the proposed high step-up
converter

The operation of the proposed converter can be divided into
eight operating intervals in a switching cycle. The proposed
converter equivalent circuits of the intervals are shown in
Figure (2) and the performance of each mode will be
examined separately below. The following hypotheses are
considered for the simplicity of the proposed converter
analysis.

i.  The magnetizing inductors are large enough and their
current is considered constant in a steady state.

ii. The output and clamp capacitors are designed large
enough, and capacitor voltages are assumed to be fixed
in a switching cycle.

iii.  All semiconductor elements including diodes and
switches are modeled ideal.

The main switches are on and the diodes are off before the
first mode. The load current is also supplied by the output
capacitor and the magnetizing inductances of the converter are
charged linearly.

Mode 1 (to<t<t1)

This mode starts when S, is turned off, and the body diodes of
S. and diode D, conduct, while the diodes D, D, and Ds are
off. Therefore, S, is able to turn on under ZV condition. Also,
the leakage inductance energy of Lio is transmitted through
the body diode of S, to capacitor C.i, and the voltage of
switch S, is clamped by Cci. On the other hand, when the D,
conducts, the energy of Ly, transmits to the output through the
secondary side of coupled inductor (L»). The output diode
due to the existence of the leakage inductance (Li2) turns on
under ZCS and the currents of L and Ljx increase linearly.
This mode ends when the Ly current reaches the secondary
winding current (Is) level.

Mode 2 (ti<t<t2)

In this state, the current transfers from the anti-parallel diode
of S, to the S,. In this situation, the current of S; continues
increasing and the output diode is on. Moreover, only the
diode D, and switches S; and S, conduct and the output is still
supplied through capacitors Cej, C2, and Cr. Ly current is
decreasing with a slight slope and Ly and Li; currents
increase. This state ends when the S, turns off under ZV
condition.

Mode 3 (t2<t<t3)

When the S, switch is off, the switch S, anti-parallel diode
conducts. Therefore, the switch in this interval can be pulsed
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under ZV conditions. The leakage current of Lik» increases
rapidly, which leads to a decrease in the secondary current. As
the leakage current of L reaches the current of Lpp, the
secondary current goes zero and the D, diode is switched off
under ZCS conditions. The decreasing rate of the output diode
current is controlled by the leakage inductor Ly, which leads
to the improvement of the reverse recovery problem of this
diode. Then, after Do turns off and D3 turns on, L is charged
via S,. This interval ends when S, is opens.

Mode 4 (t3<t<ts)

In this state, switch S; turns off and diode D; starts
conducting, while diodes D, and D, are off. The energy of
Lixi is transmitted through diodes D; to capacitors C., and
C.1, and the S; switch voltage is clamped by both capacitors
Ccz and CC1.

Mode 5 (ts<t<ts)

This situation begins with diode D, turning on as ZCS. When
D, turns on, the energy stored in capacitor C; is transferred to

Ly =L, Dy Cr === 2. D,
Dy
D3 CoRo= T,
Lpy Lu, D; Cr Lo ;[='=;£:t D,
Cea Ds +
D; CorR=E T,
5a
Cep L
Maode 3
Dy C Lo la g
D
Ceat Al N
f-ig CotRZ T,
Sa _
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Mode 5
D,  CLEnlIn p,
D
CeaLl d "
D3 Co= Rez T,
Na
Cer L
Mode 7

the Cp series capacitor. With the secondary current and
increase in the voltage of Ci, the voltage across diode Ds;
decreases. The energy Ly is also transferred to the Cc, clamp
capacitor. Also, the energy of C is transferred to the Cp
through D». The D, diode is off and the output load energy is
supplied through the C, capacitor, and the inductors Ly, and
L, are receiving energy from the input source. This situation
ends when D, turns off.

Mode 6 (ts<t<ts)

When zero Ly inductor current reaches zero, diode D, turns
off as ZCS, thus solving the reverse recovery problem of this
diode. In this situation, the Ly current passes through the
secondary windings, and the Cp capacitor is charged linearly
by Lmi. Capacitor C.; also continues to transfer its energy
through diode D, to capacitor Cp and the current D, is
reduced. The D, diode is still off and the output load is
supplied by the output capacitor.

i
-
@

n
-
@

Mode 8

Figure 2. The proposed converter equivalent circuit in the separated eight operation modes
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3. PROPOSED CONVERTER DESIGHN CONSIDERATION
3.1. Voltage gain

The voltages of capacitors Cc; and Cc, are obtained by the
volt-second balance relationship of L and Ly, respectively.

VinDT = (Veey — Vin)(1 = D)T M
Ve = 22 @
VinDT = (Voez = Vin)(1 = D)T 3)
Veez = IV_—D 4)

when S; is off and Dj; is on, the V¢ is obtained by writing
KVL in the loop containing the secondary windings and diode
Ds.

KN(Veez = Vin) + KNV, =V, =0 5)

By inserting the capacitor voltage C., from Equation (4) in
the above equation, the capacitor voltage Cp is obtained as
follows:

Vin
VoL = KN2 ©)

when switch S; is off and diode D; is on, by writing the KVL
relation in the outer loop, the converter voltage gain can be
calculated:

Vo _ 2+2KN+(K-1)D

Voo 1> Q)
If the coupling factor is considered one, the voltage gain

equals to (2+2N)/(1-D) in the ideal state. Figure 3 shows the

proposed converter voltage gain versus different duty ratios.
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Figure 3. The proposed converter gain versus different duty cycles
and turn ratios

3.2. Voltage stress of the semiconductor elements

The voltage of switches S; and S, is clamped at the voltage
level of capacitors C¢; and Cc,. Therefore, S; and S, voltage
stresses are obtained as follows. The voltage of D, is at the
level of the total voltage of the clamped capacitors C.; and
Cea.

=V, =in Vo
Vs1 = Vs, = 1-D ~ 2+2KN+(K-1)D ®
2V,
Vb1 = Veer + Veer = > ©)

2+4+2KN+(K-1)D

when switch S, is off, the voltage of D; is calculated by
writing the following KVL relation.

Vin = K(Ve1 = Vin) = Vo1 = Vo3 + Vo =0 (10)

By placing the voltage relation of capacitor Ce, in the above
relation and using the voltage gain relation, the voltage of Ds
is obtained as follows:

2KN
Vb3 = Zrarn+ DD 0 an

The voltage stresses of diodes D, and Dy are obtained
according to the following equation.

Vin _ 1+2KN+(K-1)D

Vpy, =Vpo =Vy — =
D2 Do 0" 1-D ~ 2+2KN+(K-1)D '©

(12)

Figure 4 shows the normalized voltage stress of
semiconductor elements in terms of output voltage per turn
ratios of the windings. As can be seen, upon decreasing the
voltage stress of the converter switches with increasing turn
ratio (N), the voltage of D;, D,, and D, increases
subsequently, which can limit N. However, the stress of the
proposed converter diodes is always lower than the output
voltage.
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Figure 4. The normalized voltage stress of semiconductor elements
in terms of output voltage per turns ratio of the windings

3.3. Design of inductors

To design the inductors, first, the relationship of the
magnetizing inductances current is calculated in terms of
output current. Then, according to the output power and the
amount of inductor current ripple, the values of inductors are
obtained. Since the role of capacitor C,; is the voltage clamp
of switch S, and energy absorption of Ly, and it has a small
current, in the calculations, the charge and discharge currents
of capacitor C; as well as diode current D, are omitted. Also,
the magnetizing inductors are large enough to assume that
their current is constant. In addition, the capacitors are
designed to be sufficiently large and their voltage can be
assumed constant in a steady state. The circumference of the
coils of the coupled inductors is considered equal to 2 and the
inductors are designed in an ideal state where the coupling
coefficient is equal to 1, K =1. When S, is turned off, a factor
of Ipmi, like Alimi, is induced to the secondary. As a result,
capacitor C., is charged with current (1-A) Iimi. The Cp
capacitor is also charged with Al m current, while the S; is
off. The following equations can be written according to
converter operation in turned-on switches.
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(1= A)lms (1= D)T = 22 (1 = D)T (13)

Iimz = 2(1 = A)lym; (14)

The current-second balance of capacitor C., can be written
as follows:

Alpy (1= D)T =222 (1 — D)T (15)

The current-second balance of the Cp capacitor can be
written as follows:

Itm1 = ILm2 (16)

The input current is equal to the sum of the currents of Ly,
and Ly, and the following relations are accepted for
magnetizing currents.

lin = Itm1 + ILm2 (17)

lin = 2lpm (18)
2

Itmi = Iumz = Elout (19)

During DT, the inductors Ly and Ly are charged linearly
by the input voltage source, Vin. Therefore, according to the
above relation and considering the current ripple of the
inductors, the values of inductors L, and L, can be
calculated according to the following relation:

VinD
Alpmf

L1 =Lmz = (20)

3.4. Design of capacitors

The capacitors are designed according to current-second
balance. Thus, based on the discharge current of capacitors C;
and Cs and considering the same discharge energy for these
two capacitors, the value of these capacitors can be obtained:

Lmz (1 — D)T = AV, 21
2

Cop = Cp = o8t 22
c2 — “L — fAVG ( )

During (1-D) T, the output capacitor C, is discharged by the
Ioue current in the output. Therefore, the value of C, can be
designed as follows:

loue(1 = D)T = CoAVgg (23)
— Iout(l_D)
o= "aves @4

The L, energy is absorbed by C.;, which should cause a
small voltage ripple in this capacitor.

C — lezlfmz (25)
L7 2AVey

4. THE EXPERIMENTAL RESULTS

The prototype of the converter is designed and implemented
according to Table 1. The photograph of the implemented
converter is shown in Figure 5. The measured voltage and
current of switches S; and S, are shown in Figures 6a and 6b,
respectively. In Figure 6a, the current starts to increase with
slope and, therefore, zero current switching is established; in

addition, the switch voltage has been clamped well. In Figure
6b, the switch current is negative at the turn-on instant, and as
a result, its body diode conducts and provides ZV condition.
Due to zero voltage switching, the capacitive turn-on losses
can be neglected. Figure 6c¢ illustrates the measured drain-
source voltage and current of S,. This switch turns on under
ZV condition and all the advantages of S, have been
established for the auxiliary switch.

Figure 6d shows the current of D,, and according to this
figure, diode turns off under ZC condition. Thus, reverse
recovery problem is solved. The practical currents of D; and
D, are given in Figures 6e and 6f, respectively, which indicate
that the mentioned diodes do not have a reverse recovery
problem.

The proposed converter efficiency has been measured at
different loads, as shown in Figure 7. As can be seen from the
diagram, the efficiency of the converter is 94 % at full load,
which also decreases efficiency with decreasing load, and this
is due to constant circuit losses in the clamp circuit. The
proposed converter has higher efficiency of 5 % than the hard-
switched counterpart. In the hard-switched counterpart, due to
the parasitic inductance of coupled inductors, a clamp circuit
is required to protect the switches, imposing high losses on the
converter.

Table 1. The specification of the proposed interleaved high gain

converter
Parameter Description Value/Part no.
Vin Input voltage 48V
Vout Output voltage 480V
Pout Output power 580 W
faw Switching frequency 50 kHz
CL Charge-pump capacitor 22 uF
Ce1,Ce2 Clamp capacitor 22 uF
Co Output capacitor 47 uF
S1,S2 Main switches IRF740
Sc Auxiliary switch IRF740
D1, D2,D3,D0 Clamp diodes MURS860

Figure 5. The photograph of the implemented converter
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Figure 6. Practical results of the semiconductor elements, a) Measured voltage and current waveforms of S (50 V/div, 10 A/div, 2.5 ps/div), b)
Measured voltage and current waveforms of Sz (50 V/div, 10 A/div, 2.5 ps/div), ¢c) Measured voltage and current waveforms of S. (50 V/div, 5
A/div, 2.5 ps/div), d) Measured current waveform of Do (5 A/div, 2.5 ps/div), e) Measured current waveform of D1 (10 A/div, 2.5 ps/div), f)
Measured current waveform of D2 (2 A/div, 2.5 ps/div)
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Figure 7. The proposed converter efficiency in comparison with
hard-switched counterpart versus different loads

4.2. The comparison between the proposed high step-
up converter and the other ones

In this section, the proposed converter is compared with a
number of recent high step-up interleaved converters. As can
be seen from Table 2, only the converter [26] has fewer
elements than the proposed converter. However, the proposed
converter has a double voltage gain and the main switch
voltage stress is half that of [26].

In terms of voltage gain, converters [14, 28] are in better
gain than the proposed converter; however, the converter [14]
has four switches that make the operation of the converter
more complex and the converter [28] has 24 elements, which
increase the conduction loss of the converter and reduce the
power density compared to the suggested converter.

Converters [15, 17, 29] operate under ZCS condition and as
a result, there are capacitive turn-on losses in these converters.
Since the voltage across the switches is high, these losses have
a significant role in the total converter losses. Converters [22,
30-31] are hard switching converters. Therefore, in addition to
conductive losses, there are switching losses that reduce
converter efficiency. Converter [30] has only one switch,
which has limited the power of the converter. Likewise, the
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hard switching of the power switches has reduced the
switching frequency and increased the volume of the
converter. According to Table 2, it can be concluded that the
proposed converter has a small number of elements and high

voltage gain compared to the recent converters, which is
highly effective in reducing conduction losses and volume of
the converter.

Table 2. The Comparison between the proposed converter and the converters in [14, 15, 17, 21, 25-31]

Parameters Voltage gain Voltage stress Switching No. of Total component Switching
frequency switches count condition
References (kHz)
[14] 4n Vout 50 4 17 AR
1-D 4n
[15] 2(1+n) Vout 100 2 16 ZCS
1-D 2(1+n)
[17] 2(1+n) Vout 100 2 15 ZCS
1-D 2(1+n)
[21] 1+nD Vour 1n(1-D) 25 3 15 Hard
1-D 1+n 1+nD
[25] 2(1+n) Vout 100 2 17 ZVS
1-D 2(1+n)
[26] d+n) Vout 50 4 12 ZVS
1-D (1+n)
[27] 2(1+n) Vout 100 3 16 AR
1-D 2(1+n)
[28] 1+3n Vout 100 3 24 ZVS
1-D 1+ 3n
[29] 2(1+n) Vout 118 2 18 ZCS
1-D 2(1+n)
[30] (4+n(2-D)-D) Vout 40 1 18 Hard
1-D (4+n(2-D)—-D)
[31] (2+n) Vout 100 2 14 Hard
1-D (2+n)
Proposed 2(1+n) Vout 100 3 13 ZVS-ZCS
converter 1-D 2(1+n)

5. CONCLUSIONS

In the proposed converter, the combined coupled-inductor
structure and the switched capacitor were used to increase the
gain. The interleaved technique was employed to reduce total
current ripple in the input, which helped achieve the
maximum power point of solar cells. To increase the
switching frequency and decrease the switching losses, an
auxiliary circuit with a minimum number of elements was
proposed. The auxiliary switch was also soft switched, so the
auxiliary circuit did not impose substantial losses on the
converter. On the other hand, the energy of clamp capacitors
were transferred to Cp capacitor and then, passed to the
output. Therefore, the energy of auxiliary circuit and leakage
inductances were not wasted and the clamp capacitors were
also effective in increasing the voltage gain. The auxiliary
switch was gated in complementary with the S, and did not
require a separate control algorithm which simplified the
implementation of the control circuit. It is recommended that
for the future work, the possibility of integrating the auxiliary
circuit with the voltage multiplier circuit should be considered
to reduce the number of the converter elements and,
consequently, decrease the volume and cost of the converter.

6. ACKNOWLEDGEMENT

The authors are thankful to the Power Electronics Research
Laboratory (PERL) at the Islamic Azad University of Isfahan

for providing Hi-tech equipment and support this work
technically.

NOMENCLATURE
ZVT Zero voltage transition
ZVS Zero voltage switching
ZCS Zero current switching
K Coupling factor
D Duty cycle
WCCI Winding cross coupled inductor
KVL Kirchoff’s voltage law

MOSFET  Metal oxide semiconductor field effect transisitor
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Drying process is an important post-harvest stage of food crops production which accounts for about 20 % of
the world’s energy consumption in the industrial sector. One of the effective ways to reduce the share of fossil
fuel consumption in the food drying process is to develop new drying systems based on the use of renewable
energy sources. In this research, a novel solar-assisted multi-belt conveyor dryer was developed and its
performance was analysed. The required thermal energy for drying process was supplied by the combination
of solar-gas water heaters and four solar-powered infrared (IR) lamps. The experimental factors included the
Keywords: spec?d ar}d temperature of ‘the drying air and the power of IR lamps. The performance characteristics were
Drying, drying time, Overall Specific Energy (OSE), Non-Solar Specific Energy (NSE), Overall Energy Efficiency
(OEE), and Solar-Assisted Energy Efficiency (SEE). The optimization process of the drying system was
carried out using Response Surface Methodology (RSM) by defining two general modes for the energy
sources of the drying system, namely overall mode and solar-assisted mode. Based on the results, the lowest
OSE (17.30 MJ/kg water evaporated) was obtained when the speed and temperature of the drying air were
equal to 7 m/s and 40 °C, respectively, without using IR power. The lowest NSE (2.71 MJ/kg water
evaporated) was achieved by applying the treatment of 7 m/s * 40 °C * 300 W. The maximum OEE was equal
to 13.92 % whilst the maximum SEE was obtained as 88.71 %. Both of the mentioned maximum values were
obtained at the speed and temperature combination of 7 m/s and 40 °C and their difference was applying
300 W IR power to gain maximum SEE and no IR utilization for the maximum OEE. According to RSM
analysis, the optimum working conditions for the drying system included the treatment of 7 m/s * 39.96 °C *
300 W. Under this condition, the drying time, NSE, and SEE values were equal to 180.95 min, 1.062 MJ/kg
water evaporated, and 84.63 %, respectively.
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quality of food that should be dehydrated, several methods
have been developed over time to dry the products [3]. During
the drying process, significant amounts of thermal energy are
consumed and in most cases, the type of energy used in the
drying process is fossil fuel [4].

One of the most potential applications of dryers is to
dehydrate medicinal herbs. This is because of the several
benefits of medicinal herbs for human health and that most of

1. INTRODUCTION

Global developments in the field of environmental protection
and the depletion of fossil fuel sources are accelerating the
trend towards the use of renewable energy and are attracting
much more attention in the world. Reduction of fossil energy
sources along with population and economic growth and
increasing air and environment pollution make it necessary to

use renewable energy sources according to their economic
justification.

Since the moisture content of fresh food and agricultural
crops is often high, drying operations are required to remove
the excess water to preserve the quality and durability of the
products during their storage. Drying process is an important
post-harvest stage of food crops production with a
considerable energy consumption. About twenty percent of
the world’s energy consumption in the industrial sector is
related to the drying process [1, 2]. Depending on the type and
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these plants are not available in fresh form throughout the
year. Consequently, they must be dried to be available at any
time of the year. Since the qualitative characteristics of
medicinal plants such as microbial activity constituents can be
significantly affected by the drying treatment and
environmental conditions, they must often be dried
immediately after harvesting from the farm [5]. It has been
proved that traditional methods like open sun drying have
many disadvantages and negative effects on the quality of
products because of uncontrolled heat transfer and low drying
rate. On the other hand, biomass-based and infrared drying
methods are accompanied with high cost, high levels of fossil
fuel consumption, and environmental pollution [6]. It has been
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reported that the quality and medicinal value of stevia leaves
can be remarkably degraded by open sun drying. Considering
the aforementioned challenges, solar drying can be a good
idea to substitute or integrate with the traditional and
conventional dryers in drying process of medicinal plants.

Solar drying has been proved to be a useful method to
preserve the original quality of the product [6]. In recent
years, several studies have been done by researches to use the
solar dryers for different agricultural and food products such
as mint [7], red pepper [8], turmeric (Curcuma longa) [9],
rough rice [10], potato [11], and thyme [12]. Lamnatou et al.
[13] applied a solar system for apples, carrots, and apricots
drying. They found a suitable method for attaining a level of
temperature for the warm outlet air using a special collector.
Akbulut and Durmus [14] studied the energy and exergy
indices as affected by air flow rate and drying duration.
Mehran et al. [4] used a solar dryer in the fluidized-bed mode
during the drying process of rough rice grains. They studied
the kinetics of drying process, solar energy utilization factor,
and drying efficiency. Manrique et al. [15] developed a hybrid
solar dryer for coffee beans using the combinative energy of
coffee husk pellets combustion and a photovoltaic system and
compared the results with those of the conventional method.
The uniformity of the products during the drying process has
been also investigated using non-destructive methods such as
image processing and computational fluid dynamics [16].

An important field of study regarding solar dryers which has
been attended by researches is to find the governing
mathematical models of the drying operation and to optimize
the dryer performance. The most important issues studied in
the literature included applying and fitting mathematical
models to anticipate and describe the drying behaviour of food
products during their dehydration process [12], to evaluate the
performance indicators of the developed drying systems such
as solar efficiency and solar fraction [17], and to define the
optimal working conditions for the proposed solar drying
systems [18]. Sami et al. [19] applied several mathematical
models to energy and exergy analyses in an indirect solar
cabinet dryer. Afriyiye et al. [20] demonstrated that their
suggested simulation code could predict temperatures with an
error of less than 1.5 %. Akpinar [21] fitted the drying curves
of mint leaves to several mathematical models. They reported
that “Wang and Singh” model was the superior model to
describe the thin-layer drying behavior of mint leaves during
forced convection solar drying and natural sun drying.
Subbian et al. [18] used Response Surface Methodology to
determine the appropriate working conditions of a solar
tunnel dryer for drying mango slices with acceptable
desirability. The combination of Response Surface
Methodology and multi-layered finite element model has also
been applied to find the optimal working conditions during
simulated solar drying of rough rice grains [22].

A good idea to use solar energy sources in the drying
process of food products is to use solar water heaters. One of
the advantages of solar water heaters is their ability to save
thermal energy so that when there is no sufficient access to
solar radiation, it is possible to supply the thermal energy in
the form of hot water stored in the solar water heater reservoir.
Moreover, by using solar water heaters, it is possible to store
thermal energy in the form of a closed cycle for a long time.
Several researchers have attempted to benefit from the
mentioned advantages of solar water heaters in different
application areas. Jahangiri et al. [23] studied the possibility
of applying solar water heaters to supply domestic hot water

and space heating demands in ten regions of Canada. They
found that applying such equipment would lead to an annual
reduction of about 984 m? in natural gas consumption and
2080 kg in Greenhouse Gas emissions. In another research,
Pahlavan et al. [24] indicated that as a result of using solar
water heaters in 37 stations in Algeria, considerable amounts
of thermal energy of about 100 MWh and 150 MWh could be
produced for sanitary hot water and space heating,
respectively. The software-based economic analysis
demonstrates a significant improvement in the capital return
and fossil fuel reduction indices by applying solar water
heaters to supply warm water for buildings [25]. The
capability of solar water heaters of different types to supply
the domestic hot water has been also investigated and proven
in Turkey [26] and Zambia [27].

Review of the literature shows that no experimental study
has been conducted so far on the performance analysis and
optimization of a hybrid solar-assisted multi-belt conveyor
dryer including the combination of solar-powered IR lamps
and solar water heater in the drying process of stevia leaves.
Therefore, in this research, a hybrid solar dryer consisting of a
multi conveyor belt drying chamber whose required thermal
energy could be supplied with a thermosiphon type solar
water heater and four IR lamps was applied for stevia leaves
drying. The system is capable of altering the source of thermal
energy automatically between the solar and gas water heater
based on the drying conditions and information of drying air
humidity/temperature Sensors. The performance
characteristics of the drying system were experimentally
evaluated and the optimal working conditions of the dryer
were also determined using Response Surface Methodology
(RSM).

2. EXPERIMENTAL
2.1. Sample preparation

Fresh stevia leaf samples were provided from Agricultural
Biotechnology Research Institute of Iran-North Branch
(ABRII), Rasht, Iran. Stevia is known as a natural sweetener
with remarkably high sweetness as compared with sugar [28].
The initial moisture content of the leaves was measured based
on oven drying method and using the following equation [29]:

M;—M¢
T 100 (1

MCqp. =
where M; and My are the mass of fresh and dried sample (g),
respectively, and MCgy,. is the dry basis moisture content of
the product.

2.2. Hybrid solar dryer

A hybrid solar dryer consisting of a multi-conveyor belt
drying chamber whose required thermal energy could be
supplied with the combination of a thermosiphon type solar
water heater, a gas water heater, and four infrared lamps was
applied for product drying. The IR lamps were supplied by a
photovoltaic system consisting of three 250 W solar panels.
More details on the working procedure of the combined gas-
solar water heater were reported by [4]. The schematic of the
developed drying system is shown in Figure 1. Using a
centrifugal blower, the air was passed through a heat
exchanger into a cube-shape drying chamber with the
dimensions of 150 x 150 x 80 cm®. The drying chamber
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consisted of four belt conveyors which were placed at 20 cm
vertical distance with respect to each other. The conveyor
belts were of Teflon open mesh type which allowed a
continuous and uniform airflow through the samples. Each
conveyor moved in the opposite direction to its adjacent
conveyor. The conveyors were driven by a 750 W
electromotor whose speed was controlled using a variable
frequency drive (LS Model IC5, South Korea). The conveyors
were run at a constant and low linear speed. They were
connected to each other by belt and pulley mechanism. The
drying chamber was equipped with four 250 W IR lamps so
that one IR lamp was placed above each belt conveyor. The IR
lamps were connected together through a series-type electrical
circuit. A variable resistor rotary potentiometer was employed
to adjust the input power of IR lamps to desired powers.

Drums

product outlet part

Aiir inlet part
from the ambient

Air blower Heating coil

product inlet part

The power consumption of IR circuit was monitored by a
digital Power Meter (Lutron DW-6163, Taiwan). Five digital
temperature/relative  humidity sensors (AM2301/DHT21,
China) were used inside the drying chamber in order to
control the inlet air. One of the sensors was placed at the
drying chamber inlet port and the other four ones were
situated above each conveyor belt. The sensors data were
collected and sent to the computer using a microcontroller
board. The rotational speed of the centrifugal blower could be
adjusted using a variable frequency drive, which was the same
type of the one used for driving the conveyor belts
electromotor. Afterwards, the inlet air speed could be
measured by a digital flowmeter (Lutron YK-80, Taiwan).
The overall and internal view of the developed dryer is
presented in Figure 2.

Electric wiring to four IR lamps

A

Potentiometer

Chimney
IR lamp N

Conveyor beit

_ Drying
DC/AC Inverter
Inlet air m
& Batteries

Photovoltaic panels

Figure 1. Schematic of the developed solar-assisted dryer working procedure
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Figure 2. Experimental setup of the developed drying system: a) Overall view; b) Internal view of drying chamber

2.3. Performance evaluation Egwh = Vg X E¢q 4)

The experiments were carried out during July 2019 to
September 2019 at the University of Guilan, Rasht, Iran. At
each experiment, 300 g of stevia leaves were poured on the
highest conveyor in the drying chamber. With the rotation of
conveyors, stevia leaves were transferred from the highest
conveyor to reach the end part of the lowest conveyor. The
goal of the drying process was to dehydrate stevia leaves from
a moisture content of about 3.47 (% d.b.) to less than 0.10
(% d.b.). Three factors including drying temperature (30, 40,
and 50 °C), inlet air speed (7, 8, and 9 m/s), and infrared
power (0, 150, and 300 W) were defined to evaluate the
performance of the drying system. The performance indicators
included energy consumption, energy efficiency, and drying
time. The mentioned indices are defined in the following.

2.3.1. OSE

OSE refers to the total energy used to dehydrate leaves during
the drying process. It was calculated as follows [30]:

OSE = =

— @
where E; is the overall energy consumed by the dryer (MJ)
and mew is the mass of removed water (kg). The E value was
calculated based on the following formula:

E; = ngh + Eswh + Eirc + Ecp 3)

where Egqwn is energy consumption of the gas water heater,
Egwn is the thermal energy gain of the solar water heater, Ei is
energy consumption of infrared lamps, Eq is energy
consumption of centrifugal blower, all in terms of MJ, and
mew is the mass of removed water (kg).

2.3.1.1. Egwn

Egwn was measured using the following equation [30]:

where Vy is the volume of natural gas consumed by the water
heater (m®) and Eq is the equivalent energy of natural gas
(MJ/m?®), which is equal to 8600 kcal or 35.96 MJ/m? in Iran
[31].

2.3.1.2. Eswn

In order to calculate Egn, the following formula was used
[32]:

Eswh = my, X Cp X (Trw — Tiw) )

where my, is the mass of stored water in the solar heater tank
(kg), ¢, is water specific heat (J/kg°C), and Tsy and Tiy are the
final and initial temperatures of water (°C), respectively.

2.3.1.3.Ean

The value of E, was obtained using the following formula
[33]:

Eqp = AP X Qa X t (6)
where AP is pressure loss (kPa), Q, volumetric airflow of the
blower (m?/s), and t drying time (s).

2.3.1.4. Eirc

The value of consumed energy by IR lamps (Ei.) was
determined as follows:

Eirc = Br X t @)

where Pj; is the power consumed by IR circuit including four
IR lamps (W) and t is drying time (s).

In order to calculate mew value in Eq. (2), the following
equation was used [34]:

moXx(MCo—MCg)

m =
ew (100—-MCy)

®)
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where my is the mass of fresh leaves (kg) and MCy and MCs
are initial and final moisture contents of the leaves,
respectively.

2.3.2.NSE

Considering the fact that a part of the required thermal energy
was supplied by renewable energy sources, a special energy
index was defined to indicate how much fossil fuel as a
non-renewable energy source was used for moisture removal
in the developed drying system. The difference between OSE
and NSE points to the effectiveness of the solar energy usage.
Hence, the NSE of the drying system is defined as follows:

— Ens
NSE = — )
where E,s is the non-solar type of energy (MJ) and was
defined via the following equation:

Eps = ngh +Ep (10)

2.3.3. OEE

OEE was calculated using the equation below [33]:

OEE = Ze (1)
Et

where E. is moisture evaporation energy for (MJ) and can be

obtained as follows [33]:

Ee = hgg. mg,y (12)

In order to calculate the latent heat of vaporization with
respect to absolute temperature (Tabs), the following equations
were applied [33]:

hgg = 2.503 X 10° — 2.386 X 103(T,ps — 273.16) (13)
273.16 < Taps (k) < 338.72

hgg = (7.33 X 102 — 1.60 X 107 Tps*)%5 (14)
338.72 < T,ps(k) < 533.16

2.3.4. SEE

In the calculation of SEE, the solar energy consumption was
neglected from the overall input energy of the drying system.
In fact, this index was defined to show how much renewable
energy sources would be effective in promoting the efficiency
of the drying system. The SEE was calculated via the
following equation:

SEE = —= (15)

ns

2.4. Modeling and optimization

RSM is known as an applicable method to find the optimal
condition of factors interaction. It can also help estimate the
optimal process conditions with the least number of
experiments [35]. In this research, the Box-Behnken method
was used for statistical analyses and to obtain the optimum
working conditions for the solar dryer [36]. The related
analyses were performed using Design Expert Software
(version 11.0.3). Three code levels (-1, 0, +1) were considered
for each independent variable (Table 1). The flowchart of
RSM applied to the solar drying process is shown in Figure 3.

The optimization process of the drying system was performed
considering two working modes. In the first mode (named as
overall mode), the energy consumption of both solar and non-
solar energy sources was considered in the evaluations. In this
mode, three performance characteristics namely drying time,
OSE, and OEE were defined as goals in the optimization
process. In the second mode (called as solar-assisted mode),
only the non-solar energy sources (gas water heater and
centrifugal blower) were considered in the system
optimization. In this condition, the performance indicators
consisted of NSE, SEE, and drying time. The second mode
was defined to illustrate the effect of applying renewable
energy sources in the drying system.

Table 1. The code levels of independent variables

. Coded values
Independent variable 1 0
A: Drying air velocity (m/s) 7 8 9
B: Drying air temperature (°C) 30 40 50
C: IR circuit power (W) 0 150 300

Input the required

response values

{.:

Data transformation

v

Fit summary check

“+

v

Choosing process order
and desired terms

Are desired terms
significance?

Model selection

Model fitted?

Model graphs and optimum
point presentation

Figure 3. The flowchart of RSM applied to the solar drying process

3. RESULTS AND DISCUSSION
3.1. Overall mode optimization

3.1.1. Statistical analysis
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Based on the RSM analysis, 17 working conditions were
defined for evaluating the drying system. The results of the
experimental tests and the related data predicted by Box-
Behnken method are presented in Table 2. Analyses of data
indicated that Quadratic model was successfully able to fit the
three responses (drying time, OSE, and OEE) versus the
independent variables.

Analysis of variance for the three responses together with
the coefficient estimates is given in Table 3. The positive sign
of the estimated regression coefficients obtained from the
model points to the growing influence of the working factors
on the responses, while the negative sign coefficients show a
decreasing influence on the responses [37]. The magnitude of
the coefficients indicates that the related working factor has a
greater influence on the responses. The results revealed that
the individual factors significantly affected the performance
characteristics of the drying system.

83
3.1.2. Overall drying time

The interaction of “IR power * air temperature” on drying
time was statistically significant (p-value < 0.0001). In Figure
4, it can be observed that drying time decreased with the
increase of air temperature. Other researchers also reported
similar results in this regard [38]. Increasing IR power from 0
to 300 W shortened the drying time. Nevertheless, the slope of
the related curve was lower than that of the inlet air
temperature. According to Table 2, the lowest value of drying
time was 104 minutes which was obtained by applying the
combination of 8 m/s * 50 °C * 300 W. The longest time of
drying (567 minutes) was obtained upon choosing the values
of 8 m/s, 30 °C, and 0 W for the working factors. There are
similar researches in the literature that prove the effect of
applying radiative IR lamps on the reduction of the drying
process time [11].

Table 2. The design points suggested by Box-Behnken method for the experiments and their related experimental and predicted data in overall
mode optimization

Independent variables Real responses (Experiment) Predicted responses (Model)
Run | IR power Air Air Drying | Specific energy Energy Drying Specific energy Energy
W) temperature | velocity time consumption efficiency time consumption efficiency

(°O) (m/s) (min) (MJ/kg water) (%) (min) (MJ/kg water) (%)
1 150 50 9 139 23.67 10.07 137.49 23.92 9.90
2 300 50 8 104 20.74 11.50 116.12 20.85 11.35
3 150 40 8 248 30.15 7.98 249.6 30.18 7.98
4 150 30 9 394 34.85 6.98 395.75 34.15 7.12
5 0 30 8 567 20.78 11.70 554.88 20.67 11.85
6 300 40 7 191 32.21 7.47 180.63 31.38 7.76
7 0 50 8 221 17.60 13.55 212.12 16.53 14.01
8 0 40 7 355 17.30 13.92 365.63 17.66 13.61
9 150 40 8 251 30.27 7.95 249.6 30.18 7.98
10 150 50 7 176 18.70 12.75 174.25 19.41 12.60
11 300 40 9 159 32.95 7.31 148.37 32.58 7.62
12 300 30 8 279 38.29 6.35 287.88 39.35 5.87
13 150 40 8 247 29.84 8.07 249.6 30.18 7.98
14 0 40 9 316 22.48 10.71 326.37 23.30 10.42
15 150 30 7 429 32.06 7.58 430.51 31.82 7.75
16 150 40 8 250 30.25 7.96 249.60 30.18 7.98
17 150 40 8 252 30.39 7.92 249.60 30.18 7.98

Table 3. Analysis of variance of Quadratic model for drying time, overall energy consumption, solar fraction and energy efficiency in overall
mode optimization

Drying time (min) Overall specific energy (MJ/kg water) Overall energy efficiency (%)
Source df Sum of Coefficient Sum of Coefficient | Sum of Coefficient
F-value% . F-value . F-value R
squares estimate squares estimate squares estimate
Model 9 | 2.140E+05 180.81"" 249.60 682.98 102.00™ 30.18 96.39 77.94™ 7.98
A 1 65884.50 501.05™ -90.75 264.84 355.98" 5.75 37.19 270.63™ -2.16
B 1 | 1.324E+05 | 1006.56™ -128.63 256.28 344.46™ -5.66 29.06 211.45™ 1.91
C 1 2556.13 19.44™ -17.88 23.38 31.43" 1.71 5.54 40.33" -0.8324
AB 1 7310.25 55.59™ 42.75 51.65 69.42"* -3.59 2.73 19.84™ 0.8257
AC 1 12.25 0.0932"s 1.75 4.96 6.66" -1.11 2.32 16.87" 0.7612
BC 1 1.0000 0.0076" -0.5000 1.18 1.59m 0.5435 1.07 7.77 -0.5166
A2 1 203.38 1.55" 6.95 50.35 67.68™ -3.46 11.49 83.60™ 1.65
B2 1 5517.64 41.96™ 36.20 23.70 31.86™ -2.37 5.51 40.11™ 1.14
C? 1 7.12 0.0541" -1.30 0.9994 1.34m -0.4872 0.2092 1.52m 0.2229
Residual 7 920.45 5.21 0.9619

%: A-IR power; B-Air temperature; C-Air velocity; ** significant in 1 % probability level; * significant in 5 % probability level; ™: not

statistically significant
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Figure 4. The interaction effect of IR Power * air temperature on drying time in: a) Contour and b) 3D surface diagrammatic view

3.1.3. OSE

OSE was significantly affected by the interactions of “IR
power * air temperature” and “IR power * air speed” at 1 %
and 5 % probability levels, respectively. In Figure 5, upon
increasing air temperature, a kind of parabolic change with a
decreasing approach is made to the amount of OSE.
Increasing the IR power similarly causes a parabolically
increasing trend in the value of specific energy. The OSE
increased with increase in air speed. The result was related to
the higher electricity consumption of the centrifugal blower

OSE (MJ/kg water ev.)

A: IR Power (Watt) 45 B Air Temperature (Celsius)
0 50

(a)

3.1.4. OEE

OEE is a good indicator to show the overall energy input used
for removing extra water from the products in drying systems
[30]. The variations of OEE with respect to the interaction of
"IR power * air temperature" and "IR power * air speed" are
depicted in Figure 6. The aforementioned interaction effects
were significant at a 1 % probability level (p-value < 0.0001).
It was observed that with increasing IR power from 0 to 300
W, the value of OEE decreased. This indicates that at higher
levels of IR power, a greater amount of energy is wasted in
the system. It should be noted that this conclusion was derived
by supposing the required thermal energy of the dying system
to be supplied by only non-solar sources. In other words, if the

for supplying higher air speeds. The lowest value of OSE
(17.30 MJ/kg water evaporated) was obtained by applying the
combination of 7 m/s * 40 °C * 0 W, for the inlet air speed, air
temperature, and IR power, respectively. The highest OSE
(38.29 MlJ/kg water evaporated) corresponded to the
combination of 8§ m/s * 30 °C * 300 W. It has been reported
that the energy consumption of a multi-conveyor belt dryer
supplied with natural gas ranged from 467.99 to 4607.94 kJ
[39].

"““‘
30 S TS S oTS S

OSE (MJ/kg water ev.)
N
o

A: IR Power (Watt)

(b)

Figure 5. Interaction effects of: a) IR Power * Inlet air temperature and b) IR Power * Inlet air speed OSE

overall convection and radiant thermal energy of the drying
system were provided only by non-solar sources, the OEE
decreased by increasing IR power. Increasing the drying air
temperature caused the OEE to increase. Meanwhile, OEE
decreased by increasing air speed. A similar trend has been
reported by other researchers [33]. The highest OEE was
13.92 %, which was obtained by applying the working levels
of 7 m/s, 40 °C, and 0 W, whilst the lowest OEE (6.35 %)
belonged to the levels of 8 m/s, 30 °C, and 300 W. Sami et al.
[19] reported that by applying the air temperature of 69 °C, the
highest values of collector output exergy and energy in their
studied indirect solar cabinet dryer were 2.5 kW and 1.12 kW,
respectively.
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Figure 6. Interaction effects of: a) Inlet air temperature X IR Power and b) IR Power x Inlet air speed on OEE

3.1.5. Optimum conditions

The working condition of the developed drying system was
optimized using the desirability function method in Design
Expert software. The goal of the optimization process in the
overall mode was to minimize drying time and OSE and to
maximize the OEE. Accordingly, 43 points were suggested by
the software with desirability values of higher than 0.90. The
top ten solutions for the optimization process are presented in
Table 4. The first optimum point for the drying system
included the IR power of 80.64 W, air temperature of 50 °C,
and air speed of 7 m/s. In such a condition, the values of
drying time, OSE, and OEE were 198.74 min, 17.15 MJ/kg
water evaporated, and 13.92 %, respectively. As shown in
Table 4, in most of the points suggested by RSM, the values
of IR power, inlet air speed, and air temperature were close to
80 W, 7 m/s, and 50 °C, respectively. This finding implies that
when the drying system is supplied by non-renewable energy
sources, the lower levels of IR power and inlet air speed are

desired because of the high energy consumption of the IR
circuit and centrifugal blower.

The graphical view of the optimum point with respect to the
interaction of “IR power * air temperature” is shown in Figure
7. The optimum points are presented inside a small box in
each chart. The values of the responses were normalized so
that they varied between 0 as minimum value (blue color) to 1
as maximum value (red color). It can be observed that the
optimum point was obtained at lower levels of drying time
(blue region), lower levels of OSE (blue region), and higher
levels of OEE (red region) with a high level of desirability
(red region). Lin et al. [40] evaluated the optimum conditions
for dehydration of potato slices in an IR-assisted freeze dryer
at an air temperature of 37 °C, slice thickness of 8 mm, and
distance of 50 mm from the IR radiation. They reported that
the drying process could be successfully optimized through
the development of the second-order polynomial model.

Table 4. The top ten suggested optimal working conditions of the drying system in the overall optimization mode

Overall specific Overall

IR power Drying air Drying air Dryin energy consumption ener R

No. (I;V) tempeiat?lre °O) veloZityg(m/s) time);mfn) (1%’[yJ/kg wat:r efﬁciei);y Desirability
evaporated) (%)

1 80.640 50.000 7.000 198.741 17.155 13.919 0.927 Selected
2 77.080 50.000 7.040 199.406 17.151 13.919 0.926
3 79.374 49.948 7.004 199.551 17.163 13.919 0.926
4 77.413 49.992 7.000 200.011 17.022 13.995 0.925
5 75.802 49.995 7.000 200.601 16.948 14.036 0.925
6 73.505 50.000 7.000 201.428 16.839 14.095 0.924
7 77.120 49.807 7.000 201.547 17.178 13.923 0.924
8 72.365 49.997 7.000 201.886 16.790 14.123 0.924
9 60.118 50.000 7.239 202.455 17.109 13.920 0.923
10 80.640 49.705 7.000 202.968 17.198 13.919 0.923

Jafari et al. [41] used RSM for optimizing the drying process
of eggplant slices by IR power. The suggested optimum
conditions in their research were determined as air speed of
1.14 m/s, IR power of 1500 W, and slice thickness of 4.9 mm.
Jha and Tripathy [22] reported that the optimized working

conditions during simulated solar drying of rough rice grains
included power of 700 W, drying air speed of 3.5 m/s, and
grain moisture content of 12 %, which resulted in optimal
temperature, milling yield, and drying time of 46 °C, 71.48 %,
and 90 min, respectively, and a desirability factor of 0.92.
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Figure 7. Suggested optimum point in the overall mode based on the combination of working factors for the values of: a) Drying time, b) OSE, c)
OEE, and d) Desirability of the optimum point

3.2. Solar-assisted mode optimization

3.2.1. Statistical analysis

In the solar-assisted mode of optimization, the input
independent variables for the drying system included IR
power, inlet air speed, and air temperature. In this mode, the
energy consumption of only non-solar energy sources of the
drying system (i.e., gas water heater and centrifugal blower)
was considered in the system optimization. The performance
indicators of the drying system (responses of the RSM model)
consisted of drying time, NSE, and SEE. The 17 working
conditions determined by RSM analysis to conduct the
experiments and to find the performance indicators of the
drying system, together with the corresponding predicted
values, are given in Table 5. It can be observed that there is an
acceptable accordance between the values of the predicted
responses and the experimental data.

The results revealed that the quadratic model based on Box-
Behnken method was the superior model to describe the three

responses based on the performance factors of the dryer. Table
6 presents the variance analysis of the three responses namely
drying time, NSE, and SEE with respect to the three evaluated
factors. The coefficient estimates based on the quadratic
model are also given. In the solar-assisted optimization mode,
all of the three performance indicators of the drying system
were significantly influenced by the individual effects of the
working factors (Table 6). Among the interaction effects on
drying time, only the interaction of "IR power * air
temperature" was statistically significant (p-value < 0.0001).
The comparison between the predicted data and the actual
data in the case of drying time, NSE, and SEE is shown in
Figure 8. It can be observed that the values of the model were
better fitted to the actual values in the case of drying time than
the two other responses. This may be due to the parabolic
variation trend of NSE and SEE with respect to independent
variables.

Table 5. The design points suggested by Box-Behnken method for the experiments and their related experimental and predicted data in solar-
assisted mode optimization

Independent variables Real responses (Experiment) Predicted responses (Model)
IR Air Air e L. . NSE
Run Power temperature velocity Drym? time | NSE (MJ/kg SEE (%) ,Drym? (MJ/kg SEE (%)
W) ¢C) (m/s) (min) water) time (min) water)
1 300 50 8 104 10.84 21.97 116.13 11.61 26.68
2 150 50 7 176 10.20 23.35 174.26 11.09 23.43
3 150 30 9 394 6.13 39.63 395.74 5.25 40.17
4 150 40 8 248 3.44 69.98 249.6 3.47 69.94
5 150 40 8 251 3.56 67.69 249.6 3.47 69.94
6 0 30 8 567 7.70 31.56 554.87 6.93 27.48
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7 150 50 9 139 16.99 14.03 137.5 16.15 14.72
8 300 40 7 191 2.71 88.71 180.63 1.08 84.88
9 150 40 8 252 3.67 65.55 249.6 347 69.94
10 0 40 9 316 5.08 47.41 326.37 6.72 51.86
11 150 40 8 247 3.13 76.90 249.6 3.47 69.94
12 150 40 8 250 3.54 68.06 249.6 347 69.94
13 0 50 8 221 17.60 13.54 212.13 16.78 9.32
14 150 30 7 429 5.00 48.61 430.5 5.83 48.54
15 300 40 9 159 2.91 82.80 148.37 2.98 78.34
16 0 40 7 355 4.20 57.33 365.63 4.14 62.40
17 300 30 8 279 4.48 54.25 287.87 5.30 59.08
Table 6. Analysis of variance of Quadratic model for in solar-assisted mode optimization
Drying time (min) Non-solar specific energy (MJ/kg water) | Solar-assisted energy efficiency (%)
Source df Sum of Coefficient Sum of Coefficient Sum of Coefficient
F-value®% . F-value . F-value .
squares estimate squares estimate squares estimate
Model 9 | 2.140E+05 180.81™ +249.60 343.38 24.25™ +3.47 8962.07 29.58*" +69.64
A 1 65884.50 501.05™ -90.75 23.22 14.76™ -1.70 1197.63 35.57" +12.24
B 1 | 1.324E+05 | 1006.56" -128.63 130.56 82.99*" +4.04 1278.83 37.99* -12.64
C 1 2556.13 19.44™ -17.88 10.10 6.42" +1.12 145.65 43308 -4.27
AB 1 7310.25 55.59™ +42.75 3.12 1.98m -0.8825 50.78 1.51ms -3.56
AC 1 12.25 0.093208 +1.75 0.1173 0.0746" -0.1713 4.02 0.1195" +1.00
BC 1 1.0000 0.0076™ -0.5000 7.97 5.07" +1.41 0.0294 0.0009"s -0.0858
A? 1 203.38 1.55ms +6.95 0.7281 0.4628" +0.4158 2.85 0.0847ms -0.8228
B? 1 5517.64 41.96™ +36.20 165.76 105.36™ +6.27 6235.07 | 185.21™ -38.48
C? 1 7.12 0.0541m -1.30 0.1061 0.0675" -0.1588 0.2658 0.0079ns +0.2512
Residual | 7 920.45 11.01 235.66 +69.64

%: A-IR power; B-Air temperature; C-Air velocity; ** significant in 1 % probability level; * significant in 5 % probability level; ™

significant

: not statistically
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Figure 8. The comparison of the predicted data and the actual data in the case of: a) drying time, b) NSE, and ¢) SEE
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3.2.2. NSE

Variance analysis indicated that the interactions of “IR power
x air temperature” and “air temperature X air speed” were
significant. The highest NSE was equal to 17.60 MJ/kg water
evaporated, which was obtained at an air speed of 8 m/s, air
temperature of 50 °C, and IR power of 0 W. The lowest value
of NSE (2.71 MJ/kg water evaporated) belonged to the air
speed of 7 m/s, air temperature of 40 °C, and IR power of 300
W. The 3D graphical view of the mentioned interaction effect
is shown in Figure 9. It can be seen that increasing the drying
air temperature resulted in a parabolic increasing trend in the
value of NSE. However, with increasing the air speed, the
amount of NSE remained at an almost constant level.
Increasing the value of NSE at the highest level of drying air
temperature was due to the fact that at 50 °C drying
temperature, the thermal energy provided by the solar water
heater was not sufficient to complete the drying process.
Therefore, at this level of drying temperature, the gas water

NSE (MJ/kg water ev.)

C: Air Speed (m/s)
B: Air Temperature (Celsius)

@

heater was turned on for a longer time and consequently, the
energy consumption increased. Mehran et al. [4] reported that
the values of specific energy and solar fraction in their
developed solar rough rice dryer ranged from 8 to 22 kWh/kg
water and 0.18 to 0.54, respectively. Benhamza et al. [16]
indicated that applying an optimized chimney for drying
chamber of an indirect solar dryer could decrease the required
drying temperature by 7 degrees. In another research,
Moghimi et al. [42] developed the performance of a household
solar dryer for fruit and vegetables and analysed the dryer
using Computational Fluid Dynamics (CFD). Their simulation
analyses showed that the drying capacity could be upgraded
by more than 50 % by adding a new type tray. According to
these findings, one of the future works related to the current
study may be the optimization of drying chamber based on
analytical methods such as CFD simulations and finite volume
method.

NSE (MJ/kg water ev.)

8.5
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Figure 9. Variations of NSE considering the interaction effect of Inlet air speed * Inlet air temperature in: a) Contour and b) 3d surface view

3.2.3.SEE

The variations of SEE considering the interaction effects of
“air temperature * IR power” and “IR power * air speed” are
shown in Figure 10. As can be seen, among the three input
variables, IR power and inlet air speed caused a linear
variation in the SEE. Compared with the inlet drying
temperature of 35 °C, the SEE increased at a temperature of

A: IR Power (Watt) B: Air Temperature (Celsius)

(@)

The results also revealed that the value of SEE increased
with increasing the IR power. In the first optimization mode, it
was observed that two different results would be obtained

45 °C. By applying 45 °C temperature, the centrifugal blower
worked for a shorter span of time and lower loss in the input
energy to the system occurred. The drop in the SEE at the
highest temperature level occurred because the gas water
heater worked for more time. Subbian et al. [18] reported a
decrease in thermal efficiency of their developed solar dryer
with increasing drying air temperature.

C: Air Speed (m/s)

(b)
Figure 10. Interaction effect of a) IR Power * Inlet air temperature and b) Inlet air speed * IR Power on the SEE

when the drying system gain the IR power in the form of non-
solar or solar powered forms. The higher the non-solar
powered IR heating, the lower the SEE, while the higher the
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solar powered IR heating, the higher the SEE. The highest
SEE (88.71 %) was obtained at the levels combination of
7 m/s * 40 °C * 300 W, while the lowest SEE (6.35 %) was
attributed to the condition of 8 m/s * 50 °C * 0 W. Manrique
et al. [15] reported that approximately 10 % of total electrical
energy requirement in their developed dryer could be provided
by solar energy. Zoukit et al. [43] reported that the maximum
values of energy efficiency in their proposed hybrid solar
dryer ranged from 37 to 42 % in different evaluated
conditions. Akpinar [21] reported that the energy utilization
ratio in their developed drying system ranged from 7.826 % to
46.285 %.

3.2.4. Optimum conditions in solar-assisted mode

The goals of the optimization process in the second working
mode were: to minimize the drying time, to minimize the
NSE, and to maximize the SEE. In this mode, 68 points were
found with desirability values of higher than 0.918. Table 7
presents the top ten solutions for the optimization process. The
superior optimum point was obtained in the condition of
300 W *39.96 °C * 7 m/s. At this point, the values of drying
time, NSE, and SEE were obtained as 180.95 min,
1.062 MJ/kg water, and 84.63 %, respectively. According to
Table 7, it can be found that most of suggested working
conditions by the optimization process in the solar-assisted
mode were close to the point of 300 W * 40 °C * 7 m/s. In
terms of the effectiveness of IR lamps in the drying system,
this finding was in contrast with the results of the first
optimization mode. In the second optimization mode, which
represents the real working conditions of the drying system, it
was suggested that the highest level of IR power should be
applied in order to achieve a higher drying efficiency. It can
also be found that by applying solar-powered IR lamps in the
drying system can result in a 10 °C reduction in the inlet

drying temperature, achieving a considerably decreased
energy consumption and improved energy efficiency, as
compared with the overall optimization mode. The situation of
the suggested optimum point versus the evaluated working
factors is shown in Figure 11. The applied optimization
method was appropriately able to maintain the three responses
at their desired levels. In the case of drying time and NSE, the
related charts mostly tended to blue color (representing the
normalized minimum values), while for the SEE and
desirability indices, the optimization plots tended to red colors
(maximum regions). It can also be observed that the
optimization plot of the NSE was more filled with blue color
than the OSE chart (Figure 5b). This shows that by using solar
energy in the drying process, wider combinations of the
working factors could be applied to achieve lower fossil
energy consumption. According to the findings of this
research, it is concluded that the application of the developed
drying system can result in a remarkable reduction in the need
for fossil fuel sources and consequently, a considerable
decrease in the amount of greenhouse gases emission into the
atmosphere. In recent years, several researchers have
investigated the application of solar energy to drying systems
of agricultural crops as well as optimization of the drying
systems. Suzihaque and Driscoll [44] developed a solar dryer
for coffee beans with the ability of heat recovery and
optimized the dryer dimensions based on heat and mass
transfer models. They concluded that the optimum values of
the dryer height and length and coffee bed thickness were
equal to 0.4030 m, 0.7920 m, and 0.0278 m, respectively.
Sethi and Dhiman [45] developed a hybrid greenhouse dryer
for fenugreek drying by combination of solar-biomass energy.
Optimization process demonstrates that to have a drying air
temperature of 32.3-62.4 °C, the heating requirements of the
dryer may range from 0.348 to 12.18 kW.

Table 7. The top ten suggested optimal working conditions of the drying system in the solar-assisted optimization mode

No. IR power Drying air Drying air Drying time NSE (MJ/kg Solar-assisted energy Desirability
W) temperature (°C) velocity (m/s) (min) water evaporated) efficiency (%)

1 300.000 39.961 7.000 180.955 1.062 84.626 0.924 Selected
2 300.000 39.846 7.002 181.924 1.046 84.797 0.924

3 299.998 39.983 7.008 180.661 1.076 84.561 0.924

4 300.000 39.869 7.015 181.548 1.066 84.713 0.924

5 300.000 39.732 7.000 182.938 1.027 84.969 0.924

6 300.000 39917 7.031 180.921 1.093 84.581 0.924

7 300.000 39.902 7.040 180.924 1.103 84.569 0.924

8 299.718 40.073 7.000 180.148 1.084 84.426 0.924

9 299.998 39.927 7.051 180.565 1.120 84.491 0.924
10 299.999 39.491 7.000 185.069 0.996 85.286 0.923
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Figure 11. Suggested optimum point in the solar-assisted mode based on the combination of working factors for the values of: a) Drying time, b)
NSE, ¢) SEE, and d) Desirability of the optimum point

4. CONCLUSIONS

In this study, the energy efficiency and performance
characteristics of a solar-assisted multi-belt conveyor dryer
were evaluated experimentally. The RSM-based optimization
process was performed considering two general working
modes for the drying system. In the first mode (named as the
overall mode), the energy consumption of both solar and non-
solar energy sources was considered in the analyses. In the
second mode (called as solar-assisted mode), only the non-
solar energy sources (gas water heater and centrifugal blower)
were considered in the system optimization. According to the
results obtained, the following conclusions were derived:

* The increase in the inlet temperature resulted in a kind of
parabolic change with a decreasing trend in the value of
OSE. Increasing the IR power similarly caused a parabolic
change in the specific energy. However, the trend of
variations in this case increased.

« It was observed that upon increasing IR power, the OEE
decreased. This indicates that at the higher levels of non-
solar IR power, a more amount of energy was wasted in
the system. The value of OEE increased upon increasing
the inlet temperature.

* Depending on whether the dryer gains the IR power in
the form of non-solar or solar powered forms, two
different results can be obtained. The higher the non-solar
powered IR heating, the lower the energy efficiency, while
the higher the solar powered IR heating, the higher the
energy efficiency.

* The overall comparison between the values of OEE and
SEE indicated that the variation of OEE versus the inlet
temperature was increasing and approximately linear,
while the SEE had a parabolic increasing trend with
respect to the increased temperature.

* The value of OEE in the drying system ranged from 5.87
to 14.01 %, whilst the SEE during the experiments was
obtained in the range of 9.32-84.88 %. The considerable
difference between the values of OEE and SEE is a good
indicator to illustrate the effect of renewable energy
sources in the second optimization mode. In other words,
in the second optimization mode, the lower amounts of
fuel-based energy sources were used for moisture removal
from the product. This finding can lead to a significant
improvement in the process cost, energy consumption, and
efficiency in the long term.

* The majority of the suggested working conditions by the
optimization process in the solar-assisted mode
corresponded to the treatment of 300 W * 40 °C * 7 m/s.
This finding was in contrast with the results of the first
optimization mode in terms of the effectiveness of IR
lamps in the drying system. In the second optimization
mode, which represents the real working conditions of the
drying system, it was suggested that in order to have a
higher drying efficiency, the highest level of IR power
should be applied.

* Comparison of the optimum points suggested that by
using RSM in the two defined optimization modes, it was
found that applying solar-powered IR lamps in the drying
system could result in a 10 °C reduction in the inlet drying
temperature while achieving considerably decreased
energy consumption and improved energy efficiency, as
compared with the overall optimization mode.

* According to the findings of this research, it is concluded
that the application of the developed drying system can
result in a remarkable reduction in the need for fossil fuel
sources that can consequently cause a decrease in the
amount of greenhouse gases emission into the atmosphere.
The developed drying system may also be converted into a
very low or even zero fossil energy consuming dryer if the
centrifugal blower is powered by solar-based electrical
energy.

* One of the working limitations of the proposed drying
system was the unpredictability of the prevailing weather
conditions in the region of study so that the thermal energy
generation capacity of the solar system might be affected
by occasional cloudiness. However, thanks to the
capability of the proposed system to store the thermal
energy in the water heater reservoir and solar panel
batteries, it was made possible to supply a considerable
part of the required heat in such conditions.

* Since previous studies have demonstrated that the
application of an optimized chimney for drying chamber
of solar dryers could decrease the required drying
temperature and thermal energy, the future works may be
focused on the optimization of the system drying chamber
based on analytical methods such as computational fluid
dynamics. Moreover, the development of an automated
control system for the dryer to instantaneously monitor
and adjust the major working parameters of the drying
process can be one of the other future areas of interest.
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NOMENCLATURE
AP Total pressure drop (kPa)
Cp Specific heat of water (J/kg °C)
Ee Energy consumption of the centrifugal blower (MJ)
E. Energy required for moisture evaporation (MJ)
Eeq Energy equivalent of natural gas (MJ/m?)
Egun Energy consumption of the gas water heater (MJ)
Eire Energy consumption of IR circuit (MJ)
Ey Non-solar type of energy consumed by the drying system (MJ)
Eqn Energy consumption of solar water heater (MJ)
E; Overall energy consumed by the drying system (MJ)
hg, Latent heat of vaporization (MJ/kg)
i Number of variables
IR Infrared
my Initial mass of the product (kg)
MC, Initial moisture content of the product (%)
MCyp. Product moisture based on the dry mass (% d.b.)
MC¢ Final moisture content of the product (%)
Mgy Mass of water evaporated during the drying process (kg)
M; Final mass of dried sample (g)
M; Initial mass of sample (g)
my, Mass of water in the tank (kg)
NSE Non-solar specific energy (MJ)
OSE Overall specific energy (MJ)
OEE Overall energy efficiency (MJ)
Pi Power consumed by IR circuit (W)
Q. Volumetric airflow of blower (m?/s)
RSM Response Surface Methodology
SEE Solar-assisted energy efficiency (MJ)
t Drying time (s)
T Final temperature of water (°C)
Tiw Initial temperature of water (°C)
V, Volume of consumed natural gas by the water heater (m®)
Xi Coded (independent) variable
X; Dependent variable
Y; Estimated response
B Constant of variables interaction
Bi Variables constant
Bii Constant of second-order parameter
Bo Model constant
€ Random error
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ABSTRACT

Long mixing time, high power consumption, and small mass transfer coefficients are common problems in the
photobioreactor design for microalgae culture which have a great effect on system efficiency and performance,
CO,; stabilization, and biomass production. In this study, a special design of the triangular external loop airlift
photobioreactor was studied. The bioreactor's geometry was such that the angle between hypotenuse and the
horizontal side (o) could vary. This configuration created an effective gas-liquid countercurrent flow in the
downcomer section. In the present research, hydrodynamic and mass transfer of the reactor were investigated
on the microalgae productivity under different design and operating parameters. The optimum conditions for
the enhancement of Chlorella vulgaris productivity were explored by analyzing the mixing time (ty,),
volumetric power consumption (P/V), mass transfer coefficients (ka), bubble diameter (d), and gas holdup ()
as responses. The results showed that the hypotenuse angle of o = 59° and the superficial gas velocities of the
Vgs1 = 0.0050 m.s! for the downcomer and Vgs2 = 0.008 m.s! for the riser of the reactor were the best
conditions to achieve the highest biomass productivity. The responses’ values obtained in the optimum
condition were as follows: kpag= 19.67 (h), kpap = 23.79 (h), kjag = 23.76 (h™"), 8, = t,/t= 0.41, and
P/V = 62.83 W/m3, which had a smaller deviation than the actual values. The highest concentration of
Chlorella vulgaris (Xpax = 1.4 g.I'") achieved in this work was obtained in a shorter span of time (11" day of
cultivation) based on the growth curve in optimized conditions.

https://doi.org/10.30501/jree.2021.290449.1216

1. INTRODUCTION

A photobioreactor (PBR) is specialized equipment designed to
cultivate photosynthesis microorganisms such as microalgae
species and operates under optimal light, mixing time, and
mass transfer [1]. This equipment provides the ability to
produce pure microalgac from CO, (free of any
contamination) [2]. Airlift photobioreactor and bubble
columns are systems in which the mixing of the fluids is
performed by the gas bubbles created by the sparger placed at
the base of the column [3]. An external-loop airlift PBR is one
kind of the bubble-column that provides more favorable
culture conditions by making a proper mixing process through
the liquid phase circulating [4]. In these photobioreactors,
lower turbulence is observed than the bubble column because
of the adjustment of the vortexes by the bubble formation [5].
Also, due to the mixing improvement at the external-loop
airlift PBR, a more homogenous environment for microalgae
culture is provided [6, 7].

*Corresponding Author’s Email: a.pirouzi@mazust.ac.ir (A. Pirouzi)
URL: https://www jree.ir/article_143018.html

Nonetheless, the economic feasibility of microalgae
production in these devices is significantly affected by
cultivation technology and process designing [8]. It has been
proven that the microorganism growth rate is dependent on
the mixing process. However, the mobility of the culture
medium (either mechanically or by aeration) along severe
tensions can influence the growth rate negatively, which
consequently made the biomass separation difficult [9]. In
addition, it is expected that the superficial gas velocities could
be effective in the mixing, CO, adsorption, and availability of
the light and nutrient in the culture system. The previous
research carried out by Powtongsook et al. (2006) [10] has
shown the influence of varying superficial gas velocities on
the growth of H. pluvialis cells in an airlift PBR. They have
reported that the main reason for growth decline is the
increased shear stress due to high sparging rates [10]. Also,
other research studies have proven morphological damages to
the microorganisms due to the hydrodynamic tensions [11].
Besides, it is now well established that the microalgae
growth is controlled by the mass transfer of CO, from gas to
liquid phase [12]. CO, diffusion from the gas phase to the
mass bulk is related to the overall mass transfer coefficient

(https://doi.org/10.30501 /jree.2021.290449.1216).
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(kya), which itself is influenced by the bubble size, mixing
rate, and the superficial gas velocity through the media [13].
Several works have been conducted to formulate the mass
transfer and seek the best condition in gas-liquid systems [13-
15]. It is very significant to consider that good mixing should
be achieved with the least power usage. According to the
investigations, mixing time decreases with increasing aeration
rates. Also, the volume of the photobioreactor and its
geometry influence the mixing time [16]. Moreover, the
mixing time in the airlift PBRs increases significantly with the
addition of the riser height.

Additionally, the gas holdup as an essential factor in
photobioreactor design and its scale-up are associated with the
superficial gas velocity, fluid circulation rate, the nozzle type,
and the gas bubble sparger [17-19]. With the increment of gas
feeding, the gas holdup of the bioreactor is reduced. For
example, based on previous studies, more gas holdup implies
a longer mixing time and higher mass transfer coefficients in
the bioreactors [19]. It is not an absolute principle and can be
changed by the photobioreactors' geometry and arrangement
and, consequently, by the gas flow regime [19, 20].

Therefore, process optimization and improvement of
biomass productivity require studying hydrodynamics and
mass transfer of culture mediums. According to the reports,
despite the high energy demand of photobioreactors, the
biomass produced is very low. An innovative design of a
photobioreactor can result in high microalgae growth rates and
lower production costs [21]. Due to their many advantages,
the airlift photobioreactors, including their high compatibility
with three-phase media, lack of stirring equipment, and proper
mixing, compared to the stirred tank and the type of bubble
column, provide a suitable environment for biotechnology
processes [22]. In these bioreactors, a regular stream is
generated through the system using aeration principles to
prevent shear stresses. Through the feeding of carbon dioxide-
rich air, the mixing process and CO; supply in such systems
are provided [23]. The mixing intensity, hydrodynamic, and
mass transfer properties are critical design parameters of the
bioreactors [20, 23].

In this study, the specific case of a triangular external loop
airlift photobioreactor has been studied to cultivate Chlorella
vulgaris. In earlier photobioreactors, the downcomer have
demonstrated poor mass transfer and gas hold-up, which
limits the residence time of air bubbles in this section of
photobioreactors. In the present study, the creation of a
countercurrent flow and high vortices in the downcomer
increased the performance of the mixing and mass transfer
process. This work aimed to investigate the influences of the
geometry and operational parameters on the system
performance. We evaluated how superficial gas velocities can
influence the hydrodynamic and mass transfer behavior. This
research set out to understand the effect of another critical
factor better, the angle between the hypotenuse (downcomer)
and the bioreactor's horizontal side (o). Response Surface
Methodology (RSM) combined with the Central Composite
Design (CCD) was applied to data analysis.

2. EXPERIMENTAL
2.1. Photobioreactor

Plexiglass-made triangular external loop photobioreactor with
a working volume of 63 1 was utilized for the research. A
schematic diagram of the experimental setup is presented in

Figure 1. The PBR includes two main sections: the upstream
tube (riser) and the external loop, connected to the reactor
from the top at an angle of 45° acting as the downcomer. The
bioreactor's geometry is such that the angle between
hypotenuse and the horizontal side (o) can vary. In this
system, the gas was sparged from two locations: the lowest
point of the hypotenuse and the riser. So, the gas and liquid
were contacted co-current and countercurrent at the riser and
downcomer, respectively. The mixing rate created in this way
depends on the bioreactor’s shape and geometry and
superficial gas velocities. The superficial gas velocities of the
downcomer and riser were denoted by Vgg and Vg,
respectively. All tests were performed at 25 °C and controlled
using a computer Temperature Loop Controller (TLC), and a
heat exchanger. The pH was adjusted by sodium hydroxide (1
M) and hydrochloric acid (1 M) solutions through two
metering pumps controlled by the computer.
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Figure 1. Schematic of an external airlift loop PBR. 1: Separator; 2:
Riser; 3: Horizontal side; 4: Diameter of hypotenuse; 5: Downcomer;
6: Bubble; 7: Bubble sparger; 8: Light source; 9: Digital gas flow
meter; 10: Compressor; 11: Gas sterilizer, filter; 12: PC; 13:
Thermometer; 14: Heater; 15: pH probe; 16: NaOH solution; 17: HCI
solution; 18: Dozing pump; 19: DO sensor; 20: Heat exchanger

3. METHOD
3.1. Chlorella vulgaris cultivation

The strain Chlorella vulgaris (ISC23) was provided from
microalgae bank at Shahid Beheshti University, Tehran, Iran.
The culture medium (N8) used in this study contained the
following components: Na,HPO42H,O (0.260 g/1)),
MgSO0..7H,0 (0.050 g/1), KH,PO4 (0.232 g/1), CaCl,.6H,O
(0.010 g/1), KNOs (1.000 g/1), Fe-EDTA (0.010 g/1), and trace
elements solution of 1 ml. The trace elements mixture was
made by the following constituents: Al(SO4); (3.580 g/1),
MnCL.4H,0 (12.980 g/l), ZnSO4.7H,O (1.830 g/l), and
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CuS04.5H,0 (3.200 g/1). The pH of the medium was adjusted
in the range of 6.8-7.0. The tap water was used for all
experimental runs, and the required CO, was supplied through
aeration.

3.2. Measurements

Liquid mixing is one of the essential factors that should be
considered in the design and operational conditions. Good
mixing in the bioreactor leads to minimizing the nutrient's
transmission period into biomass during the culture. Here,
mixing time (t,,) is characterized by the time needed to obtain
95 % complete mixing through the system [16]. This time is
calculated by the acid trace technique [24]. Circulation time
(tc) and superficial fluid velocity were estimated by this
method. The time needed for the flow to thoroughly loop
around the reactor is specified by the circulation time and
determined by the time period between the two pH
consecutive peaks. The overall liquid velocity was calculated
by dividing the tracer's travelled length by the circulation time
[25]. The proportion of the airflow rate (Q) and each section’s
cross-sectional area was calculated as the superficial gas
velocity (V) of the section [26].

The overall gas holdup (¢) as a function of volume
expansion to the initial volume (un-aerated volume) was
measured using a volume expansion technique [27]. The
volume expansion of a region of the reactor is defined as a
differential hydrostatic pressure of two heads of that region. A
U-tube inverted differential manometer measured the pressure
difference.

The liquid phase's volumetric mass transfer coefficient
(kpa) was estimated by the dynamic gassing out
measurements [19]. In this method, Dissolved Oxygen (DO)
was withdrawn from the liquid phase by injecting N, gas.
Since the O, removal was completed, the air was introduced
and the increase in dissolved O, concentration was recorded
with time by a DO electrode. The following expression
determined mass balance for oxygen:
s =kua(C" - C) )
where C and C* denote the dissolved O, concentration and the
saturated one, and t points to the time.

The power per unit volume (P/V) referred to the volumetric
power consumption as described by the following equation
[16, 28]:
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where Ag and A4 are the cross-sectional areas of the riser and
downcomer sections, respectively, py, is the liquid density, and
g is the gravitational acceleration.

3.3. Experimental design

The studies are focused on three parts of the downcomer (the
hypotenuse), riser (the vertical side), and gas-liquid separator
of this system. The effects of three main independent factors
including superficial gas velocities inside the riser (Vgs,), the
downcomer (Vgg,), and the angle (a) are investigated on the
hydrodynamic and mass transfer performance. In order to
optimize the mentioned factors, the RSM with combined CCD
has been used. The upper and lower limits of the variables
were obtained by performing preliminary tests. The
parameters range and level are presented in Table 1. If gas
feeding rates are higher than the limits, it leads to liquid
overflow from the upper tube of the separator. Also, given the
geometry of the PBR, there is no possibility of changing the
angle out of the mentioned range. Based on these three main
variables and their limitations, twenty experiments were
designed and carried out. The quantities of mass transfer
coefficients (kgpa), gas holdup (g), mixing time (tp,), fluid
circulation time (t.), bubble diameter (d), and volumetric
power (P/V) have been measured as responses. The results
were analyzed by the Design-Expert software version 7 (Stat-
Ease Inc., Silicon Valley, CA, USA) based on the second-
order model as follows:

2
i=1

Y = Bo + Xy Bixi + Xy Bux? + Xy Bkiva Byxixy 3)
where Y is the response factor, x; and x; are the independent
variables, and By, P, Py, and B;j are the regression
coefficients.

Due to a large number of the designed experiments and
time-consuming  processes of  microalgae  culture,
hydrodynamic and mass transfer studies were performed
without microorganisms. Then, to confirm the results,
microalgae culture was done under optimum experimental
conditions and results were compared with the control

experiments.

Table 1. Range and levels of the parameters studied

Real values of coded levels
Variables Symbols
-a -1 0 +1 +a
Superficial gas velocity (m s™) Ves1 0.0005 0.0014 0.0037 0.0060 0.0069
Superficial gas velocity (m s™) Ves2 0.0040 0.0069 0.0139 0.0209 0.0238
Hypotenuse angle (°) a 10 25 45 65 80

4. RESULTS AND DISCUSSION

According to CCD, twenty experiments were carried out with
three factors, each at five levels. The complete experimental
design, along with measured responses, is summarized in
Table 2. To correlate the factors to the responses, regression
models based on Eq. (3) were assessed and the derived

equations with their R? values (Coefficients of Determination)
are presented in Table 3. These equations indicate the
influence of the operating variables on each response. The
significance of each parameter, which was evaluated by the
probability value (p-value), is listed in Table 4. More detailed
discussions are given in the following paragraphs.
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Table 2. Hydrodynamic and mass transfer responses to the change of three main factors (o, Vgg1, and Vg;) according to RSM-designed
experiments
Factors Mass transfer coefficients Gas holdup d?;;;::; Dimetrinlsliznless conls)l(;lvrvl:)l;ion
No. o | Vgsr Vgs2 kpag kpap kpag €R €p £ dg dp 0., P/V
©) (m.s™) (™ ¢) (mm) ¢) (W.m™%)
1 | 45 ] 0.0069 | 0.0139 20.0 22.0 | 26.0 | 0.1654 | 0.1567 | 0.1983 | 4.85 --- 0.13 79.34
2 | 25 0.0014 | 0.0209 14.5 150 | 140 | 0.1642 | 0.1485 | 0.1742 | --- 6.92 0.77 47.07
3 | 45| 0.0005 | 0.0139 9.0 13.0 | 18.0 | 0.0823 | 0.0885 | 0.1014 | 4.65 | 6.73 1.27 25.46
4 | 65 | 0.0060 | 0.0069 19.5 240 | 27.0 | 0.1147 | 0.1054 | 0.1369 | 3.40 | 6.69 1.06 5791
5 |45 0.0037 | 0.0139 14.0 15.0 | 22.0 | 0.1300 | 0.1270 | 0.1578 | 4.20 | 5.60 0.85 52.40
6 | 25| 0.0060 | 0.0069 14.5 140 | 18.5 | 0.1776 | 0.1545 | 0.1799 | 4.19 | 7.47 2.08 61.40
7 | 45| 0.0037 | 0.0139 14.7 149 | 20.5 | 0.1265 | 0.1232 | 0.1559 | 4.18 | 5.50 0.84 52.40
8 | 45| 0.0037 | 0.0238 26.0 17.0 | 22.0 | 0.1649 | 0.1541 | 0.1976 | 4.19 | 6.17 0.29 67.62
9 | 10 | 0.0037 | 0.0139 --- 159 | 18.0 --- 0.3169 | 0.3040 | 3.88 --- --- 55.95
10 | 45| 0.0037 | 0.0139 14.0 16.0 | 22.0 | 0.1295 | 0.1274 | 0.1583 | 4.19 | 5.60 0.85 52.40
11 | 45| 0.0037 | 0.0139 14.9 15.1 21 0.1295 | 0.1273 | 0.1578 | 4.19 | 5.6 0.86 52.40
12 | 25| 0.0014 | 0.0069 12.0 140 | 125 | 0.1152 | 0.1068 | 0.1174 | 4.19 | 6.43 0.47 28.28
13 | 65 | 0.0060 | 0.0209 23.0 193 | 24.0 | 0.1420 | 0.1348 | 0.1862 | 4.23 | 6.62 1.70 75.62
14 | 80 | 0.0037 | 0.0139 21.5 22.0 | 21.5 | 0.1235 | 0.1146 | 0.1503 | 4.60 | 5.79 1.36 50.72
15 | 65| 0.0014 | 0.0069 13.0 123 | 25.0 | 0.0691 | 0.0667 | 0.0885 | 5.17 | 5.81 2.01 26.68
16 | 45| 0.0037 | 0.0139 15 153 | 21.5 | 0.1353 | 0.1333 | 0.1625 | 4.21 | 5.70 0.86 52.40
17 | 25| 0.0060 | 0.0209 17.5 21.5 | 20.5 | 0.2158 | 0.1890 | 0.2336 | 4.19 | 6.99 2.12 80.18
18 | 45| 0.0037 | 0.0139 13.5 15 21.5 | 0.1202 | 0.1200 | 0.1501 | 4.19 | 5.5 0.86 52.40
19 | 45| 0.0037 | 0.0040 18.0 140 | 19.0 | 0.0990 | 0.0895 | 0.1022 | 4.19 | 5.01 0.75 37.17
20 | 65| 0.0014 | 0.0209 20.5 8.8 26.0 | 0.1256 | 0.1192 | 0.1510 | 4.22 | 5.27 1.87 37.39
Table 3. Final equations of the response surfaces in terms of the actual factors
Response Predictive equations R?
kpagr = +12.81091 + 0.12923 X a + 1.25040 X Vgg; — 6.40459 X Vgo, + 1.12573 X ngsz 0.9670
kpap = +3.0907 + 0.12916 X a — 0.53343 X Vgg; + 3.29846 X Vg, + 0.048753 X a0 X Vgg; — 0.067437 X a0 X Vg, 0.9401
ki ag = +4.06975 + 0.29483 X a + 2.73178 X Vgg; — 0.038852 X a0 X Vggq 0.8682
e = +0.10697 — (3.54646E — 3) X a + 0.025321. Vg; + 0.020399 X Vg, — (1.61625E — 4) X & X Vgg; — (1.73701E 0.9863
— 3) X Vg1 X Vggp + (3.16465E — 5) x a? + (3.16465E — 5) X o
€p = +0.24250 — 7.45953 X a + (9.74253E — 3) X Vgg1 + 0.013135 X Vs, + (6.21996E — 5) X a? 0.8859
£ = +0.19649 — (5.99506E — 3) X a + 0.013958 X Vgg; + (5.09299E — 5) X a? 0.8864
= —610.96505 + 20.49450 X o + 190.06425 X Vgg; + 140.40684 X Vg, — 6.09612 X & X Vg1 — 2.54045 X a0 X Vg
m —29.77444 X Vgg1 X Vgsp — 0.12445 X o? 09771
te = —111.79037 + 4.62685 X & + 1.68643 X Vg1 + 68.15776 X Vg, — 0.052903 x o — 10.46168 X ngsz 0.9740
BV = +1.34021 — 0.067732 X o + 8.83612 X Vgg; + 6.50685 X Vg, — 0.11701 X &0 X Vg — (8.62890E — 3) X & X Vg 09601

+(7.50069E — 4) X a?

kpag, kpap, and kjag: mass transfer coefficient in the riser, downcomer, and separator, respectively. €g, €p, and €g: gas holdup of the riser,
downcomer, and separator, respectively. t;,: mixing time. t¢: Circulation time. P/V: Volumetric power consumption
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Table 4. ANOVA table for studied responses

kiag ‘ kiap ‘ kas €R €p € tm tc P/V
Responses
P values
Model <0.0001 0.0005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A <0.0001 0.0236 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1433 <0.0001
B <0.0001 0.0001 0.0029 <0.0001 0.0124 <0.0001 <0.0001 0.0445 <0.0001
C <0.0001 0.5390 --- <0.0001 0.0100 <0.0001 <0.0001 0.0002 <0.0001
AB --- 0.0303 0.0425 0.0027 - - <0.0001 --- <0.0001
AC - 0.0225 --- - - - <0.0001 --- <0.0001
BC - - --- 0.0135 - - <0.0001 - ---
A2 - - --- <0.0001 0.0007 0.0004 <0.0001 <0.0001 <0.0001
B2 <0.0001
Cc? <0.0001 - --- --- - - <0.0001 <0.0001 ---
ABC - - --- - - - <0.0001 --- -
A’B <0.0001
AC --- - --- --- - - <0.0001 --- ---
AB? <0.0001
A: superficial gas velocity at the downcomer (Vgs4), B: superficial gas velocity at the riser (Vgs,), C: hypotenuse angle (a)

Figure 2 shows 6, changes versus operating factors.
Dimensionless time index, 6,, = t,,/t., is the mixing time
(t) on circulation time (t.). It is used to eliminate
photobioreactor geometry's effects on mixing time and
provides suitable criteria to evaluate the mixing process type
[29]. If the index is less than one, (6,, < 1), the radial mixing
process is superior to the axial mixing caused by fluid
circulation through the reactor. Indeed, the smaller 8, is, the
better the desirable mixing. It can be shown that the desirable
fluid mixing was located in the range between 45° and 65° of
the hypotenuse angle (intersection of the graphs below the line
of 0,,=1), where the lowest value of 6,, was 0.41. At the
angles out of this range, the axial mixing due to the fluid
circulation was mainly superior to the radial mixing. In other
words, when the ratio of the mixing time to the circulation
time was 0.41, the best condition of the mixing process was
achieved in the photobioreactor.

The response analysis of the mixing time (t,), the time
required to achieve 95 % of the complete mixing [24],
indicated that the response (t,,) was significantly influenced
by the superficial gas velocities (Vgs; and Vgg,) and by the
angle (a). In the downcomer section, two countercurrent and
opposite forces interacted; the upward was due to the gas
velocity of Vgg; and the downward caused by the liquid
weight and gas velocity of Vgg,. According to Figures 2a and
2b, at minor angles (10° and 25°), the effect of Vg increased
as a result of photobioreactor height reduction and the reduced
liquid weight force. The liquid flow and ascending gas
bubbles were coordinated at high Vg, and low Vg, in some
cases. This phenomenon caused a sharp increase in the mixing
time (Figures 2a and 2b) and system inefficiency. It was
observed that the downward forces became stronger gradually
with increasing the angle, unlike the opposite (upward) force.
Therefore, in the angle range of 45°, optimal mixing was
achieved at high Vg, and Vg, values (Figure 2¢). The counter
forces became equal in the range of 450 to 650, because the

suitable mixing (low t,,) could be obtained both at low Vg,
and high Vg, and at high Vg, and low Vgg,.

At larger angles, the downward force predominated the
opposite one due to the system height increment (Figures 2d
and 2e). Therefore, such a system operated as conventional
airlift photobioreactors, in which the primary mixing process
occurred in the riser section. In this condition, the fluid
circulation would be superior to the radial mixing process.
Hence, liquid circulation times (t.) were shorter.

Considering that the fluid circulation rate is adjusted by the
gas feeding from the base of the vertical side (Vgsy), it could
be found that the fluid circulation at low Vg controlled the
process of mixing and stirring. When the liquid mixing time
(tm) was much longer than the circulation time (t.),
significant mixing could be done in the riser section. By
increasing Vgs; up to 0.0050 m.s™, in addition to reducing the
dependency of tp, on Vg, Vg strength was equalized to the
total force of Vgg, and liquid weight in the hypotenuse. As
mentioned earlier, this force caused fluid circulation through
the system. In this case, changes in Vg5, would not affect
mixing time. With a further increase in Vg, the
countercurrent fluid flows in the downcomer section promoted
good mixing. Indeed, within the range of Vg, higher than
0.0050 m.s™!, the mixing process was controlled by powerful
countercurrent flows created in the downcomer section and
the resulted mixing came over the fluid circulation. It was
observed that the effect of Vg, on ty, increased again upon
exceeding Vgg;= 0.0050 m.s" (Figures 2a-2¢). The critical
point here is that at the angles of 10° and 25°, the values of t,
were much more extensive than those of t. (Figures 2a and
2b). Accordingly, significant mixing occurred in the riser and
there was not enough time for complete mixing because of the
low height of the riser at these angles (especially at 10°). It
resulted in an excessive increment of mixing time relative to
the circulation time of the fluid.



98 Sh. Shadpour et al. / JREE: Vol. 9, No. 1, (Winter 2022) 93-105

It should be noted that at three angles of 10°, 25°, and 45°, the
relationship between t,, and Vg, at Vg < 0.005 m.s! was
direct and inverse at Vyg; > 0.005 m.s”'. In other words, at low

Vgs1, the mixing time increased with increasing Vg, and at

high Vg, increasing Vg, reduced mixing time (improving the
mixing process). This relationship was reversed at two angles
of 65° and 80°.

12 12
......... Vgs2=0.0042 m/s e
- am e w \Vgs2=0.0085m/s sEE=eVRE0.08s ms
10 § - = Vgs2=0.0148m/s 0F = NEZQIHINS
- = Ygs2=00211m/s SIS ISVE20 005y
e — - \gs2=0.0246 m/s
8 / -”.\ 8
] Vs E ~ <
= / - - =
E I Yo F 6
o 6 / o= =
”E / . & plipe .
© ’ A o) —
4 # / "‘ sl SN
T \\‘ ) -~ .
’ ‘-. " -
/ /, i AV b P - ,—-'%\
2 5 A 2 7 P "'..
i :'." "\ 4,1_’.". \.-"
7 7 A ﬁ\'-
o L4 Y o 2 AN
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Vgsl (m/s) Vgsl (rn/s)
a)a=10° b) a =25°
12 12
......... Vgs2=0.0038 m/s e sxsanne; VEs2=0.005G my/s
- Vg5220.0078 m/s s Ves20.0078 /8
10 I - = gs220.0136mjs | = =5 YeZ00196TA
-+ e \gs220.0183m/s s Sig NS 0
= — - \252=0.0232 m/s 8 S S VERR0.032 /s
v T
- N
M TT; 3
£ < -
@ @ N
\ %
Al a b Y%
M ;
NG
— 2 \*
o X
R oaci P We V4
e o - (o
5 Lomomzmm S — 0 b~
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Vs (m/s) Vgsl(mfs)
c) a=45° d) a =65°
12
......... Vgs2=0.0038 m/s
- am w \g52=0.0077 m/s
Y - e \/gs52=0.0134m/s
10 - - = gs2:0.012m/s
“.. — e \/g52=0.0230m/s
v,
s b Vv,
o v
- \\ \. /
s 6 AN ,I
v, -
e \\ A\ /4'
? W ¢
4 \ AN :
W
\\ \\"\
2 >
\\ e
ey =
0
¢] 0.002 0.004 0.006 0.008 0.01
Vgsl(m/s)
e) o = 80°

Figure 2. Variations of 8y, versus superficial gas velocities (Vgs1 and Vgg,) at different angles

Figure 3 displays the variations of the volumetric mass
transfer coefficient (kpap) and gas holdup (ep) of the
downcomer for the superficial gas velocities at different
angles. Variation of ki ap as a function of Vgg; was minimal at
the angle 10°, despite the positive slope of gas holdup (ep).
The reason for this phenomenon could be the increase in

upcoming bubbles diameter and even in some cases, the
conversion of gas flow regime from bubbly to slug flow in the
downcomer section due to the Vgg; increment.

As shown in Figures 3d and 3e, as the angle increased, the
kiap changes were incremental at constant Vyg,. According to
the regression equation for krap exhibited in Table 3, the
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angle (a) had a positive effect on kjap, linearly, and the
interaction with other factors was less significant. Although it
was expected that the slope of the krap - v, curve decreased
or remained at least constant with a slight decrease in gas
holdup (gp), the increasing slope was observed in this region,
unexpectedly. It could be due to the bubbles' diameter
decreasing and enhancing the surface area in the downcomer
part.

The effects of Vg5, on kpap had a different trend. Figure 3
shows that increasing the angle from 10° to 80° resulted in
reducing the effect of Vgs, on kjap to an unknown angle (6)
(45° < & < 65°) where this effect reached zero; and kjap just
changed under the influence of Vg,. At the angles lower than

8, an increase in Vg, caused the enhancement of the kyap, but
it was reversed at higher angles. In other words, high mass
transfer coefficients could be obtained at lower Vgg,. The
effect of fluid weight at the angles higher than § was more
considerable among the downward forces in the hypotenuse
because of the height increase. Therefore, it is necessary to
reduce the power created by the Vg, to keep the balance. If
Vgs2 was raised in this range, t. decreased while t,, increased.
This decline in the mixing rate was the main reason for mass
transfer reduction in this bioreactor section. It is worth noting
that the highest values of k;ap at high angles were obtained at
high Vgg;s and low Vggys.
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Figure 3. Changes of kpap and ep versus superficial gas velocities (Vgs1 and Vgg,) at different angles ()



100 Sh. Shadpour et al. / JREE: Vol. 9, No. 1, (Winter 2022) 93-105

Figure 4 presents the variations of the volumetric mass
transfer coefficient (kjag) and gas holdup (eg) of the riser
versus three independent factors (Vgs;, Vgs, and a). As
demonstrated, kjag had the linear and almost the same
relationship (positive effect) with o and Vg, (based on the
regression model for k; ag exhibited in Table 3). Nevertheless,
the changes in kpag versus Vg, had a different trend
(negative in linear and positive in square). Figure 4 confirms
that increasing the angle from 10° to an angle (3) (45° < § <
65°) reduced the gas holdup in the riser (eg). Above this angle,
€g was almost constant.

Regarding Figures 4a-4e, it was clear that the high amounts
of ki ar could be obtained at the angles above 45°, high Vg s,
and very low or high Vyg,s.

Comparison of Figures 3a-3¢ and 4a-4e shows that the amount
of gas holdup in both regions of the riser and downcomer (eg
and ep) was approximately the same and the gas holdup in the
riser was just a little more. At the conventional airlift
bioreactors, fluid circulation caused by a difference in fluid
density has been reported [30]. This difference is caused by
relatively uniform distribution of the bubbles in the liquid and
is dependent on the gas holdup gradient [31]. Therefore, gas
holdup's equivalence leads to the disability of vertical airlift
system in fluid circulation, undesirably. However, the
geometry of the new bioreactor caused a regular circulation
through the system with the minimum difference of gas
holdup between the two sections.
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Figure 4. Changes of kpag and &g versus superficial gas velocities (Vgg; and Vg,) at different angles (a)
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The effect of the three main operating factors on the
separator’s volumetric mass transfer coefficient (kpag) is
demonstrated in Figure 5. As shown, kjag was strongly
affected by two parameters of Vgg; and a (see the positive and
relatively high coefficients of these two factors in the linear
mode of regression model for k; ag exhibited in Table 3). The
influence of Vg, on kyag was lower as the kja difference in
the highest and lowest Vg5, was just 1.6 h'. The slope of
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at 65° was almost zero (Figure 5d). On the other hand,
increasing or decreasing Vg, did not affect the separator’s
mass transfer amount with the hypotenuse angle of 65°. With
a further increase in the angle, the slope became negative
(Figure Se). It means that increasing Vggq would reduce ki ag.
The critical matter in these figures was that the point of Vge;=
0.006 m.s™!, which was the only velocity where the k; ag value
was always constant (k;ag = 25 h'!) at all angles. As a result,
the maximum values of the kjag were observed at high Vg, s
and at the angles greater than 45°.
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Figure 6 illustrates the influence of each of three operating
variables on a significant characteristic of the system, power
consumption per volume (P/V) of the photobioreactor (W/m?).
Accordingly, power consumption variation of the system
versus angle was not considerable, and increasing the angle
led to an insignificant reduction in it. However, this
characteristic was strongly influenced by superficial gas
velocities, Vgs, and especially Vg A linear power
consumption increment could be observed upon increase in
the velocities. An increase in Vgg; raised power consumption
and led to a significant increase in kjap and kjagr [see Figures
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3 and 4]. As previously mentioned, increasing Vs, could have
a positive influence on the volumetric mass transfer
coefficient in the riser (kpag) and, in addition to power
consumption increment, mainly decreased kjap. Despite the
insignificant effect of the hypotenuse angle (a) on power
consumption, the mass transfer coefficients in both riser and
downcomer represented high sensitivity. Therefore, by
optimizing the photobioreactor's operating conditions, the
maximum mass transfer and mixing rates could be achieved
along with the minimum power consumption in the system.
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As mentioned before, the designed experiments' desirable
goal was to reach the maximum mass transfer in the shortest
mixing time and minimum power  consumption,
simultaneously. Regarding the analysis, the downcomer's
counter forces were identical at the superficial gas velocity of
Vgs1 = 0.0050 m.s™, where 8, did not change by Vg,

variations. Besides, the 0, — Vg curve at different Vgg,s was
mainly located in the range of the dimensionless time less than
one (B, < 1) at an angle of 6 = 60°. It means that the mixing
time was lower than the circulation time, and the optimum
mixing process could be observed in the shortest amount of
time.
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Also, maximum effective mass transfer was located at large
values of Vg, and small amounts of Vg, and the angles
higher than 45°. On the other hand, the upper limit of the
optimum angle could not exceed 65° to achieve the minimum
value of 0,,. It should reduce the superficial gas velocities as
much as possible to minimize power consumption. Since the
excessive reduction of Vg, had a little adverse effect on the
volumetric mass transfer coefficient in the separator (kyag),
power consumption saving could be achieved by reducing
Vgs2- As a result, the geometry of the studied photobioreactor
had better mass transfer than other configurations. This was
caused by better mixing (decreased mixing time) as a result of
countercurrent flow in the downcomer when power
consumption slightly increased [32].

According to the analysis, each independent variable's
influences and limitations to attain the desired goal, the
optimum conditions, and the actual and predicted responses
are listed in Table 5. The optimal conditions provided by the
software were determined as follows: Vgg; = 0.0050 m.s!,
Vgsz = 0.0080 m.s”', and a = 59 ~ 60°. The empirical
experiments were conducted in optimal conditions to confirm
the RSM predictions, and the responses were also measured
practically. According to Table 5, there is acceptable
consistency between predicted values and experimental
results.

4.1. Confirmation of the optimal conditions with
microalgae culture

The microorganism's culture at the optimum angle (60°) was
performed to confirm the findings and was compared with two
angles of 10° and 80° as control conditions. For this purpose,
the microalgae growth rate was obtained by dry biomass
weight measurements [33]. The same conditions were
assigned for the culture medium, considering the operating
parameters like temperature, pH, inoculation time, and
concentration. As shown in Figure 7, there was a significant
difference in the growth rate of Chlorella vulgaris at the angle
of 60° compared to 10° and 80°. It was confirmed that the
optimal mixing rate was a very effective agent in the

cultivating process. Increasing the mixing rate improved the
accessibility of the nutrients and CO,. Also, by removing the
downcomer's dark zone, the tube center developed the
appropriate culture media for microorganisms. Additionally,
the growth curves confirmed the optimum conditions and
indicated the high impact of the hydrodynamic tensions on the
culture. Furthermore, it was found that the maximum
concentration of biomass (Xpax=1.4 g.I'") was achieved faster
(11" day of cultivation) than similar studies [34]. The
obtained conditions were compared with some similar studies,
as shown in Table 6. These results have drawn much more
attention to the significance of the airlift photobioreactors'
geometry and design to produce microalgae efficiently.
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Figure 7. Growth curve of Chlorella vulgaris at angles of 10°, 60°,
and 80° obtained by dry mass measurement

Table 6. Comparison of growth factors of Chlorella vulgaris in photobioreactors of different studies

Growth factors
Reference HMmax Xmax Prax tq Comments
(day") | (gL (g-L'.day™") | (day)
This work 0.214 1.379 0.100 3.200 Carbon source: air, system type: external loop airlift photobioreactor.

[34] 0.130 1.220 0.100 Carbon source: CO2
[35] 0.205 0.590 - Carbon source: air, system type: CSTR, operating volume: 10 L.
[36] --- --- 0.100 Carbon source: CO2
[37] - - 0.200 Carbon source: COz, system type: 250 ml flask
[38] --- -—- 0.010 Carbon source: COz, system type: mixed tank, operating volume: 2 L
[39] - - 0.020-0.040 Carbon source: CO2
[40] - --- 0.030-0.040 Carbon source: CO2

Kmax: Mmaximum specific growth rate, X, maximum biomass concentration, Pp,,,: maximum biomass productivity, tq: doubling time




104 Sh. Shadpour et al. / JREE: Vol. 9, No. 1, (Winter 2022) 93-105

5. CONCLUSIONS

The optimization process of a triangular external loop airlift
PBR was performed by the RSM to maximize the volumetric
mass transfer coefficients (kpa) and minimize the power
consumption per volume (P/V) as well as the mixing time
(tm) as responses. The effects of the three main factors,
superficial gas velocities (Vgg; and Vg,), and the hypotenuse
angle (a) on the system performance were investigated. The
optimal values were obtained as follows a = 59°, Vgg; =
0.0050 m.s™', and Vs, = 0.008 m.s™". It was also found that the
Vgs1 and o were the most effective factors in hydrodynamic
and mass transfer behavior of the system. The sensitivity of all
responses t0 Vgg; was high and of almost equal importance.
However, despite the great influence of a on the mixing and
mass transfer, it had less impact on power consumption.
Moreover, Vg, variations possessed a considerable effect on

the riser's mass transfer coefficient and power consumption
and made fewer mixing time changes. Predictive, second-
order mathematical models were presented to correlate the
individual parameters to the responses with high R? ranging
from 0.88 to 0.96. Also, mathematical models were confirmed
by comparison of the actual and predicted response values.

The dimensionless time (8,) was 0.41 under optimum
conditions. 6, less than one (8, < 1) was the cause for
improving the mixing process due to the fluid's radial
distribution rather than its axial circulation. Finally, growth
curves of the Chlorella vulgaris verified the optimum
condition, practically and demonstrated higher biomass
concentration and shorter culture duration than those in other
studies.
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The performance characteristics of InGaN Double-Quantum-Well (DQW) Laser Diodes (LDs) with different
barrier structures were studied numerically by Integrated System Engineering Technical Computer-Aided
Design (ISE TCAD) software. Three different kinds of structures of barriers including quaternary AllnGaN
and AlInGaN/AlGaN superlattice barriers were used and compared with conventional GaN in InGaN-based
laser diodes. Replacing the traditional GaN barriers with quaternary AllnGaN increased holes and electrons
flowing in the active region and thus, the radiative recombination enhanced the output power. However, it did
not reduce the threshold current due to hole and electron overflowing. To investigate the ways of greatly
reducing the threshold current, the structure consisting of AlInGaN/AlGaN superlattice barriers was proposed.
The simulation showed that electrical and optical characteristics such as output power, Differential Quantum
Efficiency (DQE), and slop efficiency were significantly enhanced for LDs containing superlattice barriers
compared to the basic structure. This is while the threshold current was considerably reduced. The
enhancement was mainly attributed to the improvement of hole injection and also the blocking hole and
electron overflowing caused by the reduction of polarization charges at the interface between the barriers, the
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well, and the Electron Blocking Layer (EBL).

https://doi.org/10.30501/jree.2021.300112.1246

1. INTRODUCTION

ITI-Nitride materials present unique physical properties such
as wide, direct, and tunable bandgap energy, high electron
mobility, saturation velocity, coverage of the electromagnetic
spectrum, high thermal stability, and high absorption
coefficient which made them the best candidate materials for
optoelectronics applications including LD, LED, and solar
cells. II-Nitride family laser diodes have recently made
significant progress in a wide range of applications such as
full-color displays, lighting systems, optical storage, chemical
sensors, printing, and medical applications [1-3]. GaN-based
semiconductor lasers are now commercialized. However,
researchers are trying to reach laser diodes with shorter
emission wavelengths and excellent performance for the next
generation of laser sources. They provide a safer condition for
various applications including high-density optical disc
systems [4, 5]. Nevertheless, LDs structures enjoy various
fundamental properties that necessitate further evaluation.

The active region, including quantum wells and barriers, is
the region where the laser action takes place. Although

*Corresponding Author’s Email: m_khorsandi@sbu.ac.ir (M. Khorsandi)
URL: https://www.jree.ir/article_143144.html

quantum wells are the main source of laser action, the
quantum wells coupling is prevented by quantum barriers.
Thus, quantum barriers are considered to be essential
structural layers that affect the electrical, optical, and
performance characteristics of GaN-based optoelectronic
devices. Indium composition, doping concentration, and
thickness of quantum barriers are the variable parameters that
optimize their effects on output performance characteristics
[6, 7]. Quantum barriers have significant effects on different
recombinations in the active region including radiative and
non-radiative recombinations. Among the various effective
parameters for enhancing the performance of LDs, poor hole
injection efficiency along with electron leakage is a critical
factor. Several scientists have attempted to solve this problem
by changing the laser structures [8, 9]. Hansen et al. proposed
a thin AlGaN cap between the active region and p-type layers
to avoid electron overflow [10]. The electron overflow is
considerably reduced by utilizing this thin AIGaN layer which
is known as an Electron Blocking Layer (EBL) [11-14]. Prior
studies indicate that substituting the conventional GaN
quantum barriers with the InGaN quantum barriers could
effectively reduce polarization effects between the well and
barrier and, then, decrease the electron current overflow [13].
Park et al. and Khan et al. demonstrated that optical properties

(https://doi.org/10.30501 /jree.2021.300112.1246).
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of InGaN MQWSs could be enhanced with quaternary
AlInGaN barriers [15, 16]. The use of quaternary AllnGaN
provides an environment to control the lattice constant and
bandgap. There are several EBL designs that are used to
reduce electron overflow. They include AllnGaN quaternary
EBL [17, 18], Strain-free GaN-InAIN SLS EBL [13],
W-shaped EBL [19], step and linearly graded EBL [20],
tapered and graded AlGaN EBL [21], quaternary
AllnGaN/GaN SLS EBL [22], and quaternary AllnGaN multi
quantum-barrier EBL [23]. In this regard, built-in polarization
is also significantly reduced. Moreover, further designs have
been proposed in the literature that use SLS cladding and
waveguide layer instead of conventional cladding and
waveguide layers [24, 25]. The proposed designs have
improved OCF and consequently the output power.
Furthermore, some approaches have been also proposed to
enhance electron and hole wave functions overlapping in the
active region including quantum wells and barriers. However,
the performance improvement for InGaN- based LDs is still
under process.

In this paper, we numerically compare the electrical and
optical characteristics of InGaN MQW LDs with three
different barriers structures. To enhance the emission intensity
of the laser and reduce the threshold current, we have
proposed the quaternary SLS structure on barriers. The
performance of the GaN-based LDs can be investigated by
analyzing the power characteristics, DQE, conduction, and
valence energies in the vertical direction, electron and hole
carrier densities, radiative recombination, and LD’s optical
emission intensity.

2. MATERIALS AND METHODS

The structural parameters such as thickness, material
compositions, and doping type of basic LD structure, which is
considered as a reference in this study, are given in Table 1.
Except for the barriers, all the other layers in three desired
LDs consist of the same layers compared to the basic
structure. Barriers of LDs structure are replaced by a
quaternary  AllnGaN layer (structure B) and an
AllnGaN/AlGaN superlattice (structure C), respectively. A
diagram illustration of the LD structures is depicted in Figure
1.

Table 1. The structural parameters including thickness, material
compositions, and doping type of basic LD structure

Component Thickness materials Doping
(pum) type

Base layer 0.4 GaN n
Compliance layer 0.1 Ino.0sGao.osN n
Cladding layer 0.42 Aloo07Gao.osN n
Waveguiding layer 0.1 GaN n
Quantum wells (2) 0.0025 Ino.0s2Gao.o18N -
Quantum barriers (3) 0.0085 GaN -
EBL 0.015 Alo22Gao.7sN p
Waveguiding layer 0.1 GaN p
Cladding layer 0.42 Alo.07Gao.93N p
P-contact layer 0.1 GaN p

The laser simulation process was performed by ISE-TCAD
software. The simulation parameters are the same as those
used in our previous studies [12, 26]. All the ternary and
quaternary parameters were interpolated by binary alloys
listed in Table 2.

Table 2. Room temperature properties of binary III-N materials [27]

Parameter GaN AIN InN
Bandgap energy Eg (eV) 347 6.28 0.8
Electron affinity (eV) 4.1 1.9 5.8
Lattice constant ao (°A) 3.189 3.112 3.545
Refractive index near Eg 2.506 2.035 2.9
Electron effective mass 0.22 me 0.4 me 0.11me
Heavy hole effective mass 1.595 me 2.68 me 1.449 me
Light hole effective mass 0.261 me 0.261 me 0.157 me
spontaneous polarization Psp -0.034 -0.090 -0.042
Elastic stiffness constant C13(GPa) 106 108 92
Elastic stiffness constant C33(GPa) 398 373 224
Relative dielectric constant 8.9 8.5 9.5

| 0.0 um p-GaN

0,42 um p-21GaN/GaN

| 0.0 um p-GaN

I 15smpAlGaN
[ InGaNiGaN DOW

0.1 am n-GaN

{0.420m » AIGAN/GaN

| 01 um n-lnGaN

| 04umn-GaN

Figure 1. Illustration of InGaN MQW LDs including u-GaN (basic LD), AlIGaN/GaN superlattice, and quaternary AllnGaN barri
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3. RESULTS AND DISCUSSION

The threshold current, output power, slope efficiency, and
Differential Quantum Efficiency (DQE) of the three different
structures of deep violet Ingos2GaooisN/GaN DQW LDs are
shown in Table 3. Using quaternary AllnGaN barriers
presents higher values for the output power, slope efficiency,
and DQE, compared with the basic Ing0s2Gag91sN/GaN DQW
LD. Although quaternary barriers considerably enhanced the
performance characteristics of LD, they would not decrease
the threshold current remarkably. By replacing the barriers
structure with AlInGaN/AlGaN quaternary SLS, LDs
performance characteristics are still under significant progress
compared to the basic structure, but the threshold current is
considerably degraded. It can be introduced by comparing the
conduction and the valence band energies of the proposed
structure.

Figure 2 shows the conduction and valence band energies
and the quasi-Fermi levels of the three different structures of
deep violet Inges2GagoisN/GaN DQW LDs. As shown in
Figure 2, the barrier structures are strongly affected by
conduction, valance band, and the Fermi levels. The

Gh. Alahyarizadeh et al. / JREE: Vol. 9, No. 1, (Winter 2022) 106-111

differences between conduction band energies and their quasi-
Fermi levels can express the possibility of electrons leaking to
the EBL layer to flow in the p-type layer. Finding a structure
that can increase this difference would help to decrease the
electron leakage and reduce the threshold current. On the
other hand, the differences between valance band energies and
their quasi-Fermi levels can define injection of holes to the
active region and promote radiative recombination which
would enhance the output power. The best structure should
have both factors to improve the output power, slope
efficiency, and DQE, whereas the threshold current is
reduced.

The barrier’s energy band is seriously affected by the
built-in electric field induced by the compressive strain. The
results show that in quaternary barriers, the electrons will
confront a highly effective potential of 569 meV than the
basic structure. At the same time, the holes encounter a much
lower effective potential of about 123 meV. The higher
effective potential between the conduction band and Fermi
level decreases the threshold current in p-GaN and SLS
barrier structures, as discussed in Table 1.

Table 3. The parameters of InGaN DQW laser with quaternary and SLS quaternary barriers structures

Parameter Threshold current Output power Slop efficiency | DQE % | Wavelength
main: 16.59 33.49 1.627 51.29 390.667
MainQB: 15.01 40.59 1.882 59.17 389.640
All SLSQB: 12.88 39.05 1.860 58.40 389.294
-3 -3 -3
Main Quaternary
569 meV
4
8 5 T s g .
g 5 - - - - Fermi level <@ N - - - - Fermi level 5 S - - - - Fermi level
55 v ’
146 mev 123 me 123 meV
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1.69 1.70 1.71 172 60 1.70 1.71 172189 170 1 172

Vertical position
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Yertical position

Figure 2. Energy band diagrams of InGaN DQW lasers with quaternary and SLS-Q barriers structures

A strong built-in polarization field due to the spontaneous
polarization and a piezoelectric polarization field in the
[I-nitride structures are other parameters that affect the
device’s performance. A piezoelectric polarization field can
be generated due to the lattice mismatch between different
layers in the LD structure, especially between AlGaN and
(In)GaN layers. This field can be reduced by using the
AllnGaN layer or thin AlGaN, the GaN layer in the SLS
structure (Figure 3). The built-in polarization field can pull
down the GaN energy band and pull up the AlGaN ones,
respectively. Therefore, the energy bands of AlIGaN/GaN SLS
barriers are bent. Thereupon, the height of the effective
potential barrier for electrons increases and, then, the electron
leakage is reduced. However, following the decreased

effective potential, injection of the holes into the active region
increases and consequently, the overall holes concentration
also increases [Error! Bookmark not defined.]. The same
trend can be seen in the carrier current densities in Figure 4.

It can be seen that the quaternary structure has the highest
hole’s current density in the active region among the other
LDs. It is due to the improvement of the hole injection
efficiency caused by the lowest effective potential height.
Electron carrier density is another carrier that contributes to
radiative recombination. As mentioned before, electron and
hole leakages have an essential role in the reduction of the
threshold current. The SLS barrier structure provides the
lowest electron and hole leakage among the three
recommended structures.
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Figure 3. Electric field of InGaN DQW lasers with quaternary and SLS-Q barriers structures
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Figure 4. The carrier current density of InGaN DQW lasers with SLS and quaternary barriers structures

The radiative recombination rates of the three considered
structures are shown in Figure 5. According to the knowledge
that by increasing the carrier concentration, more electrons
can remain in the active region which would be recombined
with holes. Therefore, the efficiency degradation is reduced
due to more quantum wells’ contribution to the radiative
recombination. As a result, it can be seen that the radiative
recombination rate in quaternary and SLS-Q structures is
higher than that in the basic structure because the two
proposed structures provide greater extensive electron
confinement and hole injection.

Main
—— SLS-0Q

Quaternary

Radiative recombination {a.u.)

1.68 L70 1.72 1.74 1.76 1.78 1.80 1.82

Vertical position (um)

Figure 5. Rate of radiative recombination of the InGaN DQW lasers
including quaternary and SLS-Q barriers structures

The optical intensity of the three of the InGaN DQW LDs
with three different barriers structures is shown in Figure 6.

The presence of more carriers in LDs that are supposed to
accumulate in the active region improves the stimulated
recombination rate in the active region and results in the
enhancement of the optical intensity of LDs. It is observed
that the InGaN laser with a quaternary structure has the
highest carrier current density and good radiative
recombination in the active region that causes the highest
optical intensity among all the considered structures.
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Figure 6. The optical intensity of the three structures of InGaN

DQW lasers with quaternary and SLS-Q barriers structures

The light output characteristics of the InGaN DQW LDs
with three different barrier structures are shown in Figure 7.
As shown in this figure, the LD structures with quaternary and
SLS-Q barriers have considerably higher output power than
the main LD structures. The output power strongly depends on



110 Gh. Alahyarizadeh et al. / JREE: Vol. 9, No. 1, (Winter 2022) 106-111

the photon density inside the cavity. Based on the presented
results (Figure 2 & Figure 3), InGaN DQW LDs with
quaternary and SLS-Q barriers are of highest current density,
which itself indicates the highest amount of output power. The
results of output power are completely in good agreement
with the previously discussed outcomes and also with the
reported experimental results in the literature [15].

0.05
0.04
— Main
— Quaternary
— | — SLS-Q
E 0.03
-
@
g
2 002
H
&
=
S 001
0.00
-0.01 T T T
0.00 0.01 0.02 0.03

Current (A)
Figure 7. Light output characteristic (L-I) of InGaN DQW lasers
with quaternary and SLS-Q barriers structures

4. CONCLUSIONS

To enhance the InGaN DQW LDs characteristics, a different
designed LD was proposed with quaternary barriers and
AlGaN/AllnGaN quaternary superlattice barriers. The
simulation results indicate that the optical properties of the
LDs were significantly enhanced in both quaternary and
quaternary SLS structures owing to the increase of hole
injection, the reduction of electron leakage, and the better
radiative recombination in the QWs. Compared with the LDs
using GaN, quaternary barriers, the laser with SLS-Q barriers
exhibited the lowest threshold current. The reason could be
the effects of the lowered generated strong piezoelectric
polarization field due to the lattice mismatch between the
AlGaN layer and the AllnGaN layer in the SLS structure. The
proposed SLS-Q barriers, as the best structure, improved the
output power, slope efficiency, and DQE while the threshold
current was significantly reduced.
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Sensitivity Analysis for 3E Assessment of BIPV System Performance in Abadan
in Southwestern Iran
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PAPER INFO ABSTRACT

P aper history: In Iran, due to the problems and constraints of fossil fuels and the need to maximize the use
Received: 16 December 2020 of solar potential, one of the best ways is the application of photovoltaic systems integrated
Revised in revised form: 07 February 2021 ith buildi D h fonifi d d £ sol 1l f h
Scientific Accepted: 16 February 2021 w1t. uildings. Due to. t. ¢ significant ependence of solar cell performance on the
Published: 22 August 2021 availability of radiation, it is necessary for architects to have an accurate assessment of the

amount of electricity produced in different conditions. Therefore, in the present work, using
HOMER software, the energy-econo-Enviro (3E) potential of a Building Integrated
Keywords: Photovoltaic (BIPV) in Abadan was studied. The effect of slope and azimuth of solar cells

BIPV, as well as cloudiness and system losses were investigated using sensitivity analysis. The
HOMER, . . X

s results showed that the PV-grid system was the most economical option and after the
CO2 Emission, . .. . .
Photovoltaic azimuth angle of zero degree, the positive azimuth angle was the most economical. The

3E Analysis results also showed that the slope of 30 degree and the angle of azimuth equal to zero was
appropriate, for which the price per kWh of generated electricity was calculated to be $0.09.
For the use of solar cells in the vertical wall of the building, the southwest direction was the
most suitable and based on the results, it was suggested that the western wall of the building
should be in the form of “inclined PVs with windows”. The authors of this paper hope that
the results of the present work can be used by architects and energy decision-makers as a
guide in developing the BIPV use in Iran.
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Investigation and Ranking of the Effect of Biodiesel Produced from Safflower
Oil by the Hydrodynamic Method in Diesel Generator Engine Using TOPSIS
Method
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PAPER INFO ABSTRACT
Paper history: To investigate the possibility of using fuel for plant origin in a diesel generator, safflower
Received: 27 February 2021 methyl ester was prepared and used as a biodiesel. In this research, biodiesel was produced

Revised in revised form: 10 April 2021
Scientific Accepted: 15 April 2021
Published: 30 October 2021

through a transesterification reaction using a hydrodynamic reactor, which increased the
reaction efficiency and reduced fuel production time. Upon increasing the reaction time
from 30 seconds to 60 seconds, the reaction performance increased by 5.5 %. Then, its
important features complied with ASTM D-6751 standard. The performance and pollution

Keywords: indices of the diesel generator engine were tested with compounds B0, B20, B50, B80 and
Biodiesel, B100. The results of short-term engine tests showed that by increasing the share of biodiesel
Hydrodynamic Reactor, to 20 %, CO emissions were reduced by 21 % compared to pure diesel fuel, but the amount
Diesel Generator, of NOx increased by 0.82 % compared to diesel. Also, the use of 20 % volume of biodiesel
Performance Indices, in the fuel composition increased the thermal efficiency of braking, braking power, and
Pollution Indicators braking torque of fuel, compared to diesel. Also, the specific fuel consumption of B20 was

reduced by 2 %, which is very important economically. Finally, the TOPSIS analysis
illustrated that B50 fuel outperformed pure diesel fuel and other listed fuel combinations.
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Assessment of Effect of Different Parameters on Temperature Distribution in
Chemical Looping Combustor: Experimental and Numerical Approaches

Mohamed A. Barakat, Tamer Mohamed Ismail, Sayed Ibrahim Abdel-Mageed, Khaled Ramzy *

Department of Mechanical Engineering, Faculty of Engineering, Suez Canal University, Ismailia, Egypt.

PAPER INFO ABSTRACT
Paper history: The greenhouse problem has a significant effect on our communities, health, and climate.
Received: 26 January 2021 So, the capturing techniques for CO> remain the focus of attention these days. In this work, a

Revised in revised form: 15 March 2021 . p . . . . .
Scientific Accepted: 12 April 2021 Chemical Looping Combustor (CLC) was designed and fabricated with the major geometric

Published: 07 November 2021 sizes at the Faculty of Engineering, Suez Canal University. The system involves two
interconnected fluidized beds. Nickel powder with 150 um diameter as well as brown coal
and liquefied petroleum gas were used as oxygen carrier, solid fuel, and gaseous fuel,

Keywords: respectively. The temperature distributions along the fuel reactor for LPG flow rates of 11
CO2 Capture, and 18 LPM with and without using nickel powder as well as using preheated reactor were
Chemical Looping Combustion, discussed and evaluated. The effects of brown coal diameter change with and without using
Solid Fuel,

nickel powder were studied. The CO and CO2 concentrations at combustion gases with and

G'f’seous Fuel, without using nickel powder were conducted for LPG and brown coal fuels. A mathematical
Nickel Powder, | imul h L. . . h
Modelling model was used to simulate the combustion in CLC using combustion and energy code. The

obtained results showed that using nickel powder improved the combustion process and in
case of using LPG, the flame color changed to blue which is the color of the complete
combustion flame. The CO was reduced by 48.4 % and CO2 was augmented by 66.5 %. In
case of using brown coal as solid fuel, CO was reduced by 53.7 % and CO2 was increased
by 71.9 %. Finally, there is good agreement between the experimental and numerical results
based on the determination coefficient.
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PAPER INFO ABSTRACT

Paper history: In recent times, limitations and adverse effects of fossil fuels have significantly attracted
Received: 27 March 2021 researchers' attention to green fuels worldwide, especially in developed nations. As a way of
Revised in revised form: 14 June 2021 assessing this actualization of biorefineries establishment in developing nations, this report

Scientific Accepted: 19 July 2021

th k i hes t thi t in t f
Published: 20 November 2021 surveys the works done by various researches towards this great course in terms o

promoting and gaining the attention of both government and private investors about the
technical and economic feasibility of embracing the use of biofuels, a case of bioethanol in

Keywords: Nigeria. Different classes of feedstocks were reviewed for the laboratory-scale, process

Biofuels, scale-up, pilot plant, and techno-economic studies regarding ascertaining the technical and

Biomass, economic feasibility of local setup of a functional biorefinery in Nigeria, which would be

Biorefinery, beneficial environmentally and economically. The literature survey unveiled that the

Bioethanol, Bioethanol yield obtained from sugarcane-juice (72.7 %), banana-stems (84.0 %), and

Ilflgne\{vable Fuels, cassava (92.0 %) were found to be of highest potential amongst other sugar-based,
igeria

lignocellulosic, and starch-based feedstock, respectively. The survey further unveils that the
volume of process scale-up and economic feasibility studies does not correlate well with the
laboratory-scale studies. The bulk of the research works on bioethanol has given preferential
attention to laboratory studies. Only a few studies have looked into the commercialization
(i.e., scale-up) of the laboratory findings and the economic implications. Presently, only
sugarcane and a few cassavas are reported in the literature so far. It is, therefore, necessary
for further studies to give attention to the investigation of the commercializing locally
developed technologies and the exploration of their economic benefits.
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The Effect of Roof Integrated Photovoltaic (RIPV) on Building Indoor Air in
African Tropical Climate
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PAPER INFO ABSTRACT

P aper history: Photovoltaic energy has the potential to become one of the major energy sources used in the
Received: 28 November 2020 households in the tropical region of Africa, where the solar radiation intensity is abundant
Revised in revised form: 21 February 2021 d al h Sol h ltai d

Scientific Accepted: 12 March 2021 and almost copstant over the year. Solar p otovoltaic systems presenj[ many a .Vantages
Published: 21 November 2021 when they are integrated in the building structure envelope and have a significant influence

on the indoor air temperature of dwelling buildings due to the thermal resistance
modification. In this paper, a simplified model of the photovoltaic system integrated on the

Key wor ds: _ roof of a residential building according to the building construction customs and materials
Building Integrated Photovoltaic has been designed and modeled. The heat transfer is studied in several situations: with and
(BIPV), without a Building Integrated Photovoltaic (BIPV) system and for a building with and
Thermal Comfort, . o . . D
without false ceiling. The BIPV system installed over an effective area of 35 m* increases
Heat Transfer, e . . o A,
Indoor Air Temperature, Fhe bul.ldlng 1.nd.00r.a1r temperature of .appr0X1mately.5 C .wl.nch is correcte.d by the heat
Photovoltaic, insulation optimization of the false ceiling made up with building local materials. The final
Solar Roof indoor air temperature obtained is in good agreement with the ASHRAE standards and can,

therefore, be applied to tropical regions.
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Surface Modification of Copper Current Collector to Improve the Mechanical
and Electrochemical Properties of Graphite Anode in Lithium-Ion Battery

Mohsen Babaiee *, Mohammad Zarei-Jelyani*, Shaghayegh Baktashian, Rahim Eqra

Department of Energy Storage, Institute of Mechanics, Shiraz, Iran.

PAPER INFO ABSTRACT

P aper history: A mechanical technique was applied to the copper current collector of lithium-ion battery
Received: 20 June 2021 anode to improve interface adhesion between Cu foil and anode film. The mechanical and
g;‘:;;%érxci‘gsfe%%rgzli7£E§gszt12021 electrochemical performances of graphite anodes coated on Bare Cu Foil (BCF) and
Published: 05 ]]'.D)ecelmber 2g021 Modified Cu Foil (MCF) were evaluated. The BCF and MCF anpdes exhibited adhesion

strengths of 1.552 and 1.617 MPa, respectively. The electrochemical studies of BCF and

MCF anodes showed that the initial discharge capacity of graphite anode coated on the MCF

Keywords: (323.6 mAh g) was about 8 % higher than the BCF anode (299.9 mAh g!). The BCF
Li-lon Battery, anode capacity reached 227.9 mAh g'! after 100 charge/discharge cycles at 0.5C rate, while
Current Collector, this value was 247.7 mAh g for MCF anode. The results of electrochemical impedance

Surface Modification,
Cu Foil,
Graphite

spectra demonstrated that the diffusion coefficient of lithium-ion for MCF anode was about
56 % higher than that for BCF anode. On the other hand, the surface modification of the
copper current collector reduced the charge transfer resistance of anode from 28.5 Q to
23.2 Q.

https://doi.org/10.30501/jree.2021.290435.1219

2423-7469/© 2022 The Author(s). Published by MERC. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

ouS>

5 ol eaiS ger et (b olsF B Cosl oud bl (Sl (39 4 smpseid 6k ST 50 (o lyz oS e (s 3L
ouigdlol (s 359 5 BCF) sl (e 355 595 odosls (igy (2815 Sl by iUl 5 (Sl 5 ,Shos uly 9500 sl olid
VEVY MPa 5 V/00Y  Sarwe alSoeul gl)ls o5 5 4 MCF s BCF Wl a5 amo o (ylis golis .ol a8 518 Jb5,0 0,90 (MCF)
Olaszr oaiS aaz (59, odosls (g Wil adsl 5)Lis ooyl a5 wms e (Lt MCF 5 BCF (slawil (oloordg iUl J13 ) (oo il o0
J0C B,z s 5o 5ylis [5,Ls JSe w do )l e 3b s (Y493 mAK ') BCF Wl 5l it 7 A 350> (¥YY/$ mAh g') MCF
Lol wls ool YV mAD g U 11, MCF W sl e o) a5 > ,5 casy o0 YYV/A MAD g7 & BCF il cod b Jlsia
ol (5,b 5lcewl BCF oSl 5l i 708 sgas> MCF Wil g1y poaid (g0 355 o o a5 Sl (! 55l 5 oloonig xSUI uilagl
ol 2l YYIY Qa4 YAID Q51 T L Jlil Cosslie 45 ol 00l Ely e b > 008 gaz oxbans


https://doi.org/10.30501/jree.2021.290435.1219
https://doi.org/10.30501/jree.2021.290435.1219
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/

B. Tohidi et al. / JREE: Vol. 9, No. 1, (Winter 2022)

A New Interleaved ZVT High Step-Up Converter with Low Count Elements for
Photovoltaic Applications
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Paper history:
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Keywords:

High Step-Up,

Zero Voltage Transition,
Interleaved,

Current Ripple Cancelation

ABSTRACT

A new interleaved high step-up converter with Zero Voltage Transition (ZVT) is proposed
for operation in this paper. The main advantages of the proposed converter are low input
current ripple and low voltage stress on the power switches, high efficiency, low total
component count, and eliminating reverse recovery problem of power diodes. Due to the
soft switching operation of the switches and diodes in the converter, the efficiency has been
enhanced. Also, the switches do not have capacitive turn on loss due to ZVT operation. The
proposed converter uses only one power switch to provide ZVT conditions for all switches
and the clamp capacitor transfers its energy to the lifting capacitor, which causes increase in
voltage gain of the converter. Because of the interleaved structure, the converter has a low
input ripple current and this advantage makes it very suitable for solar applications. The
proposed converter is analysed and a S80W prototype is made to verify theoretical analyses.
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Performance Evaluation and Optimization of a Solar-Assisted Multi-Belt
Conveyor Dryer Based on Response Surface Methodology
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PAPER INFO ABSTRACT

Paper history: Drying process is an important post-harvest stage of food crops production which accounts for
Received: 08 June 2021 about 20 % of the world’s energy consumption in the industrial sector. One of the effective ways
Revised in revised form: 25 August 2021 to reduce the share of fossil fuel consumption in the food drying process is to develop new drying

Scientific Accepted: 25 September 2021

Published: 29 December 2021 systems based on the use of renewable energy sources. In this research, a novel solar-assisted

multi-belt conveyor dryer was developed and its performance was analysed. The required thermal
energy for drying process was supplied by the combination of solar-gas water heaters and four
solar-powered infrared (IR) lamps. The experimental factors included the speed and temperature

I])(f;‘,)l‘::; rds: of the drying.air and the power of IR lamps. The. performance characteristics were drying .time,
Specific Energy, Overall Specific Energy (OSE), Non-Sollar Specific Energy (NSE), Qverall Energy Efﬁmegcy
Energy Efficiency, (OEE), and Solar-Assisted Energy Efficiency (SEE). The optimization process of the drying
Solar-Assisted Dryer, system was carried out using Response Surface Methodology (RSM) by defining two general
Solar Water Heater modes for the energy sources of the drying system, namely overall mode and solar-assisted mode.

Based on the results, the lowest OSE (17.30 MJ/kg water evaporated) was obtained when the
speed and temperature of the drying air were equal to 7 m/s and 40 °C, respectively, without
using IR power. The lowest NSE (2.71 MJ/kg water evaporated) was achieved by applying the
treatment of 7 m/s * 40 °C * 300 W. The maximum OEE was equal to 13.92 % whilst the
maximum SEE was obtained as 88.71 %. Both of the mentioned maximum values were obtained
at the speed and temperature combination of 7 m/s and 40 °C and their difference was applying
300 W IR power to gain maximum SEE and no IR utilization for the maximum OEE. According
to RSM analysis, the optimum working conditions for the drying system included the treatment of
7 m/s * 39.96 °C * 300 W. Under this condition, the drying time, NSE, and SEE values were
equal to 180.95 min, 1.062 MJ/kg water evaporated, and 84.63 %, respectively.
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PAPER INFO ABSTRACT

Paper history: Long mixing time, high power consumption, and small mass transfer coefficients are
Received: 13 June 2021 common problems in the photobioreactor design for microalgae culture which have a great
Revised in revised form: 04 August 2021 effect on system efficiency and performance, CO:z stabilization, and biomass production. In
Scientific Accepted: 10 August 2021 hi d ial desi £the tri 1 11 irlift photobi died
Published: 08 January 2022 this SU:J. y, a special design of the triangular external loop airlift photobioreactor was st‘u 1ed.

The bioreactor's geometry was such that the angle between hypotenuse and the horizontal

side (a) could vary. This configuration created an effective gas-liquid countercurrent flow in

Keywords: the downcomer section. In the present research, hydrodynamic and mass transfer of the
Airlift Photobioreactor, reactor were investigated on the microalgae productivity under different design and
Chlorella vulgaris, operating parameters. The optimum conditions for the enhancement of Chlorella vulgaris
Hydrodynamics,

productivity were explored by analyzing the mixing time (t,), volumetric power
consumption (P/V), mass transfer coefficients (kj.a), bubble diameter (d), and gas holdup ()
as responses. The results showed that the hypotenuse angle of a = 59° and the superficial
gas velocities of the Vgg; = 0.0050 m.s! for the downcomer and Vgs2 = 0.008 m.s’! for the
riser of the reactor were the best conditions to achieve the highest biomass productivity. The
responses’ values obtained in the optimum condition were as follows: kjag= 19.67 (h'"),
kpap = 23.79 (h"), kpag = 23.76 (b)), O, = t,,/tc= 0.41, and P/V = 62.83 W/m3, which
had a smaller deviation than the actual values. The highest concentration of Chlorella
vulgaris (Xmax = 1.4 g.L") achieved in this work was obtained in a shorter span of time
(11%" day of cultivation) based on the growth curve in optimized conditions.

Mass Transfer,
Mixing Time
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Diodes with Quaternary Superlattice Barriers Structure
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PAPER INFO ABSTRACT

P aper history: The performance characteristics of InGaN Double-Quantum-Well (DQW) Laser Diodes
Received: 07 September 2021 (LDs) with different barrier structures were studied numerically by Integrated System
Revised in revised form: 31 October 2021 Engineering Technical Computer-Aided Design (ISE TCAD) software. Three different
Scientific Accepted: 14 November 2021 . . . .
Published: 11 January 2022 kinds of stmct}lres of barriers including qqaternary AlInGaN apd AllnGaN/AlGaN

superlattice barriers were used and compared with conventional GaN in InGaN-based laser

diodes. Replacing the traditional GaN barriers with quaternary AllnGaN increased holes and

Keywords: electrons flowing in the active region and thus, the radiative recombination enhanced the
InGaN Quantum Well Laser, output power. However, it did not reduce the threshold current due to hole and electron
Superlattice Barriers, overflowing. To investigate the ways of greatly reducing the threshold current, the structure

Electrical and Optical Properties,

consisting of AlInGaN/AlGaN superlattice barriers was proposed. The simulation showed
Numerical Simulation

that electrical and optical characteristics such as output power, Differential Quantum
Efficiency (DQE), and slop efficiency were significantly enhanced for LDs containing
superlattice barriers compared to the basic structure. This is while the threshold current was
considerably reduced. The enhancement was mainly attributed to the improvement of hole
injection and also the blocking hole and electron overflowing caused by the reduction of
polarization charges at the interface between the barriers, the well, and the Electron
Blocking Layer (EBL).
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